PHYSICAL REVIEW C

VOLUME 19, NUMBER 5

MAY 1979

Structure in the giant resonance region of %0 observed with the reaction *C(He,7)'°0
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The capture reaction *C(*He,y)'%O has been studied over an excitation energy range of 25 to 30 MeV in
1%0. The 90° differential yield curve for the ground state transition shows resonances at E, = 25.1, 26.0
and 27.3 MeV. The measured angular distributions are consistent with a spin and parity assignment of
J7 = 1— to these states. The relation between this structure and that observed in the "SN(p,y,)'%O reaction
is discussed. The 90° differential yield curves for the doublet transitions ¥, + 7, and y; + y, were also
measured. The former shows resonances at E, = 26.0, 26.6, 27.2, 27.7, and 28.6 MeV, while the latter
shows a broad resonance centered at E, ~27.5 MeV with mild structure. Both curves suggest the existence
of giant resonance strength built on the excited states of '°O.

NUCLEAR REACTIONS '3c(%He,y)!®0, E;

3.0-8.5 MeV, measured O(Egﬂe,EY,e).

160 deduced resonances and structure in giant resonance region. Enriched

13C target.

I. INTRODUCTION

The giant E1 resonance in !®0 has been
extensively studied both theoretically and
experimentally. The simple particle-hole
model explains the dominant features of the
E1 strength, but prominent details are not
yet fully understood. Progress toward
understanding the intermediate structure
was made by observations, both theoreticall
and experimental,? that the structure
could be associated with n-particle--n-
hole configurations. Recently, this inter-
pretation has been greatly strengthened by
observations with the reaction
1SN(P,y,) 0.3

The work of Shakin and Wang" on coupling

of 3p-3h states to the basic 1lp-1h states
obtained excellent agreement with the
structure observed throughout the E1 reso-
nance in a 1lp-1h reaction such as the
(y,no) process. It is therefore of inter-
est to look for 3p-3h states which might
be expected to appear in the capture re-
action !'3C(3He,vy,)'%0. In experiments
below E(3He) = 3.5 MeV structure has in-
deed been observed® in a region in !%0
where significant intermediate structure
appears in the reaction !’N(p,y,)!®0.
The present experiment extends the obser-
vations on the reaction !3C(3%He,y,)!®0 to
E(%He) = 8.5 MeV, which correspon&s to an
excitation energy of 30 MeV in !°®0.

Since our observations were first re-
ported,® Shay et al.’ have measured the
13C(°He,y,)'®0 yield up to an excitation
energy of 35 MeV in '%0. These authors
have also obtained information on the

transitions to the lowest four excited
states in !®0. However, they were unable
to resolve the individual transitions in
that group. Our measurements were able to
resolve the transitions to the first and
second excited states (y1 + v,) from those
to the third and fourth excited states

(y, + v,). The measured yield curves for
these doublet transitions revealed struc-
ture not observed in the work of Shay et al.
The gross structures in these curves strong-
ly indicate the presence of giant dipole
resonance strength built on the low excited
states of !0,

7

IT. | EXPERIMENTAL PROCEDURE

The Stanford FN tandem Van de Graaff
accelerator provided *He' beams over the
energy range E(’He) = 3.0-8.5 MeV. Gamma
rays were detected witha24 cm x 24 cm
NaI(T%) crystal surrounded by a plastic
scintillator operated in anticoincidence.®

Fairly thick (100-300 ug/cm?) self-
supporting targets of !'3C were made by
cracking methane (CH,) enriched to 95% in
13C. Briefly, the method consisted in
heating a 0.001 cm thick tantalum foil
(2.5 cm wide x 10 cm long) to approximately
2500° C in vacuum and then introducing the
CH, gas into the evaculated bell jar until
the pressure reached approximately 1/3 atm.
The tantalum foil with carbon deposited on
both sides was then removed and allowed to
cool. Owing to the difference in the co-

1705 © 1979 The American Physical Society



1706 " E. VENTURA et al. 19

' 3t £
120 q
3¢ (He, )"0
Ezpye = 4-8MeV
8o . ap =90° ]
g 40 - . -
Z . zb
5 N B
a 0 — t = T
% 120 13C(He, )60
o] . . E3ye = 3-8 MeV
7| )/2 9 _ o
80k Y, Lag=90"
. 3 f Q=3000uC
40+ -
1 1
100 150 200
CHANNEL NUMBER
FIG. 1. Gamma ray spectra from the bom-

bardment of an enriched !3C target by ’He
ions at E(%He) = 3.8 and 4.8 MeV. Tran-
sitions to the ground and first four ex-
cited states in '°0 are seen. The tran-
sitions to the 6.052 and 6.131 MeV states
(labeled y,+Y,) are resolved from those to
the 6.917 and 7.119 MeV states (labeled
Y3+y,). In the top spectrum the decomposi-
tion into two groups is shown.

efficients of expansion of tantalum and
carbon, this cooling process allowed an
easy removal of the carbon foil for sub-
sequent mounting.

