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Abstract

In heavy-ions reactions, a cancellation between an attractive nuclear potential and the repulsive
Coulomb potential makes a potential barrier called the Coulomb barrier between the colliding nu-
clei. In heavy-ion reactions around the Coulomb barrier energy, the coupling between the relative
motion and internal excitations of the colliding nuclei has been found to play an important role.
It has been well known that subbarrier fusion cross sections are significantly enhanced due to the
coupling effect, compared to a prediction of a simple potential model.

In order to take into account the coupling effect, a coupled-channels method has been employed
as a standard approach. Conventionally, only a few low-lying collective excitations such as vibra-
tional excitation or rotational excitations in deformed nuclei have been taken into account. The
coupled-channels method has successfully accounted for experimental data for heavy-ion fusion
reactions as well as quasi-elastic scattering.

Recently, however, a few experimental data which cannot be accounted for by the conventional
coupled-channels method have been obtained. These include the quasi-elastic scattering experi-
ment for 2°Ne + *>°?Zr systems and the fusion and quasi-elastic scattering experiments for 1°0O +
208Pb system. The conventional coupled-channels calculations, which take into account only the
collective excitations of the colliding nuclei, failed to reproduce the data, and the noncollective
excitations, which are not included in the usual coupled-channels calculations, are suggested to
play an important role in these systems. The noncollective excitations have not been taken into
account explicitly in previous studies of the low-energy heavy-ion reactions, and their role has not
been clarified. In this thesis, we explicitly take into account the noncollective excitations in the
coupled-channels calculations and clarify their role in low-energy heavy-ion reactions.

At first, the fundamental properties of the collective and the noncollective excited states are
reviewed. By using the liquid drop model, we discuss how the regularity of the collective excited
states appears. We also mention an interpretation of the collective and the noncollective excited
states from a microscopic point of view.

The theoretical frame work for the study of the low-energy heavy-ion reactions is discussed
in the next. The coupled-channels formalism is reviewed and the barrier distribution method is
introduced. We discuss the effect of the collective excitations on heavy-ion fusion reactions through
the calculation of the fusion barrier distribution. We also review the random matrix theory and its
applications, as we employ the model of Weidenmiiller et al. for deep inelastic collisions based on
the random matrix theory for the description of the noncollective excitations.

We start our investigation of the role of the noncollective excitations with '°O + 2%Pb system[2].
For this system, the energy dependence of the Q-value distribution (a distribution of the energy
of a scattered particle) has been experimentally obtained. The experimental data show that the
contribution from the higher excitation energy region, which can be considered as the noncollective

excitations, increases as the incident energy increases. For 208pp. the information on the excited



states up to a rather high excitation energy has been obtained by the high precision proton inelastic
scattering experiments. We describe the noncollective excitations of 2°Pb using this information as
inputs of calculations. We show that the energy dependence of the calculated Q-value distribution
is consistent with the experimental data.

We then study the role of the noncollective excitations in the quasi-elastic scattering for 2’Ne
+ %9927r systems. For these systems, the experimental quasi-elastic barrier distributions show dif-
ferent behavior between the two systems, that is, the barrier distribution for the °Ne + **Zr system
is much more smeared than that of the 2°Ne + *°Zr system. However, the coupled-channels cal-
culation cannot yield smeared barrier distribution for 2°Ne + *2Zr system, and thus cannot account
for the difference in the barrier distribution if only the collective excitations are taken into account.
In order to see whether the noncollective excitations cure this problem, we take into account the
noncollective excitations of Zr isotopes in the calculation. For the description of the noncollective
excitations, we use the random matrix theory, because the information on the excited states has not
been sufficiently obtained for Zr isotopes in contrast to the case of 2>Pb. We show that, by taking
into account the noncollective excitations, the quasi-elastic barrier distribution for the *’Ne + **Zr
system is significantly altered, while for the 2°Ne + °Zr system, the effect of the noncollective
excitations is found to be small. Although our calculation does not improve the agreement of the
quasi-elastic scattering cross sections below the barrier, we show that the magnitude of the non-
collective effect is considerably different between the two systems. This difference originates from
the level density of the Zr isotopes. That is, since *°Zr is a closed shell nucleus with 50 neutrons
and °*Zr has two extra neutrons, a large number of the noncollective excited states appear in *>Zr
nucleus. We also show that our calculation predicts a similar effect of the noncollective excitations

for Mg + 2*92Zr systems.

[1]S. Yusa, K. Hagino, N. Rowley, Phys. Rev. C 82, 024606 (2010).
[2] S. Yusa, K. Hagino, N. Rowley, Phys. Rev. C 85, 054601 (2012).

il


http://dx.doi.org/10.1103/PhysRevC.82.024606
http://dx.doi.org/10.1103/PhysRevC.85.054601

Contents

Z___Nuclear excitations
L1 Collective eXCHATIONS . . . . . . . o v v v v e e e e e e e e e e e e e e e e e e e
L2 ___Noncollective eXCIHAIONS . . . . . . . . . v v v v v e e e e e e e e e e e e e e e
B Coupled-channels method
p.1  Coupled-channels equationy . . . . . . . . . . . . . . .o e
p.2 Iso-centrifugal approximation . . . . . . . . . . . .. e e e e e e e e
P.2  dSudden tunneling limi . . . . . . . . ..o Lo oL o e e e e e e
B4 Barmer distribufion method . . . . . . . . L Lo L Lo oL L s
p.> Constant coupling approximation . . . . . . . . . . . . .. oo e e e e e e
p.6 Coupling to collective state§ . . . . . . . . . . . . . . e e e e
p.6.1  Vibrational coupling . . . . . . . .. ... ..o
p.6.2 Kotational coupling . . . . . . . . . . ...
p.6.5  Adiabatic potential renormalization . . . . . . . .. ... ... L.,
pb./ Fullordercoupling . . . . . . . . . . . . e e e e e e e
A KRandom matrix theory|
Bl Infroducion . . . . . . . L L L e e e e e e e e e e e e e e e e e e e e e e e e e
#.2  Gaussian orthogonal ensemble(GOE) . . . . . . . . . . . . ... ... . .00,
A4.5 Propertiesof GOE . . . . . . . . . . e
g4 Fluctuationmeasuresof (OH . . 0 . . . . o 00000000 Lo o oo
A.> Random matrix theory for deep inelastic collisionf . . . . . . . . . . .. ... ...
16 2Us8
lb ZU& ........................
B2 Resulfd. . . . . . . e e
p.2.1  Single phonon calculation . . . . . . . . ... ..o L0 0oL,
p.2.2  Double phonon calculation . . . . . . . . ... ..o o000,
5.2.3  Anharmonicity of octupole phonon state in “°Pb . . . . . . . . . ... ..

il

15

18
18
20
23
25
29
29
29
34
36
39

40
40
41
42
43
45



b.2.4  Q-value distribufion . . . . . . . . . .. .. oo

B.2.5 Mass-number dependence of the effect of noncollective excitationy . . . . .

20 90,92

6.1 Quasi-elastic scattering for “°Ne + "> “Zrsystemd . . . . . . . . o o v o o v o ...

p.5  Level density and strength distribution . . . . . . . . .. oL o Lo oL

16 208

6.5 Application to “YNe + ">77Zr sYStemy . . . . . o o o e e e e e e e e e e e e

b 1 Parameterd

6.6 Prediction for “*“Mg + “>77Zr reaction . . . . . . .ot u e e

Summary and concluding remarks

Classical expression for fusion cross section and the VWong formulg

Role of noncollective excitations in one-dimensional barrier penetration problem|

b.l Kandom matrix model for one-dimensional coupled-channels equations . . . . . .

Calculation of gaussian orthogonal ensemble(GOL.)

Interplay of collective and noncollective excitation§

v

62
62
63
65
67
67
67
70
79

81

86

90
90
91

95

97



Chapter 1

Introduction

Nuclear reactions show a variety of behaviors depending on the colliding energy and species of
the colliding nuclei. For heavy-ion reactions, a cancellation of an attractive nuclear potential and
the repulsive Coulomb potential makes a potential barrier called the Coulomb barrier. In Fig.
[T, we show an example of the potential for 2°Ne + *°Zr system. In heavy-ion reactions around
the Coulomb barrier energy, a quantum tunneling effect is important for discussing the barrier
penetration and thus the fusion process. Since a nucleus is a composite system, the internuclear
potential can be modified due to the internal excitations of the colliding nuclei, and the fusion
probability can be changed. Therefore, heavy-ion reactions around the Coulomb barrier provide
us with a good opportunity to investigate an interplay between the reaction process and internal
excitations in the colliding nuclei. These internal excitations can be considered as environmental
degrees of freedom for the relative motion of the reaction. Thus, low-energy heavy-ion reaction
gives an example of the quantum tunneling in the presence of the external environment. The effects
of the external environment on a quantum tunneling process were studied in detail by Caldeira
and Leggett[[, ?]. They considered a system coupled to a number of harmonic oscillators which
act as the environment, and discussed the effect of the energy dissipation to the environmental
degrees of freedom on the quantum tunneling rate. In low-energy heavy-ion reactions, a well known
example of the coupling effect is the enhancement of subbarrier fusion cross sections, compared to
a prediction of a simple potential model[3, 4.

