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tron-scattering experiments with @* and v larger
than in the experiment of Ref. 1 but still x >3 can
help to map out this new structure of the 3*He
nucleus,
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Exit Doorway State in 12C(160,8Be)2'Ne
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We remark that resonances in the >C(1%0, ®Be)?'Ne reaction are due to the “exit door-
way state, ” that is ready for decay to the exit channel. We find a parameter-free for-
mula that relates the resonance energy and angular momentum of the '°C + %0 system
to those of the '2C + !2C system. If we use the experimental resonance energies of '*C
+12¢, this formula yields more than a dozen one-to-one correspondences to the resonance
energies of 17C(1%0,%Be)"Ne. We also find a parameter-free formula for 12C (160, ‘He)*'Mg.

PACS numbers: 24.30.-v, 25.70.-z

The *2C #'°0 reaction has been studied exten-
sively by various workers in recent years.’ In
the energy region of E. ,, =10-25 MeV, this sys-
tem is véry rich in resonances. Although these
resonances are strongly clustered in groups of
the same angular momentum, experiments show
that the intermediate structures in the *2C +!°0
system are not consistent with each other for
various exit channels.

For instance, Malmin e? al.? report a sharp J"
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=14" resonance at E ., =19.7 MeV in the elastic
scattering and later confirmed a rotational-band-
like structure together with resonances of J"=9"
and 15" (16*) at £, =13.6 MeV and E , =22.0
MeV.? Later on, Eberhard ef al.® observed a J"
=10* resonance at £, , =18.8 MeV in the reac-
tion *C(*°O, *Be ; )*°Ne. The spin value J=10 is
four units of angular momentum below the grazing
value J=14 obtained from the elastic scattering
by Malmin et al., who did not observe this reso-
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nance at £, =18.8 MeV. Almost at the same
time, James and Fletcher® made a detailed study
of the reaction **C(*°0, *Be , ; )*°Ne and reported a
group of resonances in the energy region E_
=18.5-22.7 MeV, all of which turned out to be as
anomalous (angular momentum mismatch) as
those found by Eberhard etf al. Moreover, the
strong 14* resonance at E . ,, =19.7 MeV ob-
served by Malmin et al.? and confirmed by many
other workers was not detected by James and
Fletcher.® There are two other 8* resonances at
E_ .,.=13.15 and 13.77 MeV observed in the re-
action *C(*°O, “Be ,  )*’Ne by Viggars et al.®
These resonances appear to belong to the same
group as those found by James and Fletcher.® The
extension to lower energies was done by Hurd
etal.’ E. , =11.5to 18.6 MeV.

The intermediate structure in the elastic or in-
elastic scattering was accounted for by the model
of doorway state. Since a simple optical model®”
or a rotational model® yields substantially larger
width (I'=2-4 MeV) than the observed width (T
=100-800 keV), a dynamically reasonable account
was given by Feshbach.® He suggested that once
the doorway state is formed as a consequence of
the excitation of one or both of the colliding nu-
clei, it then subsequently fragments into individual
states by weak coupling. In all theories presented
so far, such as the coupled-channels model,'° the
double-resonance model,'! the a-transfer model,'?
and a microscopic model,'® the gross structure
of the reaction is determined by the initial stage,
as in the doorway-state model by Feshbach.

In the elastic or inelastic scatterings, the sys-
tem emerges from the collision complex again
through the “entrance doorway state.” The re- I

mainder of the system that proceeds to the com-
pound state will forget the intermediate resonance
structure of the entrance doorway state, as the
compound elastic scattering does not manifest the
resonance structure, Now, if we think of a re-
action in the time-reversed way, we realize the
importance of a resonant state at the final stage.
By studying the reaction 2C('°0, °Be)?*°Ne, we
found that this is the case. Let us call the final
resonant state the “exit doorway state.” This
state is, by definition, ready to decay to the exit
channel. Feshbach’s doorway state depends on
the initial channel, and analogously the exit door-
way state depends on the final channel.

