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The reaction **Fe(a,y;*Ni has been studied for 7.6 > E, > 12.8 MeV. Seventeen angular distributions have
been measured in this energy region making it possible to separate the E2 strength from the E1 strength.
The E1 cross section reaches a maximum at about the expected energy. A compact E2 resonance was
observed which agrees quite well with the one measured by inelastic a scattering, with a peak cross section
at about 16 MeV and a width of ~3 MeV(half width at half maximum). The observed E1 strength equals
0.9% of the isospin allowed E1 sum rule. The measured E2 strength, however, equals 4.3% of the
isoscalar E2 sum rule, which is about the same as the fraction of the total E1 strength in **Ni excited by
proton capture . Assuming only statistical processes and applying the Hauser-Feshbach formula to calculate
the total 7y absorption from the measured particle-capture cross sections leads to the conclusion that the (a,y)
reaction exciting the isoscalar giant quadrupole resonance and the (p,y) reaction exciting the giant dipole

resonance must have direct components.

NUCLEAR REACTIONS %Fe(a,yy)*Ni (g.5.). do/dQ=f(E,,0) for 7.6 <E, <12.8

MeV. Target ~1 mg rolled *Fe foil. Deduced o(y, o) for GDR and GQR in *Ni,

Concluded from Hauser-Feshbach formalism o(y, o) into GQR of %Ni contains
direct reaction components.

I. INTRODUCTION

Recent investigations of inelastically scattered
protons,' deuterons,? *He particles,® and a parti-
cles from *®Ni have shown a resonance at about
16-MeV excitation energy which overlaps with the
low-energy part of the giant electric dipole reso-
nance (GDR).”% However, for the study of the new
resonance the (@, a’) and (d,d’) reactions seem to
be of particular value since for both reactions the
excitation of the interfering GDR should be strong-
ly inhibited due to isospin selection rules. Mea-
sured angular distributions of the inelastically
scattered a particles and deuterons together with
distorted wave Born approximation (DWBA) calcu-
lations have indicated that this resonance is the
giant electric guadrupole resonance (GQR) and that
it contains about 50% of the isoscalar GQR sum
rule.>”® Conservation of angular momentum and
isospin permit observation of this resonance in
a-particle capture. Although the a-capture pro-
cess suffers from low cross sections and tends to
be dominated by the GDR it has for a spin zero
initial and final state the great advantage that the
strengths of competing multipoles can be uniquely
determined. Isospin selection rules permit the
population of only the T part of the E1 and E2
resonance and the objective of the present work
was to measure both. The measured E2 strength
should be directly comparable to the E2 resonance
observed in inelastic a and d scattering. The

measured E1 strength can be compared to the E1
resonance which is observed in photonuclear re-
actions in particular the **Ni(y,p,) reaction. This
latter reaction -excites the T'( as well as the T,
part of the GDR and while a comparison of proton
and « capture is interesting it is questionable if it
can be used to identify the two isospin components
of the E1 resonance.

a capture through the giant resonance region has
been studied earlier in a few cases” ' °—mostly
light nuclei. In all cases there was an appreciably
larger cross section for the excitation of the GDR
than for that of the GQR. This is even true for
self-conjugate nuclei for which the a capture into
the GDR is isospin forbidden.™® However, usually
only about 1% of the E1 sum rule is excited by the
reaction (y, @,) while in the same reaction 4-14%
of the isoscalar E2 sum rule is observed. In a
few cases statistical analysis of yield curves have
indicated”® ' that the GDR is excited by a capture
mainly through compound nuclear components.
However, according to a recent observation® the
a-particle capture into the GQR in **Mg might oc-
cur to a great extent via noncompound processes.
These noncompound components of the reaction
might make the a capture a valuable tool for the
investigations of the GQR and the question of
whether these direct components are also strong
and observable in other, and particularly heavier,
nuclei arises. In the present investigations an at-
tempt is made to determine if indeed such direct



processes are indicated for the **Fe(a,y,) reaction
" leading into the isoscalar GQR of *®Ni.