In order to take into account such a coupling effect in the description of low-energy heavy-ion
reactions, a coupled-channels method has been employed. This method expresses the wave function
as a superposition of various channel wave functions, and is employed not only in nuclear physics
but also in quantum chemistry to describe the multi-dimensional tunneling phenomena. In the
framework of the coupled-channels method, one can consider coupling to several kinds of intrinsic
motions, such as low-lying collective excited states, transfer channels, noncollective excited states,
and giant resonances. Among these excitation channels, conventionally, a few low-lying collec-
tive excitations of the colliding nuclei, such as a vibrational mode in spherical nuclei or rotational

excitations in deformed nuclei, have been taken into account. Transfer channels have been also
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Figure 1.1: The internuclear potential between *°Ne and *°Zr nuclei. The green dotted line and the
red dashed line show the Coulomb and the nuclear potentials, respectively. The solid blue line is
the total (Coulomb + nuclear) potential. Ry and Vj are the position and the height of the Coulomb
barrier, respectively.

sometimes taken into account in analyses, often in a simple way. Noncollective excitations have
not taken into account explicitly in usual calculations. This is because, among the internal excited
states, collective states strongly couple to the relative motion and thus most likely to be excited. In
fact, by taking into account the coupling to low-lying collective states, the large enhancement of
subbarrier fusion cross sections observed in the experiments has been accounted for various sys-
tems. Although giant resonances have the collective nature, these are not taken into account, either.
Their excitation energy is high enough, and their effect can be compensated by renormalizing the
internuclear potential in the coupled-channels calculations. There are other reasons why only the
low-lying collective excitations have been taken into account. That is, the description of the collec-
tive states is relatively easy, because their nature has been known much better than noncollective
states. In addition, since a small number of the collective excitation channels, at most a few tens of
channels, are relevant to low-energy heavy-ion reactions, it has been feasible to take into account
them explicitly in the actual calculations. Including collective excitations, the coupled-channels
analyses have been successfully accounted for various experimental data for heavy-ion fusion re-
actions as well as quasi-elastic scattering (a sum of elastic and inelastic scattering and transfer
reactions) at backward angles[3]. These two reaction processes are complementary to each other

from the point of view of the tunneling of the potential barrier. That is, the fusion process corre-



sponds to the penetration of the barrier, while the backward scattering corresponds to the reflection
from the barrier.

In the eigenchannel representation, the channel-coupling effects lead to a distribution of poten-
tial barriers[5]. It has been well established that the barrier distribution can be directly extracted
from experimental fusion and quasi-elastic scattering cross sections. For fusion reactions, the bar-
rier distribution is defined as the second derivative of the product of center-of-mass energy E. , and
the fusion cross section oy, with respect to E.  , that is, d*(Eem0fus)/ dEg_m. [2, B]. For quasi-elastic
scattering, the barrier distribution is defined as the first derivative of the ratio of the quasi-elastic
scattering cross section to the Rutherford cross section with respect to the center-of-mass energy at
backward angle, that is, —d(cg1(6 = m)/or(0 = 7))/dE. . [, B]. It has been well recognized that
the fusion and quasi-elastic barrier distributions behave in a similar way, while the quasi-elastic
barrier distribution tends to be more smeared[7, 9, TU]. These quantities are known to be consid-
erably sensitive to the channel-coupling effects[3, 4, IT]. Since the barrier distribution represents
the barriers which have to be overcome by the colliding nuclei to fuse, it is a useful quantity for the
understanding of the reaction process. They can also serve for the determination of deformation
parameters[12].

Although the coupled-channels method has been successfully accounted for various experimen-
tal data for heavy-ion fusion reactions, as well as quasi-elastic scattering, there also exist experi-
mental data which cannot be accounted for by the conventional coupled-channels analysis. One
of the well known examples is a fusion experiment for “*Ca + *%Zr systems[I3]. In these sys-
tems, compared to the data for “°Ca + *°Zr system, subbarrier fusion cross sections for *°Ca + %Zr
are strongly enhanced and the corresponding fusion barrier distribution exhibits much smeared
structure. These behaviors have been attributed to the effect of multi-nucleon transfer process,
and cannot be accounted for by the conventional calculations. For the coupled-channels approach,
there is also a long-standing problem, that is, in order to reproduce experimental fusion data, a
significantly larger value of the surface diffuseness of the nuclear potential is required, compared
to the value found from fitting to the scattering process[[I4, [5]. Another long-standing problem is
that the coupled-channels calculation has not been able to simultaneously reproduce the fusion and
quasi-elastic barrier distributions for '°O + **Sm system[[IT].

These failure and problems of the coupled-channels method indicate that the collective exci-
tations are insufficient to understand the reactions process for some systems, and other effects not
included in the conventional method, such as, noncollective excitations, multi-nucleon transfer pro-
cesses, or effects which are beyond the framework of the ordinary coupled-channels method are also
important to describe the reactions. For example, as we have mentioned, the multi-nucleon transfer
reactions have been considered to be important for *°Ca + *Zr system. Nevertheless, these chan-
nels have not yet been taken into account in the usual calculations, since the description method

of them has not been established. Therefore, the study of multi-nucleon transfer reactions as well
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Figure 1.2: Extracted quasi-elastic barrier
distribution for ’Ne + °%%Zr systems at
three scattering angles. The dashed line in
Fig. T2(a) shows the result of the coupled-
channels calculation. The solid line in Fig.
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Figure 1.3: Energy spectra for Zr isotopes.
The dashed lines represent the collective ex-
citations which are taken into account in the
coupled-channels calculation shown in Fig.
[2. The rotational states of *°Ne are also

2(b) is obtained by smearing the data for shown. Taken from Ref. [20].

Ne + Zr system. The figure is taken
from Ref.[20].

as noncollective excitations in heavy-ion reactions is important for the further understanding of
reaction process and for the development the coupled-channels method.

In addition to the long-standing problems which we have mentioned above, several recently
obtained data cannot be accounted for by the conventional coupled-channels calculations. For
example, fusion cross sections at deep subbarrier energies are strongly suppressed, compared to
the prediction of the coupled-channels calculations[T6, T'Z, T8, T9]. Another example is the quasi-
elastic scattering experiment for 2°Ne + °*92Zr systems[20]]. In this experiment, the quasi-elastic
barrier distributions were obtained from measured quasi-elastic cross sections and were analyzed by
the coupled-channels calculation. This is shown in Fig. [, which is taken from Ref. [20]. The dots
represent the experimental data at three different scattering angles and the dashed line in the upper
figure represents the results of the coupled-channels calculation. The difference in the scattering
angles of the data is compensated by modifying the CM energy E.,, to E.g, which takes into
account the effect of the centrifugal potential (see Eq. (B47)). As one can see, the experimentally

obtained barrier distribution behaves in a significantly different way between the two systems, that
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Figure 1.4: Experimental Q-value distribution for 'O + 2%Pb system at three subbarrier energies.
The figure is taken from Ref. [?5]. The peak indicated by the arrow represents the octupole phonon
excitation of 2%®Pb.

is, the barrier distribution for ?’Ne + **Zr is much more smeared than that for 2°Ne + *°Zr system.
However, the coupled-channels calculation which takes into account the rotational excitations of
20Ne and the collective vibrational excitations of °**?Zr yields similar barrier distributions, because
the largely deformed *’Ne dominantly determines the barrier structure, while the difference in the
vibrational excitations in **2Zr plays only a minor role. One of the possible reasons for this
problem is the effect of the transfer reactions[13, Z1]. However, for these systems, the total transfer
cross sections have been found to be almost the same[20]. Therefore, the difference in the barrier
distributions has been conjectured to arise from noncollective excitations which are not explicitly
taken into account in the coupled-channels analysis. In Fig. L3, we show the energy spectra of
20927y nuclei. Since the *°Zr is a closed shell nucleus with 50 neutrons and **Zr has two additional
neutrons, the number of relatively low-lying noncollective states in °>Zr is much larger than that in
20Zr. In fact, while there are only 12 states in the *°Zr nucleus up to 4 MeV, there are 53 known

states in **Zr nucleus[22]. For 5 MeV, the number of known states is 35 and 87 for *°Zr and **Zr,



respectively. Although the excitation to each noncollective state is weak compared to that to a
collective state, excitations to a large number of noncollective states may alter the barrier structure.