More specifically, in the reaction ‘2C(!°0,
®Be)*°Ne, the exit doorway state is assumed to
consist of ®Be and '°0 in resonance and *He form-
ing almost *Ne with '°0. Thus “He is an S state
with a negative energy, which is equal to the neg-
ative of binding energy of 2*°Ne with respect to *He
and '°0, At the same time, the system of ®Be and
160 has the resonance energy and angular momen-
tum observed in the '2C +!2C scattering. Under
this situation, all the resonance energy and angu-
lar momentum of the ®Be and '°O in the exit door-
way state are transferred to the resonance energy
and angular momentum of the relative motion of
®Be and %°Ne in the final channel. In equation,
this condition is represented as

E:IT(°Be +1°0)=En ! (*Be + *Ne) (1)

with obvious notations.

Once we assume Eq. (1), and make use of the
experimental fact that there is no angular mo-
mentum mismatch in '2C +'2C reactions,'* we can
express E;5:7"(*2C +°0) in terms of E5:7"(**C
+12C) as

EI‘QE;;:IW(lZC +12c) =El;:'ef'r,|:]ﬂ(lzc +160) _B(16o) - B(IZC)‘FB(ZONG)
+B(*Be) + B(**C) + B(**C) - B(*Be) - B(*°0), (2)

where B denotes the binding energy. With use of the experimental binding energies,'® we get

ELEIT(12C +12C) = L5 T(1C +1°0) — 2.43 MeV.

Cc. m

(3)

Equation (3) is a parameter-free formula which relates the resonance energies and Jn values of '2C

+12C and 2C + '°0 systems.

When 2°Ne gets excited in the final state, we assume again that the *He is still in an S state, but now
the angular momentum J and energy E'® of ®Be +'°0 are divided between the momentum J, and energy
of the relative motion of °Be +2°Ne* and the angular momentum J, and the excitation energy E, of 2°Ne*,

Then Eq. (1) is written as

EST(°Be +1°0) = ELS5 /1M1 *Be + 2°Ne*(dJ,, m,) |+ E, [2°Ne*(d,, 7,)]. (4)
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TABLE I. In the first column, we show resonances in the ‘2C +'2C scat-
tering by James and Fletcher (Ref. 14). These values are put into Eq. (3)
to predict resonances in *C(160, ®Be)?'Ne. The predictions are given in
the second column, which are to be compared with the third column giving
the experimental results. Here H and JF, and V denote Refs. 5 and 6, re-
spectively. The experimental results in the third column are put into Eq.
(6) to predict the excited states of Mg. These predictions are to be
compared with the fifth column taken from Ref. 18. The lowest three
lines list the result for 2C(*%0, *He)?*Mg. Here Eq. (8) is employed. Be-
low 12.9 MeV of E. . (*C +'%0), the experimental assignments are not
certain. Therefore, we do not list this part.