Gamma ray spectra were recorded at inter-
vals of 200 keV in the bombarding energy.
The detector was placed at an angle of 90°
with respect to the beam. Figure 1 shows
typical spectra taken at E(’He) = 3.8 and
4.8 MeV. Capture radiations to the ground
and first four excited states in O are
seen. . However, the Nal detector could not
resolve transitions to the 6.05 and 6.13
MeV states (labeled Y; + Y,) nor the tran-
sitions to the 6.92 and 7.12 MeV states
(labeled Y3 + Y4). The resolution of these
two groups from the background improves
considerably at higher bombarding energies
because the peaks move further away from
the large statlonary peak caused by the
reaction C( He QY1s. 1) The data were
analyzed by use of a computer program
which fits, by the method of least squares,
the correct y-ray line shapes to the ob-
served peaks. Only three lines were used:
one for Y, and one each for y, + Yy, and
Y3 + Yu-.

The absolute differential cross section
at 90° for C(’He,Y,)'°0 was determined
from an accurate measurement of the target
thlckness using Rutherford scattering of
1. 0 MeV ’He ions. The value obtained at
E(’He) = 4.0 MeV is do(90°)/dQ = 0.67 =+
0.12 ub/sr. Another value for the absolute
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FIG. 2. Excitation function of the dif-

ferential cross section for !'°c(3 He Y00
at 01ap = 90° The data up to E(3 He) = 3.0
MeV are taken from Ref. 5 and normalized to
the present work at E(3He) = 3.0 MeV.

differential cross section of !'3C(°He,y,)!°0
was determined by comparing its yield to the
yield of the 15.1 MeV gamma rays from the
reaction !'3C(°He,ay,s. ,)'2C, whose cross
section is known to an accuracy of 30%

The value obtained this way at E(%He) = 4.0
MeV is do(90°)/do = 0.58 + 0.19 ub/sr. The
value obtained in the first method is the
one adopted with an overall error of +20%.
From it the absolute differential cross
sections for the other groups were deduced.

III.  RESULTS AND DISCUSSION
A. Capture to the ground state

The 90° excitation function for the re-
action !3C(3He,y,)!'®0 is shown in Fig. 2
joined w1th the curve of Puttaswamy and
Kohler. In addition to the two resonances
at E(3He) = 1.8 and 3.0 MeV seen by
Puttaswany and Kohler, two more resonances
at E(3He) = 4.0 + 0.1 and 5.6 + 0.1 are
observed. These four resonances correspond
to states in 160 at Ex = 24.05 + 0.10,
25.12 £ 0.05, 26.0 *+ 0.1 and 27.3 + 0.2 MeV,
respectively. These measurements are in
excellent agreement with Ref. 7 regarding
the shape of the excitation function. How-
ever, the magnitude of the 90° absolute
differential cross section measured by Shay
et al.’ is approximately 30% lower than the
one measured in the present work, but the
difference is within the combined errors.

Angular distributions taken at E(‘*He)
3.4, 3.8, 4.0, 4.7, 5.5 and 6.7 MeV
are shown in Fig. 3. A thick (=300 ug/cm?)
13¢ target was used for this purpose, and
the energy loss of the *He ions passing
through this foil was taken into account
in determining the bombarding energy. The
measured angular distributions were fitted
to the expression

w(e) = [1 + Za

(cose)] (1)
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FIG. 3. Angular distributions for the

'*C(°He,y,)'®0 reaction. The curves are
least squares fits of Eq. (1) with
k=1 -» 3.

The results of these fits are shown in
Table I. The angular distributions on
resonance show a pattern that is character-
istic of giant E1 resonances in many nuclei.
Therefore, one may identify the states ob-

served in this reaction as characteristic
JT = 1~ dipole states in !'°€0.

In Fig. 4 we have plotted the values of
the ay coefficients extracted from the
measured angular distributions, together
with the values obtained by Shay et al.’
The a, coefficient possibly fluctuates
somewhat but has an overall variation from
a negative value at low energy to a positive
value at the higher energies. The a, co-
efficient varies rather smoothly with
energy from about zero at the lower bombar-
ding energies to about -0.5 at Ex = 26.5
MeV and then seems to remain coanstant for a
few more MeV. The a, coefficient is small
throughout the entire region.