Indication of the importance of the noncollective excitations can be seen in the quasi-scattering
experiments for '°0 + 298Pb system[23, 24, 25, 26, 27]. In the experiments, the Q-value distribution
was measured at several different energies. The experimental data are shown in Fig. "4, which is
taken from Ref. [25]. Vj in the figure represents the height of the Coulomb barrier. The horizontal
axis represents the Q-value, that is, the loss of kinetic energy due to the internal excitations of the
colliding nuclei. Thus, the peak at O = 0 represents the elastic scattering and the contribution
from a negative Q-value represents the inelastic scattering. The arrow in the figure indicates the
peak for the first 3~ state in 2°Pb which is considered to be a collective state. The distribution at
larger Q-value can be considered as the contribution from the noncollective excited states, since
in such a high excitation energy region, a large number of noncollective excited states exist in the
energy spectrum of 2°*Pb. While the elastic scattering is dominant at the lowest incident energy, the
experimental data indicate that the contribution from the noncollective excitations increases as the
incident energy increases. For this system, precise fusion cross sections were measured around the
Coulomb barrier energy, and a careful coupled-channels analysis has been performed[’&, 29] by
including the collective vibrational excitations in 2*®Pb and a few transfer channels. Since both 'O
and 2%8Pb are double closed shell nuclei, one may think that it is a straightforward task to reproduce
the experimental data. However, the coupled-channels calculation cannot simultaneously reproduce
the fusion cross sections above and below the Coulomb barrier and overestimates the height of the
main peak of the fusion barrier distribution, even if all the relevant collective excitations are taken
into account. This fact shows that one has to take into account the effects which are not taken
into account in the conventional coupled-channels calculation, such as noncollective excitations.
Therefore, the experimental data for '°0 + 2%®Pb system, together with that for 2°Ne + %2Zr
system, provide us with a good opportunity to investigate the effect of noncollective excitations in
heavy-ion reactions.

The aim of this thesis is thus to investigate the role of noncollective excitations in low-energy
heavy-ion fusion reactions and quasi-elastic scattering. In the conventional coupled-channels cal-
culations, the effect of noncollective excitations is implicitly taken into account through the optical
potential. However, the distribution of eigenbarriers is not altered in this treatment. Thus, by
including the noncollective excitations into the coupled-channels method in an explicit way, we
discuss the role of noncollective excitations in fusion and quasi-elastic scattering cross sections and
barrier distributions, as well as Q-value distributions. This study will give us a further understand-
ing of the reaction process, which has usually been discussed only with the collective excitations.
It will be also an important step to develop the modern coupled-channels method and to extend the
applicability of the method.

The thesis is organized as follows. In chapter 2, a fundamental feature of nuclear excited states



is reviewed. Especially, low-lying collective excited states are reviewed in detail based on the liquid
drop model. We also mention an interpretation of the collective and the noncollective excited states
from a microscopic point of view.

In chapter 3, the theoretical framework for the description of heavy-ion reaction is reviewed.
The coupled-channels method is employed throughout this work. After the derivation of the
coupled-channels equations in the full angular coupling formalism, the isocentrifugal approxima-
tion is introduced to reduce the number of channels in the calculation[B(, 3T, 372, 33, 34, 35, 36, 37,
38, BY]. A sudden tunneling limit is discussed and the eigenchannel formalism is presented. The
barrier distribution method is then introduced both for fusion reaction and quasi-elastic scattering.
The constant coupling approximation is also discussed[8]. The effect of collective excitations on
subbarrier fusion cross sections and the barrier distribution is presented through typical calculations
for the vibrational coupling and the rotational coupling. The effect of high-lying collective states
is also discussed. Inclusion of high-lying states does not significantly alter the shape of the barrier
distribution but produces an adiabatic potential renormalization[40]. At the end of chapter 3, the
computational method of the coupling matrix elements in the full order coupling is presented[4T].

In order to take into account the coupling to noncollective states in the coupled-channels calcu-
lation, one needs to know the transition strength to those states. For some nuclei, such information
is experimentally obtained. For example, almost all of the excited states of 2*Pb up to 7 MeV have
been identified (the spin, parity, excitation energy, and deformation parameter) from high precision
proton inelastic scattering experiments[472, 43]. However, in general, such information is not neces-
sarily available. For such systems, one has to resort to a theoretical or phenomenological model to
estimate the transition strength to the noncollective states. For this purpose, a model for heavy-ion
reactions based on the random matrix theory is employed in this work. This model was originally
introduced for the study of heavy-ion deep inelastic collisions in the 1970’s by Weidenmiiller and
his collaborators[24, 45, &6, 47, 48, 49, 50]. Chapter 4 is devoted to the random matrix theory,
which is the basis of this model. Fundamental feature of this theory and the relation to the nuclear
spectrum is reviewed.

As mentioned above, the information on the noncollective excited states is obtained for 2°Pb
nucleus from high precision proton inelastic scattering experiments. Using this information, in
chapter 5, we investigate the role of the noncollective excitations of 2*Pb in the reaction of 'O
+ 208Pb system[ST]. Since the coupled-channels calculation has not successfully reproduced the
fusion cross sections and the fusion barrier distribution for this system[Z&], we shall study whether
the noncollective excitations can improve the agreement of the coupled-channels calculation with
the experimental data. Together with the noncollective excitations, the effect of anharmonicity is
also investigated, as the first excited state of 2°®Pb, which is the octupole phonon state at 2.615
MeV, has been found to have a finite quadrupole moment[57, 53, 54]. The energy dependence of

the Q-value distribution is also investigated including the noncollective excitations. Although the



agreement of the calculation with the experimental data is not improved for the fusion reaction,
the effect of the noncollective excitations has been found to small. On the other hand, the energy
dependence of the calculated Q-value distribution agrees with that of the experimental Q-value
distribution in a qualitative way. At the end of this chapter, we investigate the dependence of the
effect of the noncollective excitations on the mass number of the projectile nucleus. We present the
fusion calculations for *2S + 2%Pb and *°Ca + 2°Pb systems and show that the noncollective effect
increases as the mass number of the projectile increases.

In chapter 6, we investigate the role of noncollective excitations in °Ne + *?Zr systems. For
20927y nuclei, the information on the noncollective excited states is not sufficiently obtained in
contrast to 2°Pb nucleus. Thus, one cannot use the same approach as in the calculation for '°0O +
208Pb reaction to describe the coupling to the noncollective excited states. Therefore, we employ the
random matrix model for the description of the noncollective excitations. To see the applicability
of the random matrix model, we first apply the model to 'O + 2%8Pb reaction, and compare with the
more reliable calculation which uses the experimentally obtained information on the noncollective
states of 2%®Pb. The obtained results show that the random matrix model can reproduce the results
based on the experimental information. We then apply the model to the *’Ne + **92Zr systems.
Using the same parameters in the random matrix model between the two systems, we show that the
noncollective excitations smear the peak structure of the quasi-elastic barrier distribution for 2’Ne +
927r system, while for 2°Ne + *°Zr system, the noncollective excitations do not change the structure
of the barrier distribution in a significant way. Although the perfect agreement of the quasi-elastic
scattering cross sections with the data is not obtained by the noncollective excitations, we show the
magnitude of the noncollective effect is largely different between °Ne + *%%2Zr systems, and this
difference originates from the difference in the spectra of °**?Zr nuclei. We also apply the random
matrix model to other systems which use *°Zr or **Zr as a target, and verify that the inclusion of the
noncollective excitations of ***2Zr does not lead to an inconsistency with the experimental data for
these systems. At the end of this chapter, we apply the model to **Mg + *>°?Zr systems. Since the
24Mg is a prolately deformed nucleus with a large deformation parameter, one can expect that the
barrier distribution for the ?*Mg + °*9?Zr systems exhibits a behavior similar to the 2°Ne + **%?Zr
systems. Our results show that this is the case.

Finally the summary of the thesis is given in chapter 7.



Chapter 2

Nuclear excitations

In this chapter, a fundamental feature of nuclear excited states is reviewed. One can classify the
nuclear excitations into two classes, that is, collective excitations and noncollective excitations.

Properties and differences of these two kinds of excitations are presented.

2.1 Collective excitations

Collective excitations are understood as a collective motion of nucleons composing a nucleus.
There are two kinds of collective excitations, that is, low-lying collective excitations and giant
resonances. In this section, we review the low-lying collective excitations since they play an im-
portant role in the low-energy heavy-ion reactions. On the other hand, the giant resonances appear
in the energy region of ten to several tens of MeV as a broad resonance. The effect of these high-
lying excited states can be compensated by renormalizing the potential, which will be discussed in
the next chapter.

The most remarkable feature of the collective excitations is a large electromagnetic transition
strength, compared to a single-particle excitation. Let us consider an electric quadrupole transition
from a state with spin / + 2 to a state with spin / (E2 transition). The transition probability is given
by[55]

_4nl (Ey

5
= — | B(E2,I+2 D). 2.1
75hhc)<,+a) 2.1

Here, E, = E; — E is the energy difference of the initial and the final states and B(E2,1+2 — I)is
called the reduced transition probability. In general, for a transition from a state |i) with spin /; to a

state | f) with spin /;, the reduced transition probability is given by

1

BEAI; = Iy) = 77— KA, (2.2)

where, Q, is an electric multipole operator with a multipolarity A (the E2 transition corresponds to

A = 2). In order to evaluate the magnitude of B(EA)-values, the Weisscopf unit is often used[56]



which is give by

A3\

where R = 1.2A' (fm) is the radius of the nucleus. This formula is obtained by assuming a tran-
sition of a nucleon between single-particle levels and a constant nucleon wave function extending
inside the radius of R. Thus the comparison with this value provides an idea on how collective
the state is. If one considers a transition from a 27 state to a O* state, then the reduced transition

probability is given by

2 3 2
Bw(E2) = :—ﬂ (g) R* = 30A*3*fm*. (2.4)

Experimentally obtained B(E2) values from the first 2% state to the ground state are plotted in
Fig.2 for various even-even nuclei in the Weisscopf unit[57]. One can notice that all the values
are greater than one, and quite large for nuclei in the region of 140 < A < 180 and A > 230. Nuclei
in these region are known to be deformed, and thus the first 2* state is a rotational state. Reflecting
the collective character of these states, the transition probabilities have a large value.