II. EXPERIMENTAL PROCEDURES :

The experimental technique was similar to the
one used in earlier studies of proton' and a” cap-
ture. Self-supporting **Fe targets enriched to
97.7% in **Fe, were rolled to a thickness of 1.1
mg/cm? and bombarded by a particles with ener-
gies in the range of 7.6 to 12.8 MeV. The emerging
y rays were detected by a large NaI(T1) crystal of
25-cm diam and 30-cm length. A y-ray pulse-
height spectrum obtained at an angle of 90° to the
beam direction and at an @ energy of 10 MeV is
shown in Fig. 1. The y rays populating the ground
state and the first excited state of **Ni, v, and v,,
respectively, are observed but only the y, transi-
tion is sufficiently well separated from the back-
ground to be measured with reasonable accuracy.

The y, yield was extracted from the observed
pulse height spectra.” The absolute cross sections
were determined by measuring the efficiency of
the detector system (see Table I) using the narrow
15.07-MeV resonance in *N excited in the bom-
bardment of *2C by 14.23-MeV protons. This reso-
nance emits 15.07-MeV y rays whose yield per
proton has been carefnully measured.!? The effi-
ciency is assumed to be energy independent over
the range from 13.5-18.5 MeV since the mean free
path of a 15-MeV y ray equals about 6.7 ¢cm in Nal
and changes at most +5% over the studied energy
region. '

As a check the y-ray yield of the 5°Co(p, y,)*°Ni
reaction at a proton energy of 7.6 MeV was mea-
sured at §=90° using a self-supporting 1.2-mg/cm?
%Co target. According to Ref. 13 these y rays
are produced with an averaged differential cross
section of do/d2=0.58 pub/sr. The **Fe(a, y,)*®Ni
cross section normalized to this value agrees very
well with the one obtained by normalizing to the -
2C(p, v,)*°N reaction (see Table I), and it is be-
lieved that the absolute cross sections in the pres-
ent work are accurate to +20%. At E, =10 MeV,
6=90° the cross section for the *°Fe(a, ¥,)%Ni re-
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FIG. 1. The vy spectrum of the 54Fe(0(,')/0)58Ni reaction
for E,=10 MeV and 6= 90°. '

action was found to be 0.56+0.15 ub/sr (Table I)
which is about a factor of 2 smaller than that
previously reported.!® The previous work was
done with thin targets. The published 90°

*Fe(a, y,)Ni excitation function was averaged
between 10 and 9.7 MeV from which a value of
do/dQ2=1.2 ub/sr was obtained. While the reason
for this discrepancy is not known, the cross checks
that have been made here (Table I) gives confidence
that the present values are correct.

III. EXPERIMENTAL RESULTS

A unique multipole decomposition of a particle
capture into a J*=0" target nucleus populating a
J"=0" final state by y emission can be made by
measuring angular distributions of the emitted y
rays. Assuming only E1 and E2 contributions, the
angular distributions can be written as '

w(6) = (1/4m){o(E1) + 0(E2) - [0(E1) - 0.T10(E2)]P,
-1.7T10(E2)P, - 2.68[0(E1)o (E2)]*/2

X €0s0,,(P, - P,)}, 1)

where o(E1) and o(E2) are the cross sections for
exciting the E1 and E2 resonances, respectively,

TABEL I. Determination of absolute cross sections of the 54'56Fe(a,'y(,)58’60Ni reactions by
using the known reactions 1ZC(p,yo)“’N and *Co(p,y,)*'Ni for normalization (see text).

T

Target do/d§ (ub/sr)
E, ) thickness normalized to
Reaction (MeV) (deg) (mg/cm?) 2C(p, )N 2 59Co(p,vo)'Ni®
StFe(q, yo)**Ni 10.0 90 1.3 0.2 S 1.2 0.2
Fe(w, 7o) *ONi 10.0 920 0.56 £0.15 0.53£0.15

aReference 12.
PReference 13.
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and 6, is defined as the phase difference between
the two modes of excitation. -

Twelve angular distributions of the **Fe(a,y,)
reaction have been obtained by measuring the dif-
ferential cross section at either five or seven an-
gles. According to Eq. (1) this allows us to de-
duce the ratio R=0(E2)/0(E1) from the coefficients
of P, as well as of P, independently. Five of the
angular distributions, however, had been mea-
sured using only three angles 45°, 90°, and 135°.
In this case the values for o(£1) and ¢(E2) are ob-
tained by using another version of Eq. (1) ’

W(6) = A sin®0+ Bsin®20 + Csind sin26 )

\
with 6(E1)=814/3; 0(E2)=327B/15 and cosf,,
=C/2(AB)Y/2.