Assuming only E1 radiation we can pass
from the quantities A, and a, to the ampli-
tudes in the entrance channel in the j rep-
resentation of the reaction '’C(°He,y )'°®0.
Only incident waves with (& = 0, j = 1/2)

TABLE I.
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FIG. 4. Top: excitation function for the
reaction '3C(%He,y,)'°0 at 614p = 90°.
Bottom: the angular distribution coeffi-
cients a, plotted against energy.

and (2 = 2, j = 3/2) can combine with

the 1/27 ground state of '3C to form a

JT = 17 state in '®0. Thus for El radi-
ation we have the transition scheme
1/2—(s1/2,d3/2)1 (E1)0" which determines
the angular distribution. The corres-
ponding T-matrix elements may be written as
ibs and d, l¢d,

Sy /0¢ /2@

where s,,,and dj,,are the real amplitudes
and ¢g and ¢g the real phases. Neglecting
all radiations except E1 we obtain

a, = - 0.5(013/2)2

+ 1.414(s, /,)(d; ,)cos(d -0 ),  (2)

Angular distributions in 13C(aHe,YO)lso as

determined from the data of Fig. 3 and a measurement at

2.9 MeV. :
EaHe EX W(6)

(MeV) (MeV) a, a, a,
2.9 25.1 ~0 ~0 =

. 3.4 25.5 -0.16 * 0.03 -0.08 * 0.04 0.12 £ 0.05
3.8 25.9 0.06 + 0.02 -0.09 + 0.02 0.01 + 0.083
4.0 26.0 0.15 * 0.03 -0.24 +* 0.04 0.10 + 0.05
4.7 26.6 0.05 + 0.07 -0.27 + 0.08 -0.06 * 0.09
5.5 27.3 0.30 £ 0.04 -0.49 * 0.06 0.02 + 0.08
6.7 28.1 0.37 + 0.13 -0.56 * 0.14 -0.08 +* 0.15
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FIG. 5. Allowed values of the d,;,/, ampli-

tude as a function of the phase difference
g - ¢g for different values of the angular
distribution coefficient a, in the reaction
'3C(°He,v,)'°0. The d,,, amplitudes are

normalized as in Eq. (3).

Ag = (s, ,,)0 + (d; ;)% = 1. (3)

This normalization eliminates A, from
further consideration.

Since these two equations in three un-
knowns (S1/2, da/z, ¢3-¢g) cannot yield
unique solutions’, we have plotted in Fig. 5
the allowed variation of the d, , wave
against the phase difference (¢g-¢g5) for
different values of a,. These curves show
that it is possible to go from a predominantly S,/
configuration at low energy to a predominantly d,,,
configuration at higher energy as a, changes from
0 to -0.5 (see Fig. 5) with the phase difference
restricted to variations between 80° and 100°. A
shift from s to d wave capture is consistent with
the interpretation that as we go to the higher
bambarding energies the d,,, wave, originally
suppressed by small penetrability, starts to dom-
inate the reaction process.

In the above discussion we have neglected
the possible presence of Ml or E2 strength.
The observation of a strong trend in the
a, coefficient is, however, indicative of
strong M1-E1 or E2-El1 interference. From
the fact that the a, coefficient remains
very small we may conclude that if the
trend in a, is produced by E2-El inter-
ference, the El1 radiation dominates the E2
radiation. On the other hand, it is not
possible to establish the dominance of El
over M1l radiation solely on the basis of
the angular distributions or arguments
based on permissible E1 and M1 radiation
widths. However, the M1 strength is ex-
pected to be very small because of the
closed shell nature of '®0 and only an un-
expected preference for M1 strength in the
(3%He,y) reaction would make it possible
for M1 strength to compete successfully
with E1 strength.

It is now interesting to compare the
structures observed in the '’C(’He,y,)'%0
reaction, the l“N(d,Yo)IGO reaction,? and
the '?C(a,Y,)'%0 reactionl® with those
observed in the '°N(p,Y,)'°0 reaction,!!
as shown in Fig. 6. We note that reso-
nances seen in (&,Y) and (d,Y) and the two
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FIG. 6. Comparison of the reactions

P3C(°He,y0)'°0, '°N(p,v,)'°0 (Ref. 11),
'*N(d,Y,)1%0 (Ref. 2) and '’C(a,y,)'°0
(Ref. 10).

lower resonances in (3He,Y) appear in a
region where significant structure is
observed in the (p,Y) reaction. However,
the two upper resonances in (°He,y) fall
in a region where the (p,Y) yield is re-
latively smooth. This behavior perhaps
indicates that the high energy tail in the
(p,Y) strength is of a different character
from the lower 1lp-1h states and does not
interfere noticeably with the 3p-3h states
excited by (3He,Y).