A characteristic feature of the collective states is also found from their appearance in nuclear
spectrum. Typical nuclear spectra for vibrational and rotational levels are shown in Figs. 2 and
D3, respectively. In Fig.Z 2, the first 2* state and the triplet states of 0", 2%, 4" appear in '°°Pd and
114Cd in nearly equi-distance. In Fig.l73, states with even spin (I = 0,2,4,---) regularly appear
according to the E; oc I(I + 1) law. In the following, we explain how the regularity of these states
arises from the vibrational or rotational properties of the nuclei.

Let us first consider a surface vibration of even-even spherical nuclei in a liquid drop model[55].
One can expand the distance R(6, ¢) from the center-of-mass of the nucleus to a surface point at

angle (6, ¢) direction by spherical harmonics as

R(6,¢) = Ry {1 + Y, ¢)} : (2.5)
Ap

where a,, is the expansion coefficient. In the liquid drop model, the surface vibration is described
by regarding the expansion coeflicients @, as dynamical variables. The Hamiltonian for this model

is given by

1 1
H = ; (EBA%F + Ecmwﬁ). (2.6)
M

Here, the dot means the differentiation with respect to time. The first term represents the kinetic
energy of the vibrational motion and the second term represents the potential energy associated

with the deviation of the nuclear shape from sphere. Since this is a Hamiltonian for a harmonic
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Figure 2.1: B(E2) value for various even-even nuclei. The B(E2) values are measured in the
Weisscopf unit. Taken from Ref. [57].

oscillator, it can be quantized in the usual manner and reads

1 ; 1
H= ; S, (blﬂb@, + 5), 2.7)
M

where w, = VC,/B, and bL and b,, are the creation and annihilation operators of a phonon with

angular momentum A, u. They satisfy the following commutation relations

[b/Uu b}#/] = 6/1/1’6/1;1’, (28)
[b/l;u b/l’y/] =0, (29)
b}, b}, 1= 0. (2.10)
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Figure 2.2: Vibrational levels. Figure 2.3: Rotational levels.
The first excited state is obtained by creating a phonon in the vacuum |0)
b!,,10). (2.11)

The energy of this state is 7w, and the spin and the parity are given by A and (—1)*, respectively.
For A = 2, the spin-parity of the first excited state is 2* for even-even nuclei, in which the ground
state has 0". The second excited states are then obtained by creating a phonon on the first excited
state. Again, let us consider the case of 4 = 2. The second excited state with angular momentum
I, M is given by

% l;m<2ﬂ12ﬂ2|1M>b§Mb§M|o>. (2.12)

From (Z-10) and a property of Clebsch-Gordan coefficients
Qui2ulIMy = (=1)(2u2u,|IM), (2.13)

one can show that only the states with I = 0,2,4 are realizable and all of the three states are
degenerated with the energy 27iw,. From this consideration, the excited states shown in Fig.2 are
understood as the quadrupole phonon states, while the triplet of the double phonon states are split
up a little. This split of the spectra indicates the deviation from a pure harmonic oscillator.

In the collective model, one can relate the B(E A1) to the deformation parameter. As we will see

12



in Sec. 3.6.1, the electric multipole operator is calculated as

3Ze
Q/l,u = ERAQ,AH (214)

for a sharp-cut density and a,, is related to the deformation parameter 3, as

@y = P (b5, + (=1¥ba). (2.15)

V24 +1

The reduced transition probability from /; = 0 to /; = A then becomes

B(EA,0 — 1) = (A/1Q.l10)
= (24 + 1) [{20] Q0|00

de_ 2
=|—ZR"'B,| . (2.16)
4

Thus, one can estimate the deformation parameter from the B(E 1), and vice versa.

Next, let us consider a nucleus whose ground state is deformed. Since the quadrupole (1 = 2)
degree of freedom is the most important in many cases, we consider the quadrupole deformation.
Instead of using the original variables a,,, it is possible to choose the three Euler angles Q and

variables a,, defined in the body-fixed frame by

Q=) Db (Qay 2.17)
,U'

as independent variables. Here, Dfm, is the Wigner’s D-matrix. Among five a,,, one can adopt ax
and ay, as the independent variables by setting the coordinate axes to coincide with the principal

axes of the deformed nucleus. Using ayy and ay,, the potential energy is given by

1 2 2
V(ay, ax) = Eczo (1120 - ago) +Cxp (1122 - agz) . (2.18)

This means that the potential energy is minimum at the finite deformation parameters a9, and a),.

Instead of using a(z)o and a),, it is a convention to use 3 and y defined by

ay = Bcosy (2.19)

I .
arxy = $IBSIH’)/. (220)

13



Using these variables, the kinetic term of the Hamiltonian is written as

T = Trot + Tvib (221)
1 3
_ 2
T = 5 ;kak (2.22)
1 ,
Tan = 5B: (B + B7°). (2.23)

Here, 7, is the moment of inertia and is given by

Ji(B,v) = 4B,3sin’ ()/ - 23—"k) (2.24)

wy 1s the angular velocity and is given by the time derivative of the Euler angles. T, and T
describe the rotational and the vibrational motions, respectively, and they are coupled through
with each other. Using the angular momentum operators around the body-fixed axes [y (k = 1,2, 3),

the quantized T, is given by

kBB .
rot — . .
291 29> 29

Let us assume the axial symmetry for the ground state, that is, the potential is minimum at 5 =

and yo = 0. In this case, by expanding around the potential minimum, 7 — IE/ 293 is given by

BOP-B
275 29

to the zeroth order. Here, Iy = J1(Bo,0) = J2(Bo,0), and the coupling of the vibration and the
)
rotation for this term disappears in this order. Although the remaining term ﬁ still couples the
3
vibration and the rotation, the eigenvalues of [> and 3 are the good quantum numbers because

Trot -

(2.26)

the Hamiltonian, /2, and /3 commute with each other. For states with the eigenvalue of /5 being
zero (for the ground state band and the S-band), the vibration and the rotation decouples. In this
case, one can separately solve the vibrational motion and the rotational motion, and the energy
eigenvalues are given by

2

7
Epn, (1) = Efjﬁny + Eol(l +1) (2.27)

1=0,2,4,---.

The states with odd angular momentum (/ = 1,3, 5, - - - ) are excluded due to the reflection symme-

14



try around the 1 axis. Efl’ﬁny is the energy of the vibrational motion, and is given by

npiy

1
E° = hwy (nﬁ+ 5) + hiw, (2n, + 1) (2.28)
ng=0,1,2,---, n,=0,1,2,---,

where wg = VCy/Bs, wy, = VCxn/B,. For each (ng, n,), the spectrum exhibits a band structure
2

h
obeying E I(I+1), I=0,2,4,---), and especially for (nz = 0,n, = 0), the band is called the
ground state (l):)and. Fig. 3 shows the examples of the ground state band.

2.2 Noncollective excitations

As we have seen, the liquid drop model accounts for the collective excitations of a nucleus. On
the other hand, the independent particle picture also accounts for various properties of nuclei such
as the appearance of the magic numbers. In this picture, nucleons move in a mean field potential
produced by themselves. Each nucleon fills a single-particle orbit according to the Pauli principle,
and the excited states are obtained by exciting nucleons below the fermi level to levels above the
fermi level. Based on this picture, the Tamm-Dancoff method (TDA) describes the nuclear excited
states by a superposition of many 1-particle-1-hole(1p-1h) states, that is, the state |v) is expanded

as

) = > Cpaba,HF), (2.29)
ph

where |HF) is the ground state in the mean field approximation[55]. a; creates a nucleon above the
fermi level(particle state) and a;, annihilates a nucleon below the fermi level(hole state). C;h is the
expansion coefficient. By substituting the expansion into the Schrodinger equation, one can obtain
the secular equation which determines the coefficient C;h. However, the TDA has a drawback
that the correlations due to the residual interaction are not taken into account in the ground state,
although they are included in the excited states. The random phase approximation(RPA) overcomes
this drawback by introducing the correlations into the ground state. In the RPA, the ground state

IRPA) and the excited states |v) are given by

0,IRPA) =0 (2.30)
v) = Q]IRPA) (2.31)
where the operator Q) is defined by
0l = > Xnalay - > Yhaia,. (2.32)
ph ph
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In addition to the terms X;ha;ah which are also present in the TDA, there are other terms
Y. a'a, which introduce the correlations into the ground state. The coefficients X” and ¥” are
ph L pnp9p g

determined by the following RPA equation

s
=E, , (2.33)
B* A" Yy 0 -1 Yy

where E, is the energy eigenvalue. The matrices A and B are given by

Aph,p’h’ = (Gp - Eh) 6pp’6hh’ + vphrhp/ (234)
Bph,p’h' = vpp’hh” (2.35)

where v is the nucleon-nucleon interaction, and €, is the energy of the single-particle state a, |HF).
In this description, the collective excitations appear as the states in which the coefficients X for
many p-h pairs have the same sign, that is, many p-h pairs coherently add up to make the collective
states. On the other hand, there appear a large number of noncollective(single-particle) states where
X,» = 1 for a particular p-h pair. If one calculates the strength distribution in RPA, large strengths
are found for the low-lying collective states as well as the giant resonances, while the single-particle
excited states have smaller strengths.