In Fig. 2 three of the measured angular distri-
butions are shown. The open circles indicate the
measured values, the solid lines Legendre poly-
nomial fits. In all cases the maximum yield is at
90° indicating that o(E2) is much smaller than
o(E1). Checks to verify that the observed devia-
tion from the pure E1 angular distributions are
real were made by performing two additional mea-
surements. Firstly, asymmetries of the appara-
tus were checked by measuring an angular distri-
bution for a radioactive y source placed at the
target position and, secondly, the effect of pileup
was determined by measuring the yield of the
(a,y,) reaction with different beam currents. In
neither case was a significant error found.

The uncertainty in the determination of R can be
estimated by comparing the results from different
runs taken at the same energies or at energies
whose spacing is substantially less than 300 keV,
the target thickness. These results are shown in
Fig. 3. From the observed fluctuations in the val-
ues of R for closely spaced energies the error in
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FIG. 2. Angular distributions of the *Fe(a,y)®Ni re-
action. .
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FIG. 3. The ratio R =¢(E2):0(E1) as function of energy.
The estimated error is indicated. Crosses indicate

 angular distribution measurements with only three

angles.

R is estimated to be AR =0.025. Within this error
the ratio R=0(E1)/0(E2) is energy independent and
equals 0.11+0.025.

Since the ratio of E2 to E1 strength in the
StFe(a, y,)*®Ni reaction changes little over the en-
ergy range studied both cross sections o(E1) and
o(E2) must follow the energy dependence of the
yield curve. In Fig. 4 a1P90° yield curves, mea-
sured at different times and with different targets,
all about 1 mg/cm? thick, are shown. They all are
normalized to 1.30 ub/sr at E,=10.0 MeV. Since
the yield curve was taken at 90° it contains E1
radiation only; the fluctuation in yield for closely
spaced energies are an indication of the experi-

- mental errors. The solid line is a guide for the
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reaction as function of energy. The measurements have
been made at 90° for the incoming o beam. '
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FIG. 5. The phase difference 6,,, defined in Eq. (1),
and measured in the reaction *Fe(w,v)%®Ni as function
of the energy.

eye and indicates a peaking of the measured cross
section at about an a energy of 10 MeV or 15.7-
MeV excitation energy in °®Ni. Combining this re-
sult with the lack of variation in R leads to the re-
sult that over the measured energy range E,
=13.5-18.4 MeV o(E1) as well as o(E2) have max-
imum cross sections at an excitation energy of
about 15.7 MeV. )
Finally, mention should be made of the phase
“differences 6, which are deduced from the mea-
sured angular distribution [see Egs. (1) and (2)]
and plotted as function of the a-particle energy in
Fig. 5. As in earlier (a,y,) experiments’™° they
are close to 90° for the studied energy region. An
interpretation of the vanishing interference term
(cosf,,=0) was given by Watson et al.® According
to these authors at least one of the multipoles ex-
cited by the (a,y) reaction consists of a great
number of overlapping resonances, giying rise to
so many interference terms that-the average is
close to zero when the target thickness is large
compared to the width of individual resonances.

IV. DISCUSSION

The level scheme of 5®Ni is presented schemat-
ically in Fig. 6 as far as it is of interest to the
present studies. The position of the GDR as mea-
sured by the reactions *®Ni(y, p) (Ref. 6) and
*®Ni(y,n) (Ref. 5) is indicated. The expected, al-
though experimentally not confirmed, isospin
splitting into two components with 7;=T,=1 and
T,=T,+1=2 is also indicated. In add1t10n the
1soscalar GQR as measured by inelastic a (Ref. 4)
and d (Ref. 2) scattering is shown. Although the
GQR and the GDR with T'= T, overlap strongly,
they can be studied separately in a capture.