1212 1216 2 %
E, . CeH70) E, . (Cc+70) Ex(“"Mg )
Prediction Experiment Ref. Prediction Experiment
+ + -
10.62, 8 13.05, 8 13.1), 77, H + ¥
Go.es., 8w 3.1, 87 Ui3is, 8, v %7, 8 24.7, 8
+ +
(10-96, 8+ (13-39 8+ 13.3, 8%, w248, 8" 2.9, 6%
10.98, 8t,w  13.41, 8
11.20, (61 13.63, (61 .
. ‘ 13.77, 87, v .
11.38, 8 13.81, 8 13.80, 85, B 25.3, 8 25.5. gt
(14.0), 85, H (25.5),8 -5»
+ + - - +
11.90, 8 14.33, 8 14.25, 97, H  25.8, 9 26.0, 8
+ + 14.7, .4., H 26.2 +
12.36, 8 14.79, 8 W Gh W s, st 26.3, 8
12.98, 8* 15.41, 8% 15.2, ..., H  26.7 26.7, 8"
13.37,10" 15.80,107 15.62,(100), B 27.1,a0h  27.4,10%
13.87,10" 16.30,10" 16.20,97, H  27.5, 97 28.0,10"
(14.15),8" (16.58),8"
14.36,10" 16.79,10% 16.70,10°, m  28.2,10%  28.5,10"
(17.0),117, B (28.5),1}
. N 17.30,127,  m  28.8,12 .
15.35,10 17.78,10 17.7,(>12), H  29.2,(>12)  29.3,10
17.98,11, H  29.5,11 29.7
16.13,107 18.56,10" 18.55,20Y, ®m  30.1,10" 30.1,10"
16.45,107 18.88,107 18.87,101, JF  30.4,107
+ + +
17.19,10 19.62,10 (v19.65),—,  JF (n31.2),- 31.2,10
17.78,12F 20.21,12F 19.91,12%, ur  31.4,127 31.8,12%
(18.6),10"
18.8 ,12" 21.23,12% 21.14,12%,  ar  32.6,127 32.6,12%
19.46,127F 21.89,12% 21,8, - , JF  33.3, - 33.1,12+
16.13,107 14.0,10% 13.7,107¢ 97), B 29.8,107(97) 29.7
17.19,10" 15.0,10" 14.7,10%@17y, 8 30.8,107117) 31.2,10"
17.78,12% 15.6,127 16.0,12717), B 32.1,12F@17) 31.8,127

Of course, m=mm, and J=J, +J,. Our assumption  right-hand side of Eq. (1) is equal to that of Eq.

is that even in this case the exit doorway state is (4). As a result, Eq. (2) is recovered and Eq. (3)
the same and this exit doorway state determines remains valid.
the properties of the reaction. In equation, the Here we mention the gross aspect of the ex-
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change mechanism of the model. Some time be-
fore the exit doorway state is formed, ®Be is
transferred from '2C to 0. After the exit door-
way state exists for some period, ®Be is ex-
changed by *He, which makes *°Ne with 0. Such
an exchange process is typical of the Lovelace
amplitude.’® In fact, the above process is the
second-order Lovelace amplitude. The first-
order term does not involve the exit-doorway -~
type resonance. We note, however, that from
calculations of the second-order Lovelace ampli-
tude, we will not be able to obtain the correct
angular distribution. In such a calculation as a
direct mechanism, the resonance aspect of the
entrance doorway state is still in memory. To
reproduce the correct angular distribution, we
should perform the calculation in such a way that
the memory of the entrance state is smeared out
at a compound stage.

To see how our simple formula (3) works quanti-
tatively, we have calculated E53:7"(**C +'°0),
using Eq. (3) and the experimental values of
E 5 "(*2C +'2C) due to James and Fletcher'* and
Wada et al.,'* which are listed in the first column
of Table I." The calculated values of resonances
for '2C(*°0, ®Be)?*°Ne are written in the second
column, These values should be compared with
experimental values for '2C(*°0, ®Be)*’Ne, which
are exhibited in the third column. From this ta-
ble, we see that our formula works surprisingly
well.

Further check of the validity of our prediction
is made from the experimental data of **Mg*, The
center-of-mass energy of the '2C +'2C system is
related to the energy of excited **Mg* by'”

ESRIT(1PC +1%C) +13.93 MeV =E,(*Mg*).  (5)

Eliminating E53:Y"(**C +'2C) from Eqgs. (3) and
(5), we express the energy of the excited state of
24Mg in terms of the resonance energy of the re-
action '2C(*°0, ®Be)?*°Ne as

E,(2*Mg*) = E15:77(*2C +1°0) + 11.50 MeV.  (6)

CoIM,

Making use of experimental values in the third
column, we predict the excited states of **Mg,
which are listed in the fourth column of Table I
These predictions are compared with experimen-
tal values (written in the fifth column) by Lazzari-
ni et al.,'® who, however, did not measure the
angular momentum of resonances. In the fifth
column, the angular momentum is taken from Fig.
3 (Refs. 1 and 2) of Ref. 18.