In Fig. 4, we show the energy spectrum for 2*Pb nucleus [42], and in Table 1, the reduced
transition probabilities of the first ten excited states of 2°*Pb are shown with its excitation energy
and the spin-parity. These are shown in the Weisscopf unit and are evaluated from the deformation
parameter obtained in the analysis of the high precision proton inelastic scattering experiment[42].
One can see that some excited states, such as 3~ state at 2.615 MeV, have a large B(EA)-value and
thus can be considered as the collective phonon states. On the other hand, the excited states with
small B(EA)-value are considered to be the noncollective excited states. As the excitation energy
increases, the number of the noncollective excited states increases exponentially. We have indicated
the 3~ state at 2.615 MeV by the red line in the figure. For this octupole phonon state, candidates
for the double phonon multiplet have been identified[58, 59, 60, 61, 62] and are also indicated by
the red lines around 5.2 MeV. The spectra of noncollective states do not show the regularity as in
the case of collective states. However, some statistical quantities, such as the nearest neighboring

spacing of levels(NNS) obey a certain distribution. This is discussed in chapter 4.
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€ (MeV) | 7% | B(EA)/Bw(EA)
2615 |3 286.71
3198 |5 115.20
3709 |5 39.59
3961 |5 11.10
4037 |7 77.27
4054 |3 3.26
4085 |2° 45.00
4106 |3 1.93
4141 | 2° 0.86
4159 | 2° 0.66

Table 2.1: Reduced transition probabilities
of the first ten excited states of 2*®Pb eval-
uated from the deformation parameters[47].
They are shown in the Weisscopf unit. The
stars (x) indicate those states that are consid-

ered to be collective phonon states.




Chapter 3

Coupled-channels method

In this chapter, a theoretical framework which we employ in this thesis for the description of heavy-
ion reactions, that is, the coupled-channels method is detailed. After introducing the concept of
barrier distribution for fusion and quasi-elastic scattering, the effects of collective excitations on

the barrier distributions are presented.

3.1 Coupled-channels equations

The coupled-channels method describes the coupling of the relative motion to the intrinsic de-
grees of freedom of the colliding nuclei, that is, the excitations during the scattering process. The

coupled-channels method assumes the following Hamiltonian
h2
H = —2—V2 + Vo(r) + Hy(€) + Veoup(, £, 3.1
U

where r is the coordinate for the relative motion between the projectile and the target nuclei, and
u is the reduced mass. Hy(€) is the intrinsic Hamiltonian, and £ represents the internal degrees of
freedom. Vj(r) is the optical potential for the relative motion. This includes an imaginary part to
represent the loss of flux from the considered model space. Vioup(r, &) is the coupling Hamiltonian
between the relative motion and the intrinsic degrees of freedom. We expand Voup(7, &) in terms of

spherical harmonics as

Veouw(r,€) = D Flr)Ya®) - Ta(©), (3.2)

>0
where, the dot represents a scalar product. The monopole term (A4 = 0) in the interaction is assumed
to be contained in V(r) and not included in V. Although one can assume more general expansion
Veoup(r, &) = Z Z Si(OY(#) - T{(€), it does not alter the following discussion. Thus, we adopt

a >0
the expansion (B22) here for simplicity. Let €,; and ¢,,(£) be the eigenvalues and the eigenfunctions
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of Hy(¢) with the spin I, respectively, that is,

Ho(&)pni(&) = € (§). (3.3)

Here, n represents any quantum number besides the angular momentum. Since the total angular
momentum and its z component are good quantum numbers, we consider a wave function whose
total angular momentum is J and its z component is M, and denote it by ¥, (r, £). We construct a

basis to expand the total wave function ¥, (r, ) as

[Ye®pur@] ™ = > eIl TM)Y g, (P, (). (34)

me,myp

Using this basis, W, (r, &) is expanded as

“;{a(r )

Won(r,§) = Y L= [V (@)] "™ (3.5)

r
n,1

By substituting this expansion to the Schrodinger equation for ‘¥ (r, &)
HY jy(r,&) = E¥ u(r, &) (3.6)

and taking an inner product with [Y[(i’)¢n1(§)](]M) on the both hand sides, one obtains the following

coupled-channels equations

m d> e+ 1R?
[_Zﬁ + TR + Vo(r) — E + € | u,(r) + n; Voo (D (r) = 0. (3.7
Here,
fof[,n/é’/l’(r) = <[Yf¢n1](JM> |Vcoup(ra §)| [Y€/¢n’1’](JM)> (38)

y 20+ 121+ 1
= 3 A1 \/ CEE L D 00 ONWE LA I DX Tllger) (B9)
A

is a coupling matrix element which induces the excitations during the collision. In this expression,

W(abcd; ef) represents the Racah coeflicient and the reduced matrix element is defined by

oy . l . 7 ) .
(J'm'|Tygljm) = —,1<Jmkqu m’ )G Tkl ) (3.10)

N

We impose the following boundary condition

- ’knz i
ui{](r) - H;l )(kn,'l,'r)dn,n,'éf,fiél,li - k_ISz{H,n,-f,-I,-Hy)(knlr)’ (3.1 1)
nl
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for r — oo, together with the regularity at the origin. Here, k,; = +2u(E — €,;)/h? is the wave

number for the channel (n,I), and the index i represents the entrance channel. S’ is the

nll,n;it;1;
nuclear S -matrix, and Hé_)(knlr) and Hé”(knlr) are the incoming and the outgoing Coulomb wave
functions, respectively. For each intrinsic channel with (n, I), one has to consider subchannels with
different £ whose coupling with 7 yields J. Compared to the number of intrinsic states considered,

the dimension of the coupled-channels equations is large.

3.2 Iso-centrifugal approximation

One can reduce the dimension of the coupled-channels equations by introducing the iso-centrifugal
approximation [B0, 31, B2, B3, B4, 35, 36, 37, B8, BY]. In this approximation, the orbital angular

momentum ¢ is replaced by the total angular momentum J, that is,

o€+ DHn? _JU+ Hn?
urr T 2urr

(3.12)

This procedure corresponds to neglecting the change of the orbital angular momentum during the

collision. If one defines ﬁrjl ,(r) as
. 1 J
i67,(r) = (=1)" > (JOIO|EOYu], (), (3.13)
¢

the coupled-channels equations for ﬁ,{ ,(r) then read,

d* JJ+ DR? _J
[_Zﬁ - T + Vo(r) — E + €| it,,(r) (3.14)
24+1
= =D 2\ T i) Guo Taol o) i (). (3.15)
I’ A 4

In deriving this expression, the following formula is used[b63]

Z VQe + D2 + 1)W(abed; e f){b0d0| f0){a0 f0|c0) = (a0b0]e0){e0d0|c0). (3.16)
f

The coupled-channels equations (B-I3) have the same form as that for a spin-zero system whose

coupling Hamiltonian is given by

21+ 1
47

Veou() = D fl)Ya(# = 0) - Ty(@) = .

>0 >0

Ja(r)Ta(&). (3.17)

This states that the iso-centrifugal approximation corresponds to considering a scattering in the
rotating frame where the z axis points at each instant along the separation vector, which is schemat-

ically represented in Fig.B1l. Notice that the direction of the z-axis is time-dependent in this picture.
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1so-centrifugal
approximation

Figure 3.1: The angles in the original coordinate systems(left), and those in the iso-centrifugal
approximations(right).

In solving the reduced coupled-channels equations, we impose the following boundary condition

/kn..
i, (r) = HS (Kt V11,000 — k’I’S,{,,ni,iH(f)(kn,r) as  r— oo, (3.18)
nl

The fusion cross sections are identified with the absorption cross sections and are calculated from

the obtained S -matrix as

0ru(E) = /% Y@ei+ [1 -3
nil; J

n,l

J
S nl,n;l;

lz]. (3.19)

On the other hand, the differential cross sections for the channel (n, ) are given by

do—n[ _ knl

= (O 2
9k | fout i, (O)] (3.20)

with the scattering amplitude

1

2i V kn,-],- an J

+fC (9)671,”161,11 s

Jarni1,(0) e/ i E=anl Q) + 1)P 1 (cosO)(S sy = Onmbrs)  (3.21)

where 0 ;(E) and fc(6) are the Coulomb phase shift and the Coulomb scattering amplitude, respec-
tively. The quasi-elastic scattering cross section is then defined by the sum of the elastic and the

inelastic cross sections, that is,

do—qel _ dO’nI (3 22)
dQ) — aQ -’ '

The iso-centrifugal approximation has been found to be a good approximation for heavy-ion
reactions [34]. In order to see the validity of this approximation, we consider the fusion reaction of
2Mg + °Zr system. We take into account rotational excitations of >*Mg up to the 4* state with the
excitation energy €, = 1.37 MeV and the deformation parameter 5, = 0.505. In this case, for J > 4,

the dimension of the coupled-channels equations in the full angular coupling scheme amounts to 9
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Figure 3.2: Fusion cross sections and fusion barrier distribution for 2*Mg + *Zr system. Fig. B2(a)
and B2(b) show the fusion cross section in the linear and logarithmic scales, respectively and Fig.
B(c) represents the fusion barrier distribution. The red dashed lines represent the result in the full
angular coupling while the blue solid lines represent the result in the iso-centrifugal approximation.