A. Giant electric dipole resonance

The GDR has been studied by a number of photo-
nuclear reactions—for detailed references see
Ref. 5. Of these the *®Ni(y, p,) reaction makes the
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~63{ 748201 ~6.4{\\}H

12.206 MeV
5™Ni+n
3/27, T=1/2
8.176 MeV
6.411 MeV. *Co+p
MFe +a
7/2°, T=3/2
o*, T=I
1.454 2%, T=|
0 = o*, T=I
Ni

FIG. 6. Level scheme of ®Ni. Indicated are the sug-"
gested GDR and GQR and the thresholds of the important
open channels competing with the y decay.

most interesting comparison. This reaction has
been measured by the *®Ni(ee’p,) process.® How
well this method is able to measure the (y,p,) re-
action can be tested in %°Ni. In this nucleus both
the *Ni(ee’p,) reaction® and the **Co(p,y,) reac-
tion'® have been studied. The results of the exper-
iments agree' quite well and seem to indicate that
the (e,e’p,) reaction is equivalent to the (y,p,) re-
action.

Both the *®*Ni(y, p,) and the *®Ni(y, @,) cross sec-
tions are plotted in Fig. 7; the (v, a,) cross sec-
tions are obtained from the (a,y,) reaction by de-
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FIG. 7. The cross section of the %Ni(y, a;) is pre-
sented as function of the excitation energy in ®Ni. The
small contribution of the GQR is subtracted. For com-
parison the cross section of the *¥Ni(y,p,) (see Ref. 6)
is shown.
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TABLE II. Excitation of the GDR and of the isoscalar GQR by o and p capture.

El 2
s 0 ,00 o)

Nucleus AE (MeV) SP' (%)  SEYT) B) AE MeV) SP (%) AE MeV) SH %)

g 14.6-20.6 0.332 Forbidden 15.5-23.0 3.3 12 -22.5 11.82

BpMg 14.8-21.0  0.72 1.4 15.0-21.4  6.02

RS 14.5-21.5  1.2¢ Forbidden 14.5-23.0  13.9¢ 14.5-21.5  14.5¢

305 14.5-21.5  0.6° 1.2

BNi 13.5-18.3 0.45 0.9 14.0-23.7 4.0¢ 13.5-18.3 4.3

80N 13.8-22.7 . 0.9% 1.35 14.3-23.0 2.58

2Reference 8.
bReference 14.
¢Reference 7.
dReference 15,

tailed balance. The comparison shows that the
*8Ni(y, a,) reaction excites a much smaller part
the GDR than does the *®Ni(y, p,) reaction and in
particular that it sees only the low-energy part of
the resonance. Since the (y, a,) reaction is iso-
spin allowed only for the T, part of the GDR, it is
tempting to assume that the measured (y, a,)
cross section follows the distribution of the T
=T.=1 component of the GDR in *®*Ni. However,
this assumption is questionable since in several
self- conjugate nuclei the isospin-forbidden (y, a,)
reaction through the GDR has been found to be
comparable in strength to what is observed in
nearby nuclei where the reaction is isospin al-
lowed (Table II). As mentioned earlier statistical
analysis led to the conclusion that the (a,y) reac-
tion proceeds through the compound nucleus where
the level spacing is small enough to allow strong
isospin mixing. The observed decrease of o(y, a,)
with increased excitation energies above E =16
MeV might well be due to the great number of open
channels which become available (see Sec. IVC)
and which compete with the (y, a,) channel.

In Table II the total strengths | odE of both the
reaction (y, a,) and (y,p,) are compared for a
number of nuclei with the classical sum rule for
the GDR.

s¥1= [ oy, - JdE=60NZ/A(mbMeV) , (3)

where o(y,- ) represents the total y absorption
cross section leading into the GDR.