The model of important 3p-3h components
interfering with the main structure of the
giant resonance was used by Shakin and
Wang“ to obtain very good agreement with
the intermediate structures observed in the
(y,n) giant resonance. Unfortuantely their
calculation did not extend above E4, = 26
MeV. It would now be interesting to see
if the higher structures observed in
(*He,y) could be accommodated within the
framework of this model.

B. Capture to excited states

As mentioned in the introduction, Shay
et al.’ have measured the combined yield
to the first four excited states of !°0 in
the '3C(°He,y)!®0 reaction. The ekcitation
function obtained shows a broad resonance
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FIG. 7. Excitation functions of the dif-

ferential cross sections for the reactions
13C(°He,Y,+Y,)'°0 and '°C(°He,y,+v,)'°0.
Two independent runs are shown. Note that
the open-circle data, although plotted to
the same scale, have been shifted downward
by a constant amount.

with little structure centered at approx-
imately 27 MeV excitation energy in '°0.
In the present work, groups corresponding
to the first (6.052 and 6.131 MeV) and
second (6.917 and 7.119) MeV) doublets in
180 were resolved. Figure 7 shows the 90°
excitation functions for these two groups.
Peaks in the y, + y, yield are observed at
Ex = 26.0 £+ 0.2, 26.6 + 0.2, 27.2 + 0.2,
27.7 £ 0.2, and 28.6 *+ 0.2 MeV, superposed
on a broad giant-like structure. The dif-
ferential cross section observed at the
peak of the 26.2 MeV resonance is 3.0 +0.9
ub/sr. TFor the y, + y, transitions only
mild structure is observed on a broad
(~2.5 MeV wide) giant resonance centered at
Ex =~ 27.5 MeV. At the maximum, the dif-
ferential cross section reaches a value of
3.2 + 1.0 ub/sr.

Measurements of the !'°C(°*He,y,+y,)'®0 and
13C(%He,y,+Y,) %0 excitation functions at
90° in the energy range E(’He) = 4.0-7.5
MeV have also' been reported by Chew, Lowe,
Nelson, and Barnett.!? These authors report
only the resonance at Ey = 26.6 MeV. Also,
they measure a 90° differential cross
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FIG. 8. Compafison between the

13C(%He,y,+Y,) %0 and the 15N(p,y.l+yz)160
(Ref. 12) capture reactions.

section that is a factor of two higher than
the one reported here. This discrepancy in
the differentail cross section persists for
the !3C(°%He,y_+y ) reaction as well; how-
ever, in this case the shape of the yield
curve is in fairly good agreement with the
one reported here. In order to investigate
the structure in these yield curves, they
were run again and found to be in reasonable
agreement with our earlier curves as shown
in Fig. 7.

In a more recent measurement of the
'3C(*He,y,+Y,) excitation function at 0°
the Birmingham group'?® did observe structure
similar to that reported in this work at
90°. Thus, the existence of several reso-
nances in the .'*C(%He,y,+Yy,) excitation
function appears to be confirmed.

The excitation region studied in this
work with the !3C(°*He,y,+y,)'®0 capture
reaction has also been investigated by
Chew et al.!? with the '°N(p,vy,+v,)'°0
reaction. A comparison of the excitation
functions is shown in Fig. 8. It is seen
that the (p,y,+yv,) vield curve also ex-
hibits considerable structure over this
region and that there may be some corre-
spondence between the peaks observed in the
two reactions, especially if the threshold
of the 3He reaction is taken into account.

IV. CONCLUSION

Prominent E1 strength has been observed
in the !'*C(*He,y,)'®0 capture reaction
over the energy range Ex = 24-30 MeV in
160. The observed resonances at Ex = 24.1,
25.1, 26.0 and 27.3 MeV are postulated as
being mainly 3p-3h states similar to those
postulated by Shakin and Wang in their
calculation of the GDR of !®0. The measured
angular distributions allow the reaction
amplitudes to vary from almost pure S1/5
wave to predominantly d3/2 wave as the
energy increases.
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The excitation functions for the tran-
sitions to higher excited states in °0
strongly indicate the presence of giant
resonances built upon these states. The
1*C(°He,y,+Y,)'°0 yield curve shows reso-
nances at Ex = 26.0, 26.6, 27.2, 27.7 and
28.6 MeV not previously reported in similar
experiments. Structure is also observed
in the y,+y, yield curves. These struc-
tures are similar in nature to that ob-

served in the (%He,y,) reaction and in the
15N(p,y,)'°0 reaction.

We are indebted to Dr. J. Lowe for
sending us data prior to publication and
for helpful correspondence throughout the
different stages of this experiment. This
work was supported in part by the U.S.
National Science Foundation.
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