[(1,6) =(0,0),(2,0),4,]),(2,J £2),(4,J),(4,J £2),(4,J £4)], while it reduces to 3 [/ = 0,2, 4]
in the iso-centrifugal approximation. If one takes into account two more rotational states up to the
8* state, the number of the coupled-channels equations in the full angular coupling becomes 25.
In Fig.B2, we show the result of numerical calculation. The solid blue lines and the red dashed
lines show the result with and without the iso-centrifugal approximation, respectively. Fig.B7(a)
and (b) show the fusion cross section in the linear and logarithmic scales, respectively and Fig.32(c)
represents the fusion barrier distribution defined in Sec.3.4. Although one can observe some dis-
crepancy between the two calculations for fusion cross sections above the barrier and the fusion
barrier distribution, the difference is rather small. This comparison shows the validity of the iso-

centrifugal approximation.
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3.3 Sudden tunneling limit

We have now obtained the coupled-channels equations to be solved. In the following, we shall see
the consequence of the channel coupling. First we consider the case where the excitation energies
are neglected. We assume that only a single mode with A in the coupling Hamiltonian is involved
for simplicity. In this case, one can diagonalize the coupling matrix with a coordinate independent
matrix and decouple the coupled-channels equations. The approximation neglecting the excitation
energies is referred to as the sudden tunneling approximation and corresponds to assuming that the
tunneling process occurs much faster than the internal motion of the colliding nuclei. Here, we
show that the coupled-channels equations are decoupled in this limit and the concept of the barrier
distributions naturally appears.
The coupled-channels equations in the sudden tunneling limit are given by
m d> J(J + DHi?

J — —
_ZE+T+VO(F)_E]M”(F)_ ;

24+ 1
4r

Far) (@l Taol @) uy (r), - (3.23)

where, the label of the intrinsic spin / are omitted for simplicity. One can diagonalize the coupling

21+ 1
Vi) = \| =5 = Fi Xl Tl (3.24)

with a coordinate independent matrix U which diagonalizes the matrix {¢,|T 0|$,.), that is,

matrix

U'VU = diag {A,(r), 1(r), -, An(r)}. (3.25)

Here, N stands for the dimension of the coupled-channels equations. Each eigenvalue of V is given

/2/1 +1
by the product of the eigenvalue of the matrix 4—(¢,,|T,10|¢m) and f,(r). The coupled-channels
Vs

equations are then transformed to

nd> JJ+ Dn?
Pﬂay%L@£—+wm+@m—4%m=0 (3.26)

Here, v/(r) = U'u’(r), or vi(r) = Z U (r)ui(r). We call the channel « in this representation

na

an eigenchannel and the potential barrier given by V(r) + A,(r) an eigenbarrier. The boundary

condition for v,(r) now reads

nn;

Vi) = > Un A H (1), = S5, H () (3.27)

= Uy o {HY (i) = 82, H? (k) (3.28)
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/k - : - :
for r — oco. Here, we have removed a factor k—" because it equals to unity in the sudden tunneling
n

limit, and S/, is defined by

3 U:
§! = Z Ujj“ ST (3.29)

na™ an; na™ nn;

By taking an absolute square of the both hand sides of U’ S/ = Z U S’ and summing over

@, one can show

DUl =D Unal 18251 (3.30)
Substitution of the above relation to Eq. (B-19) gives
Tas(E) = ) wao e (E) (3.31)
with the weight factor w, = |Un,-a/|2 and the fusion cross section for eigenchannel «
TNE) =% ) 2I+ ) (1-152.f)- (3.32)
07
where ky = \/2;;2 . Similarly, one can show
St =Y UnaUnaSh, (3.33)
and correspondingly, the scattering amplitude is now written as
Ji®) = D UnoUnefol®) (3.34)
with
fu(0) = 2%0 ZJ: (2] + 1)P;(cost) (S, — 1) + fe(O). (3.35)
The quasi-elastic scattering cross sections are represented as
dggl = wadgg - RACE (3.36)

From these expressions, one can see that both the fusion cross sections and the quasi-elastic cross
sections are given by the weighted sum of the cross sections over the eigenchannels in the sud-

den tunneling limit. Some eigenchannels have the barrier lower than the original Coulomb barrier,
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and the others have higher ones. This leads to the concept of the barrier distribution for the fu-
sion reaction and the quasi-elastic scattering. In the following section, we explain how the barrier

distribution is extracted from experimental fusion and quasi-elastic cross sections.

3.4 Barrier distribution method

In order to get further understanding of the experimental data for heavy-ion reactions, Rowley,
Satchler, and Stelson introduced a method to extract distribution of barriers directly from the ex-
perimental fusion cross sections[f]. To illustrate the method, let us consider the classical expression

for the fusion cross section. It is given by

us

ol (E) = 7R} (1 - %)G(E V), (3.37)

where Vj is the Coulomb barrier height and Rg is the barrier radius, that is V(r = Rg) = V. 6(x) is
the step function. For a derivation of this equation, see Appendix A. From this expression, one can
immediately get the classical barrier penetrability by

LAET) e v (3.38)

AR:  dE B '

and the derivative of the penetrability gives a delta function which has a peak at £ = Vg. In
quantum mechanics, the quantum tunneling effect smears the delta function. For example, if one
approximates the potential barrier by a parabolic potential, V(r) ~ Vg — =uQ*(r — Rg)?, the fusion

2
cross sections are given by the following Wong formula[b4]

2

Trus(E) = hggB In{1 + exp [2n/RQ)E - VB)]}, (3.39)

and the second derivative of Eo,s gives

1 d*(Eows)  2m e

=—— 4
nRy  dE? AQ (1 + e¥)?’ (3.49)

where x = (2n/AQ)(E — V). This quantity is called the fusion barrier distribution and has a peak
at £ = V. We show in Fig. the fusion cross sections and the fusion barrier distribution of the
Wong formula for 2°Ne + *°Zr system. The height, position, and curvature of the Coulomb barrier
are Vg = 52.0 MeV, Rg = 10.4 fm, and 7Q = 4.05 MeV, respectively. For comparison, the classical
fusion cross sections are also shown by the dotted line. The width of the barrier distribution is
related to the curvature of the parabola, that is, the full width half maxima(FWHM) is given by
0.567€. For the detail, see appendix A.

In the previous section, we have seen that the fusion cross sections are give by the weighted

sum of the fusion cross sections over the eigenchannels in the sudden tunneling limit. By taking
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the second derivative of the product of E and the both hand sides of Eq. (B31), we get

Dfus(E) =

1 2E " 1 d2 Eo_(fl)
TETw) Sy, ) (3.41)

nR2  dE? AR:  dE?

Each term in the sum has a peak at the position of the eigenbarrier, and the Dy, (E) is given by the
weighted sum of them. Thus, the Dy, (E) represents a distribution of eigenbarriers and is called fu-
sion barrier distribution. Rowley et al. proposed that one can extract the fusion barrier distribution
from measured fusion cross sections o,(E)[6]. Compared to the fusion cross sections themselves,
the fusion barrier distribution more clearly indicates the effect of the coupling. In fact, it can serve
for the determination of deformation parameters[I2]. Note that although the fusion cross section
contains the contributions from all partial waves, the differentiation of it gives the penetrability of
the potential for s-wave as can be seen from Eq. (B38).

In the actual calculation of the fusion barrier distribution from the fusion cross sections, one

replaces the differentiation with finite difference, that is, the value of the barrier distribution at
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energy (E| + 2E, + E3)/4 is calculated as

d%Eam)ZZUEaMh—wEmm»_(Eam»—«Eamn)( ! ), (3.42)

dE? E;s - E, E, - E, E; - E,

where (Eoy,); are evaluated at energies E;. If one uses equal energy intervals AE = (E, — E;) =
(E5 — E5), this reduces to

dz(EO_fus) (Eo_fus)?a - 2(E0—fu€)2 + (Eo-fll§)1
== : : = . 3.43
dE? AE2 (3.43)
The error ¢, is estimated as[3]
~ E 2 )2 4 2 2 44
60 ~ E (60-fus)1 + (6O-fus)2 + (60-fus)3- (3 )

The value of AE is usually taken about 2 MeV in the center-of-mass frame. For calculations
presented in this thesis, AE = 2 MeV is always adopted.