Isospin selection rules do not inhibit the (y, p,)
reaction while the (y, a,) reaction is forbidden in
self-conjugate nuclei. However, in non-self-
conjugate nuclei the (y, @) reaction is allowed to
populate the T'= T, component of the sum rule
SFY(T,), which is smaller than SE! by the factor
T,/(T,+1). In Table II the energy integrated cross
section of the (y,p,) and (y, a,) reactions in vari-

¢Reference 6.
fReference 10.
gReference 13.

ous nuclei are given in percentage of the sum rule
SEL; also shown are the cross sections in percent-
age of SFY(T), the isospin allowed part of the sum
rule for the (y, @,) reaction in non-self-conjugate
nuclei. Table II indicates that the cross sections
for the (y, @,) reaction exciting the GDR in **Mg
and 2%Si are comparable to those in neighboring
non-self- conjugate nuclei suggesting isospin mix-
ing in both nuclei with mixing being greater in *%Si.

In all cases shown in Table II the (y,p,) reaction
excites the GDR to a larger degree than does the
(v, @,) reaction with the difference being the small-
est in ®Ni. However, the ®Ni(y, a,) cross sec-
tions were taken from Ref. 10 and it is noted above
that at 10 MeV the cross section for *°Fe(a, v,)*°Ni
was found to be by a factor of 2 smaller than that
given in Ref. 10.

The stronger excitation of the GDR by p capture
than by a capture agrees well with earlier obser-
vations which show that the (p,y,) occurs largely
through direct or semidirect processes.'***> These
nonstatistical processes are expected to increase
the cross section of the dipole excitation over that
proceeding only through pure statistical reaction
process.

B. Giant electric quadrupole resonance

The cross section of the E2 component of the
*®Ni(y, a,) reaction as function of the excitation en-
ergy is presented in Fig. 8. Although the experi-
mental errors are large, about 20%, the data in-
dicate a compact resonance with a width of about
3 MeV full width at half maximum and a maximum
yield at an excitation energy of about 15.7 MeV.
This agrees well with the energy of E, =60/A'/3
(MeV) (see Fig. 8), which was predicted for an
isoscalar quadrupole giant resonance.'® However,
no such well-defined resonance with a maximum
cross section at an excitation energy of 60/A'/3
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FIG. 8. The cross section of the %Ni(y, o) reaction
exciting only the GQR is shown as function of the energy.
For comparison an older measurement of the reaction
BSi(y, ag)**Mg (Ref. 7) had been partially reanalyzed for
a more detailed extraction of the E2 strength.

MeV is observed in the other nuclei that have been
studied by o capture, examples are °Ni (Ref. 10)
and “°Ca (Ref. 9). The E2 yield of the #Si(y, a,)
reaction is also shown in Fig. 8 for comparison.
While an enhanced cross section might be indi-
cated at the expected energy but, different from
8Ni, the E2 strength does not rapidly fall off with
decreasing excitation energy. As illustrated in
Fig. 9, the reason for this difference between

#83i and °®Ni might be partially due to different
Coulomb barriers and thresholds in the two (y, )
reactions.

In Fig. 9 the transmission coefficients 7, and
T,, are shown as function of the excitation energy
for the GQR and GDR states. They were obtained
by DWBA calculations using the ABACUS code®’
with optical potentials shown in Table III. All pos-
sible I and s combinations are included. For the
a emission only one such combination is possible:
s=0and!=2 for the GQR and /=1 for the GDR,
but for proton emission several I-s combinations
are allowed. For *Ni the 7, decreases steadily
when the excitation energy in the GQR is changed
from 16 to 14 MeV. Hence, the decrease of
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FIG. 9. Transmission coefficients for the emission of
an « particle or a proton to the ground state of the final
nucleus are shown as function of the excitation energy in
%BNi or %Si. The crosses represent the decay of the
GDR, the open circles that of the GQR.

0g,(y, @) in this energy region is not necessarily
due to a falloff in the E2 strength but may also be
due to Coulomb barrier effects. In contrast to
**Ni the transmission coefficient T,, for the a
capture into ?33i does not show a strong energy
dependence over the measured range of excitation
energies 15 MeV<E, <20 MeV (Fig. 9). Conse-
quently in ?®Si the measured E2 strength should be
rather unperturbed by Coulomb barrier effects.