A similar model may be used also for *2C(*°0,
‘He)**Mg. Corresponding to Eq. (1), if we as-
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sume
EGH!"(*"Ne +*He) = E7 (Mg +*He),  (7)
we 6btain a formula
Erc'esﬁq.].ﬂ(IZC +IZC)
= ETeIM(12C £ 160) + 2,15 MeV. (8)

c.m,

This formula should be used for the reaction
12C(*°0, *He)**Mg. We list the predictions and ex-
perimental results'® in the lowest three lines of
Table I. (The spin “assignments” of Ref. 19 are
speculations.)

In conclusion, we should remark that some
physicists noticed the effect of the final state,?®
or have tried to understand the '2C +'°0O reso-
nances in terms of the '2C +'2C structure? or
classified resonances of *2C +1°0 into two quasi-
molecular bands.?® However, the present paper
is the first to relate quantitatively the resonances
of the 'C +'2C system to those in the '?C +'°0 sys-
tem. We hope that the present paper stimulates
and aids experimental physicists to plan further
precise experiments and systematize their find-
ings.
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Observation of Giant Dipole Resonances Built on States of High Energy and Spin

J. O. Newton,‘® B. Herskind,™ R. M. Diamond, E. L. Dines,® J. E. Draper,‘®
K. H. Lindenberger,'® C. Schiick,® S. Shih,'” and F. S. Stephens
Nuclear Science Division, Lawvence Bevkeley Labovatory, University of California, Bevkeley, California 94720
(Received 2 March 1981)

Spectra of ¥ rays in the 2—30-MeV range have been observed following 40Ar-induced re-
actions leading to the 122Te, 1‘r’oGd, and Er systems. Shoulders in the spectra for E, >10
MeV are interpreted as arising from the giant dipole resonance and are consistent with
statistical-model calculations that use the giant-dipole-resonance strength function. Their
observation offers the possibility of studying nuclear shapes and dynamics as functions of

temperature and spin.

PACS numbers: 23.20.Js, 24.30.Cz, 25.70.-z, 27.70.+q

Studies of the giant dipole resonance (GDR)
have been mostly restricted to coherent excitation
from nuclear ground states which excites only the
giant resonances built on them.! Brink,? however,
has proposed that every state in a nucleus has a
GDR associated with it. Such giant resonances
have been observed in capture reactions to low-
lying states.® A consequence is that the strength
functions for electric dipole transitions from
every state would have a Lorentzian-like shape as
a function of y-ray energy Ey, with a magnitude
determined from the E1 sum rule.?* Such a varia-
tion of strength with E, would affect the shape of
the spectrum of y rays emitted from a highly ex-
cited nucleus, particularly in the vicinity of E7
=E;, the energy of the GDR. Some evidence in
favor of this hypothesis is given by the shape of
the y-ray spectrum for 8<E7 <20 MeV following

© 1981 The American Physical Society

spontaneous fission® of 2°2Cf, We have observed
this effect in the statistical y rays following
heavy-ion fusion reactions.

The present measurements open the possibility
of measuring the energy, yield, width, and gen-
eral structure of the GDR component of the sta-
tistical y-ray spectrum as functions of excitation
energy E, above the yrast line (temperature 7)
and spin /%. The first three of these can be re-
lated through nuclear models to the nuclear size,
collectivity, and other more detailed features of
the nuclear dynamics. The gross structure of the
GDR is simply related to the nuclear shape; in
deformed nuclei with two (or three) distinct prin-
cipal radii, the GDR is split into two (or three)
components. Thus the observation of only the
general structure of the resonance peak should
provide information on the nuclear shape as a
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