A similar concept has been also applied to the quasi-elastic scattering [Z, K]. As in the case of
fusion reaction, let us first consider the classical expression for scattering. In the limit of the strong

Coulomb field, the elastic scattering cross section at = r is given by
T(E,m) = oR(E, m)0(Vy ~ E), (3.45)

where oRr(E, 0) is the Rutherford cross section. Thus, O'Zf(E, m)/or(E, ) equals to 6(Vg — E) and

this corresponds to the reflection probability. By differentiating it with respect to energy, one gets

d(ga(E, 1)/ oR(E, 1))

qul(Eaﬂ) = - JdE

= 0(E — Vp). (3.46)

Since in the sudden tunneling limit, the quasi-elastic cross sections are represented by the weighted
sum of the elastic cross sections over the eigenchannels as in the fusion case, Dy (E, 7r) also gives
the distribution of eigenbarriers. Although the discussion here assumed a strong Coulomb field
in the scattering, the nuclear effect has to be taken into account for realistic systems. In fact, the
elastic cross section deviates from the Rutherford cross section as the incident energy increases (cf.
Fig. ). Nevertheless, the quasi-elastic barrier distribution exhibits a similar behavior to the fusion
barrier distribution, although the quasi-elastic barrier distribution is usually more smeared[Z, &, [0].
In Fig. B4, we show the comparison of the fusion and the quasi-elastic barrier distributions for
Mg + Zr system. The red solid line represents the fusion barrier distribution and the blue
dashed line represents the quasi-elastic barrier distribution. The upper panel is for the calculation
without channel coupling and the lower panel is for the calculation which includes the rotational
excitations of 2*Mg up to 4* state. All of the barrier distributions are normalized to unit area in the
energy interval between 50 and 75 MeV. One can see that the quasi-elastic barrier distribution of the

single-channel calculation exhibits more asymmetric behavior compared to that of the fusion, that
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is, it possesses a moderate tail at the lower energy side. However, the behavior of the both barrier

distributions is quite similar, while the peaks in the quasi-elastic barrier distribution are somewhat

smaller than those of the fusion case. In evaluating the quasi-elastic barrier distribution, we replace

the differentiation by finite difference as in the fusion barrier distribution. The energy interval AE

1s taken to be 2 MeV in our calculations in this thesis.

In actual experiments, detection of the scattered particle at 6 = x is impossible. However, one

can correct the effect of the difference in the detection angles by subtracting the centrifugal energy

from the incident energy. Estimating the centrifugal potential at the Coulomb turning point r., the

effective energy is given by

A2n? sing
Eg=F — s =2E——,
2ur? 1 + sin3

2

0
where, A, = 77C0t§ with 1 being the Sommerfeld parameter, and r. is defined by E =

(3.47)

ZPZT€2 + ﬂghz
2ur?’

While one has to take a second derivative of Eoy, to extract the fusion barrier distribution,
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one can get the quasi-elastic barrier distribution by differentiating o e1/0or one time. As mentioned
above, the scattering angle is classically related to the orbital angular momentum. Therefore, by
choosing the scattering at # = &, one can attain the penetrability for s-wave without differentiation.

We have introduced the barrier distribution method based on the eigenchannel representation in
the sudden tunneling limit. However, the concept of the barrier distribution has been found to be
valid even if the finite excitation energy is taken into account. In that case, the weight factors in the

eigenchannel representation become energy dependent and change slowly with the energy[b5].

3.5 Constant coupling approximation

In the previous section, we have seen that the eigenchannel representation in the sudden tunneling
limit leads to the barrier distribution method. The eigenchannel representation can be introduced
also when the coupling matrix is coordinate independent. This approximation is called a constant

coupling approximation[S]. In this approximation, the coupled-channels equations read

& I+ DR ,
_Zﬁ + W + V()(I") - E]Mn(l")

24+1
B —Z[enamz —4; Al <¢n|no|¢m>] uy(r),  (3.48)
m a4

where, f/? is a constant. One can diagonalize the matrix

24+ 1
Vnm = Enén,m + Z An f/? <¢n |T/10| ¢m> (349)
A

with a coordinate independent matrix as in the case of the sudden tunneling limit, and the fusion
and the quasi-elastic cross sections are given by the weighted sum of the cross sections over the

eigenchannels.
3.6 Coupling to collective states
In this section, coupling effects to collective excited states are reviewed.

3.6.1 Vibrational coupling

First we consider the vibrational coupling for a projectile nucleus. As seen in chapter 2, in the

liquid drop model, the shape of the nuclear surface is parametrized as

R:RP(HZWYA]. (3.50)
A
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In the following discussion, we consider a particular mode A. The Hamiltonian for the vibration is

given by (IZf)). After quantization procedure, the Hamiltonian is represented as

[
H=) bl b (3.51)
u

where, w; = VC,/B,, and the zero-point energy is removed. The creation and the annihilation

operators bzﬂ and b, are related with a,, by

h i
@y = A /W (b5, + (=1¥ba). (3.52)

The deformation parameter for the vibration with A is defined by the square root of the amplitude

of the zero-point vibration, that is,

B =(na =01 aj,ayln =0) (3.53)
u
=(21+1 : 3.54
( )3 B, (3.54)
Thus, Eq. (B32) is rewritten as
Ba

o = (b5, + (=1¥by). (3.55)

The nuclear potential between the colliding nuclei is given by a function of the distance between
the nuclear surface points on a line connecting the center of each nucleus. For spherical nuclei with
the radius Rt and Rp, the distance is given by r — Rt — Rp. If one takes into account the coupling of
the projectile, the nuclear potential is obtained by replacing r — Rt — Rp by r — Rt — Rp — Rpa, - Y,
that is, the nuclear potential Vn(r) is replaced by Vn(r — Rpa, - Y, (7)). In order to extract a form
factor of the coupling Hamiltonian, let us assume that the 3, is small and expand the potential up
to the first order term with respect to 3, (the linear coupling approximation)

dVn(r)
r

VN (r — Rpay - Y (7)) = Vn(r) — Rp a, - Y (p). (3.56)

The second term gives the nuclear part of the coupling Hamiltonian.

Next we consider the Coulomb part of the coupling Hamiltonian. Let us denote the density of
the vibrating projectile by pp(r). Then, the Coulomb potential between the colliding nuclei is given
by

ZoZrve?
Ve(r) = f dr’ |rP leppw) (3.57)
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for r larger than the range of pp(r). By using the expansion formula

1 3 4 rﬂ
i - ’ /l’+1
|r — 7| o 20+ 1r

— 7 Yo ()Y, (), (3.58)

the potential is represented as

ZpZré? dnZre 1
Ve(r) = == ZZ v Qe Vo D (3.59)

where, the electric multipole operator is defined as

Qi = f drZpepp(r)r'Y (7). (3.60)

Assuming a sharp distribution for pp(r), that is,

r) = pob(R(6, ) — r), = , 3.61
Pp(r) = pob(R(O, ) — 1), po 4R (3.61)
Qv 18 given by
3Zpe

Quy = 4:; Rﬁ%m O (3.62)

up to the first order in a,,. Thus, the Coulomb potential reads

ZpZre? 3 Ry

Ve(r) = F ]"T + S IZpZTe = Y, (7), (3.63)

and the second term gives the Coulomb part of the coupling Hamiltonian.

Combining the nuclear and the Coulomb potentials, the coupling Hamiltonian is given by

Vcoup(r, a'/ly) = f/l(r)a'/l - Ya(P) (3.64)
with the form factor
dVx(r) 3 R}
f/l(l") = —Rp ar + A+ 1ZpZT€ R (365)

Under the iso-centrifugal approximation, V., becomes

Vcoup(r’ a//ly) = f/l(r)axl Y7 =0)

5L Fir)bty + ba). (3.66)
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At the position of the barrier Rg, it holds that dV/dr = dVx/dr + dVc/dV = 0, that is,

dVN ZPZTeZ
TV I =T (3.67)
r=Rks r=Rp
The form factor f,(r) is then estimated at r = Ry as
ZpZT€2 3 ) Rf)l
Ja(Rg) = —Rp + ZpZre . (3.68)
R 24+ 1 R

One can see that the form factor is proportional to the charge product. Therefore, the coupling
strength is effectively stronger for systems which have a larger charge product.

Although the coupled-channels equations (B-13) use the basis where the intrinsic spin / is a
good quantum number, it is more efficient to work in another basis for the vibrational excitations
in the iso-centrifugal approximation[bf]. Let us first consider 1-phonon states. They are given by
{bLlO)}# and these states span the (21 + 1)-dimensional subspace. Among them, only a state bz()lO)
can be excited from the ground state by V.o, given in (B66). Thus, it is sufficient to take into
account only one channel for 1-phonon states.