It should be pointed out that the E1 strength in
°8Ni at excitation energies between 14 and 16 MeV
displays a similar energy dependence in @ and in
proton capture (Fig. 7). Since the transmission
coefficient T,, for the GDR in °8Ni shows an ener-
gy dependence similar to Tot0 in the energy range
from E,=14-16 MeV, the E1 strength measured
by p capture might also be strongly perturbed by
Coulomb effects. However, photonuclear mea-
surements of the reaction *®Ni(y,n) indicate that
indeed the E1 strength decreases rapidly from
E, =16 to 14 MeV.

For a number of nuclei the total E2 strength is

TABLE III. Optical potentials used in the calculation of the transmission coefficients Tys Ty, and T,. The definition

of the parameters are those of Ref. 20.

Reactions 14 a, w Yy ay Reference
re+ o 183.7 1.4  0.564 26.6 1.4 0.564 - 18
Mg+ o, H¥Mg+a 190.8° 1.43  0.608 9.91 1.78  0.390 19

Reactions v (2 ag Wp ¥p ap Vso 7so Ao
SCo+p, YAl+p, PAl+p 53.3-0.55E 1.25  0.65 13.5 1.25  0.47 7.5 1.25 0.47 20
SNi+n, 2'Si+n, 2®Si+n  47.01-0.267E-0.0018E% 1.322 0.66 9.52-0.053E 1.266 0.48 7.0 1.1 0.75 20
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presented in Table II in comparison with the al-
most model independent energy weighted E2 sum
rule

SREZ= j o(y,- )dE/E?=0.2272%/AY3(pbMeV ™) ,
4

where o(y, - ) represents the total y absorption
cross section into the isoscalar E2 resonance.
Table II shows that in all cases the (y, a,) reaction
is much more effective in exciting the GQR than
the GDR and populates the GQR percentagewise

as strongly as the (y,p,) reaction populates the
GDR. This result may be taken as an indication
that the (y, @,) reaction leading through the GQR
has some direet or semidirect components as has
been shown for proton capture into the GDR.

C. Statistical calculations

Statistical analysis has shown that @ capture
into the GDR is predominatly a statistical pro-
cess.”®1% Hence, this reaction is able to populate
the resonance reasonably well in the energy re-
gion in which it can compete with only a few open
reaction channels. However, with increasing en-
ergy the number of available channels increases
strongly and, since they compete in a statistical
manner with the «, channel, the cross section
oy, ao) decreases rapidly and ceases to strongly
populate the GDR. However, as mentioned earlier
the p capture does not proceéed only through statis-
tical processes but has a direct-reaction compon-
ent which competes only with the few open chan-
nels which have a strong overlap with the config-
uration of the GDR. To these few selected chan-
nels the GDR decays via a direct or semidirect
process. In most cases the p, emission represents
one of these preferred channels, and it is for this
reason that the (y,p,) reaction has been so suc-
cessful for the investigations of the GDR.

As noted above « capture seems to be a useful”
reaction for the study of the distribution of quad-
rupole strength just as proton capture studies have
proved fruitful in investigations of the dipoie

17

strength.. The fact that the /=2 a capture contains
substantial direct and/or semidirect components
can be demonstrated by first assuming that all p
and a captures leading into the GD and GQ reso-
nances occur only through statistical reactions.
The Hauser- Feshbach formula® is then applied to
both reactions (y,p,) and (y, a;) leading through the
GDR and GQR

E T =O’('}/, ao)/TaO or U(Yapo)/Tpo ’ (5)

where o(y,- ) represents the total y absorption
cross section leading into either the GDR or the
GQR; T, stands for the transmission coefficient
of particle x, protons, neutrons, and '« particles
are considered, and ¢ indicates the summation
over all combinations of spins s and orbital-
angular-momentum transfers / allowed for each
of the open channels. The quantity o(y,-) is eval-
uated by using measured cross sections o(y, a,)
and o(y, p,) and calculated transmission coefficients
(see Table III). For the sum 2, 7T, not only the
known levels of the different final nuclei were
taken into account, but for the higher excitation
energies the level density formula of Ref. 22 was
used.

The evaluation of the total y-ray absorption
cross section o(y, -) as function of the excitation
energy permits a cdmparison with the sum rules
[Egs. (3) and (4)]. Such a comparison is presented
in Table IV for some (y, a,) and (y,p,) reactions
leading into either the GD or GQ resonances. The
calculated values [, o(y,-)dE and [, 0(y,- )dE/E?
were evaluated from the measured o(y, a,) and
o(y,p,) cross sections, and they are given in per-
centages of the sum rules S*! and SZ2. For the
GDR in *®Ni and 3°Si only the T'= T, component is
considered which is isospin allowed for « capture
and which equals half of the full F1 strength for
both nuclei.

If the assumption that both resonances decay
only by statistical processes would be correct, it
is expected that the integrals fEl‘o(-y, - )dE and
sz o(y,- )dE/E® would exhaust 100% of the re-

TABLE IV. Comparison of the sum rule SE‘, SE (T¢), and Sf':z'z with the total y absorption
cross sections o(y, - ) calculated by using the Hauser-Feshbach formalism and the mea-
sured capture cross section: o(y,a() and oly,py).

o ' E2 .
(’Y, Olo) (%Po) ('Y, OZ())
Nucleus  AE (MeV) SEL (%) SPUTY) B)  SP' %) SPMTY (%) S (%)
284 14.5-21.0 18 Forbidden 135 170
3055 14.5-20.5 '40 )

58N 13.5-18.3 . 30 . 120 150
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spective sum rules. As Table IV shows, this is
not true for any of the six cases. Instead the in-
tegral for a capture into the GDR of 3®Ni, 3°Si,
and 28Si shows smaller values, while that for «
capture into the GQR and p capture into the GDR
exceeds the sum rules. In particular: (a) The «
capture into the GDR of 2%Si indicates an exhaustion
of only 15% of the sum rule. This is easily ex-
plained by noting that the reaction is isospin for-
bidden and is only observed because of some iso-
spin mixing in the compound nucleus. (b) The o
capture into the GDR of *®Ni exhausts only 30% of
the T, sum rule, although the a capture is fully
isospin allowed for this component. The reduction
from 100% to 30% must have other causes. Firstly,
the T'=T, component might not be fully contained
in the studied energy region but instead might be
spread to ’higher excitation energies as is possibly
indicated by the *®Ni(y,n) experiments of Ref. 5.
Secondly, the GDR might be excited by direct or
semidirect processes (y,x), where x is anything
other than an a particle. In this case the calcu-
lated value o(y,-) (Eq. 5) would be too low since
T, would underestimate the (y,x) contribution.

(c) Proton capture into the GDR of **Ni indicates
that [,, o(y, - )dE exceeds the sum rule [120%
SEYT,)]. Since p capture excites the T, as well as
T, component of the GDR the choice of S*! (T') is
arbitrary; one could have chosen that part of S&!
which is contained in the studied energy range
from 13.5-18.3 MeV, about 25% of SE! (see Ref.
5). Values larger than 100% seem to indicate that
the original assumption, the occurrence of only
statistical processes, is wrong. Indeed, it had
been shown that p capture leads into the GDR pre-
dominantly through direct or semidirect processes
(~70% for the "Al(p, y,)?Si reaction).'® Hence for
the statistical evaluation of o(y,-) [Eq. (5)] we
would have to use only a fraction of the measured
value o(y, p,), namely, only that part which pre-
sents the excitation of the resonance through the
compound nucleus, through nondirect and nonsemi-
direct processes. (d) Similarly to (c) the p cap-
ture into the 2°Si GDR suggests again a too large
value (135%) for the sum rule fElor(y,- )AE. The
studied energy range of 14.5-20.5 MeV does not
contain the full strength of the GDR in 2%Si hence
the value of 135% is an underestimate. Similarly
to the 5®Ni(y, p,) reaction this value deduced from
the measured o(y, p,) cross sections implies a
large fraction of nonstatistical processes which
have to be excluded before applying Eq. (5). (e)
Finally, the o capture into the giant quadrupole
resonance of *®Ni and 28Si shows also a much too
large value for the energy-weighted sum rule
(150% SE? for 5®Ni and 170% SE? for 28Si). It is
concluded that similarly to (¢) and (d) the a cap-

» [¢ ]

(arb. units)
w

YIELD

|
10 12 14 16 18 20 22
» EXCITATION .ENERGY (MeV)

FIG. 10. The cross sections o(y, o() exciting the GQR
in %Ni (open circles) are compared with those of in-
elastic o scattering in %Ni (Ref. 23). For a better com-
parison the continuous background observed in these a-
scattering experiments is subtracted (Ref. 24). The
histogram shows the differential cross section of the
(o o) reaction measured at 17° to the incoming « beam.
The solid line indicates the E2 strength in %Ni taking all
measurements at different angles into account. The
shaded area represents an excitation in ®Ni which does
not contain E2 strength but seems to have components
of mixed polarities. '

ture into the GQR has large components of direct
or semidirect processes, a result which has been
suggested earlier for the 2’Ne(a, y)**Mg reaction.®
These nonstatistical reaction components make the
a capture as useful a tool for the study of the GQR
as is the p capture is for the investigations of the
GDR: It makes a measurement of the energy dis-
tribution of the E2 strength possible.

The E2 strengths as measured by a capture can
be compared with those obtained by inelastic «
scattering. This is shown for *®Ni in Fig. 10 using
the (a, a’) results of Ref. 23. For a better com-
parison the continuous background observed in
these a-scattering experiments is subtracted.?
The histogram indicates the (@, @’) result at 17°
using an a energy of 115 MeV. The solid line re-
presents the E2 strength calculated from the many
inelastically scattered a spectra taken at differ-
ent angles. The shaded area is not believed to
contain E2 strength. The open circles represent
the E2 strength as measured by a capture with the
ordinate chosen to facilitate comparison.

Figure 10 indicates that in both the o capture and
the (a, @’) reaction an E2 resonance is observed
at about the same excitation energy. The width of
this resonance, however, seems to be smaller in
the a-capture experiment than in the (@, a’) reac-
tion. The same result is obtained by comparing
the a-capture results with those of the (d,d’) re-
action.??

Kurath and Towner®® have pointed out that in a-
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transfer reactions from a 0* target nucleus into a
2* state of the final nucleus large direct compon-
ents are to be expected when the wave functions of
the target nucleus plus an « particle have a large
overlap with those of the ground state of the final
nucleus and in addition the excited 2* state can be
described as an isoscalar particle-hole vibration
of the ground state of the final nucleus. The
strong direct components observed in the a cap-
ture into the GQR of 28Si and °®Ni might very well
originate from such a transition. However, for
(o, y) reactions for which this overlap is not
strong the direct processes should be weak and
the value [, o(y, - )dE/E? should be less than or
equal to the SZ2 sum rule. It would therefore be
interesting to search in a number of nuclei for a
correlation of the o,,(y, @,) cross section with the
spectroscopic factor for an « transfer from the
ground state of the target nucleus to that one of
the final nucleus.

CONCLUSIONS

a capture in **Fe targets has been studied in the
energy range 7.6 <E_, =12.8 MeV. Angular distri-
butions made it possible to determine the energy
distribution of the E1 and E2 strengths. At an ex-
citation energy of 15.7 MeV an E2 resonance was

observed in agreement with inelastic a- and d-
scattering experiments. The width of the mea-
sured resonance, however, seems to be smaller
in @ capture than in inelastic scattering experi-
ments.

The observed E1 strength equals 0.9% of the
total isospin allowed E1 strength while about 4.3%
of the total isoscalar E2 strength is observed.
Thus the (y, a,) excitation of the GQR is as strong
as the (y, p,) excitation of the GDR. This is also
true for other nuclei which had been studied earli-
er (see Table II). Applying Hauser- Feshbach
formalisms to calculate total y absorption cross
section through the measured o(y, a;) and o(y, p,)
cross sections and comparing the evaluated inte-
grals f o(y,- )dE and f o(y, - )JdE/E? with existing
sum rules suggests that @ capture into the iso-
scalar GQR is not a purely statistical process but
contains some direct components. This result
might be due to a correlation between « transfer
to and particle-hole excitation of the ground state
of the final nucleus.?® It makes the a capture a
valuable tool for studying the isoscalar E2
strength.
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