Next consider 2-phonon states. They are given by {[bﬁbﬁ](’ M )|O)}IM. For A = 2 case, the possible
values of [ are 0, 2, and 4, and the states (0, 2*,4") form a triplet with the same excitation energy.
The dimension of the subspace spanned by the 2-phonon states is 15. The set { [b;bﬂ](’MHO)}IM can
be unitary transformed to a set {bzﬂb;ﬂ,l())} . Among them, in the iso-centrifugal approximation,

M
only the state bzob})lO) can be excited from the 1-phonon state bzolO) by Veoup- Thus, it is sufficient
to take into account only one channel for 2-phonon states. One can progress this discussion to

n-phonon states, and will find that only one channel is necessary to represent n-phonon states in

1 n
the iso-centrifugal approximation. Therefore, the total basis is given by {ﬁ (bjlo) |0>} . The
n! n

coupling matrix element between n-phonon channel and m-phonon channel is then given by

Vin(r) = 5—4*_fﬁ<r> (Buns NP1+ Gt V). (3.69)
T

and the matrix is given by

Ba

10
0 V2|, 3.70
N7 V2 (3.70)

V2 0

(Vnm) =

fa(r)

o = O

if one truncates the space up to the 2-phonon channel.

As an example of the vibrational coupling, we show in Fig. B3 the calculation of the fusion
reaction for 32§ + *°Zr system. Figs.Z3(a) and B3(b) show the fusion cross sections in the linear and
logarithmic scales, respectively. Fig.B3(c) shows the fusion barrier distribution. The black dotted

lines show the calculation without coupling, the red solid lines take into account the vibrational
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Figure 3.5: Fusion cross sections and fusion barrier distribution for 32S + *°Zr system. The black
dotted lines show the calculation without the channel coupling, the red solid lines take into account
the vibrational excitation of *2S up to the 1-phonon state, and the blue solid lines take into account
the vibrational excitations up to the 2-phonon state.

quadrupole excitations of *>S up to the one-phonon state, and the blue solid lines includes up to
the two-phonon state. The excitation energy and the deformation parameter of the 2* state of *2S
are e, = 2.23 MeV and 3, = 0.32, respectively. These calculations include the contribution from
all order terms in 3, in the nuclear coupling (See Sec.3.7). In the absence of the coupling, the
barrier distribution shows a single peak at the Coulomb barrier (V5 = 82.5 MeV). One can see that
by including the coupling, the subbarrier fusion cross sections are enhanced (Fig. B3(b)), and the
potential barrier distributes in energy. In the case the vibrational coupling, the lower barrier is taller

than the higher one.
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3.6.2 Rotational coupling

We next consider the rotational excitations of a deformed nucleus. For the deformation, we take
into account the quadrupole (4 = 2) deformation and the hexadecapole (1 = 4) deformation of the

projectile. The nuclear radius is then represented as
R(O,¢) = Rp(1 +ay - Yo(P) + a4 - Yu(7)). (3.71)
In the intrinsic system (the body-fixed frame), the radius is expressed as
R@,¢) =Rp (1 + ay - Yo(F) + aq - Y4(¥)), (3.72)

where, # = (¢, ¢’) is the angles in the intrinsic system and the relation between a,, and @, is given
by

(= Z D (ay,. (3.73)
-~

Here, Q = (¢;, 0;, x;) is the Euler angle between 7 and #'(see Fig.BT). In the axially symmetric case,

the nuclear radius is often represented as

R(#',¢") = Rp (1 + BoYoo(#') + B4 Yao(#)) . (3.74)

For the quadrupole deformation, as we have introduced in section 2, a,, are parametrized as

ary = ﬁzCOS’)/Q (375)

ary = adr_1 = 0 (376)
1 .

axn = ay p = —=fsiny;. 3.77)

V2

We have added the suffix 2 to represent the quadrupole degree of freedom, and y, = 0 and y, = 7/3
correspond to axially symmetric deformation with prolate shape and oblate shape, respectively.
Since the oblate shape is also represented by negative 5, with y, = 0, axially symmetric defor-
mation is described only by .. Similar parametrization is also possible for a4,[67]. Due to the
reflection symmetry with respect to the (x —y), (y — z), and (z — x)-planes, only ayg, a4», and ay4 are

independent variables, and they can be parametrized as follows

|7 |5
Ay = ,84[ Ecos& + Esin&cosm] (3.78)

V244, = —Basindysiny, (3.79)
|5 [T .
\/§a44 = ,84[ Ecos& - Esm&;cosn], (3.80)
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with 8y > 0,0 < 6, < m, and 0 < y4 < m/3. The B, represents the magnitude of the hex-
adecapole deformation, and d, and 7y, describe the non-axiality. Axial symmetry corresponds to
()/4 =0,04 = cos™! \/m) and ()/4 =n/3,0, =m —cos™! \/m) and the latter is the same shape
as the case with negative 84 and (y4 = 0, 64, = cos™! v7/12). Thus, by allowing 3, to be negative,
the axially symmetric shape can be described solely by a4y = B4. The nuclear part of the coupling

Hamiltonian for axially symmetric deformation is then given by

v, .
Van(ray) = —Re=—% > ay- Ya(F) = —Rp— D@ )
A1=24 A1=2,4

dV,
= —RP—N Z BaYa(#) (3.81)

1=2,4
in the linear coupling approximation.

While the form factor for the Coulomb part of the coupling Hamiltonian has already been
obtained in the previous subsection up to the first order in 5,, we consider here the second order
terms with respect to 4 = 2, which are included in the actual calculations. The second order term

in Q,, is calculated as

(2020[10) [@2a2 ], (3.82)

5
P \arQA+ 1)

and the Coulomb part of the coupling Hamiltonian is then given by

R/l
Ve(r, ay) = Z 2/1 1 ZpZré® MICU Y,(F)

1=24
6 [5 R:
+ = | —ZpZre®—L2(2020]20) [@202]? - Y2 (F)
5 Vdr 3
5 R4 4 -,
+——szTe <2020|40> [2a]® - Ya(P). (3.83)

3 Van

Combining the nuclear and the Coulomb parts, the total coupling Hamiltonian reads

Veaup(r ) = Y £ (M- Ya@) + £7() [anen] - V(i) (3.84)
=24
with
dv 3 R”
(1) N
L= p7+ZpZTe TSI (3.85)
and
3(1+2 5 Rﬁ
GE (1+2) pZTe (2020140, (3.86)

24+ 1 \4n(2A1 +
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In the iso-centrifugal approximation, this becomes

A% . .
Veoup(Fy ) = — RPd_rN (B2Ya20(F;) + BaYao(F:))

3 RZ 2[5 .
+ gZPZTezr_§ {,32 + 7 \/;,3%} Yoo(F:)

3 R} 9 1 A

and the coupling matrix elements are then given by

; 0 1 0 ; 0 1 0

(Vam) = \/i_é”(r) AR +\/—i_ Dl 18 ns | (3.88)
d 0 & 2045 d 0 205 486
7 77 77 1001

to the first order in 3,, if one truncates up to 4™ state in the rotational band. In Eq.(BX72), #; = (6;, ¢;)
is a part of the Euler angles which coincides with the angles of the separation vector in the intrinsic
frame 7 = (¢, ¢’) under the iso-centrifugal approximation.

We show in Figs. B and B-7 the examples of the rotational coupling for >*Mg + *°Zr and 28Si
+ 9Zr systems. The dotted lines are the single channel calculation, the red solid lines take into
account the rotational 2* state, and the blue solid lines take into account the 4* state in addition
to the 2* state. For 2*Mg + *°Zr system, the rotational states of >*Mg with the excitation energy
6 = 1.37 MeV and the deformation parameter 5, = 0.505 are included, that is, the rotational
excitations associated with a prolate deformation. For 28Si + 2Zr reaction, the rotational states
of 28Si with £,=1.78 MeV and 8,= -0.407 are included, that is, the rotational excitations with an
oblate deformation. One can see the enhancement of the subbarrier fusion cross sections due to the
channel coupling as in the case of the vibrational coupling. For **Mg + *°Zr system, the higher
peak in the barrier distribution is taller than the lower one, while for 2Si + °*Zr system, the lower

one is taller than the higher one.

3.6.3 Adiabatic potential renormalization

In this section, we consider a coupling to high-lying excited states. The effects of these high-lying
states can be compensated by renormalizing the internuclear potential[40]. To understand this, we

consider a two-level model where the coupling Hamiltonian is given by

5 7]
(Vam + €0um) = s (389)
f €

where f is a constant. The eigenvalues of this matrix are given by

e+ yE+aP), (3.90)
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and the eigenvectors are given by

ui:

2 -
1 W Vl+4grF1 ’ (3.91)
V2(1 +4g)" | 2 [ JT+4g2 £ 1

where g = f/e. The weight factor w. for the eigenbarriers are given by

1 1
we=—-|1F ——|. (3.92)
2 ( 1+ 4g2J
If € is large, that is, if g < 1, then w, <« 1 and w_ =~ 1. Thus, only the lower barrier (the
adiabatic potential) is important in this limit. Therefore, the effect of the high-lying states can be
effectively taken into account by using the adiabatic potential. This fact is called the adiabatic

potential renormalization. As a physical picture, a large excitation energy means that the frequency
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Figure 3.8: The fusion cross sections and the fusion barrier distribution for '°O + **Sm system.
The black solid lines do not include the octupole phonon state of '°O at 6.13 MeV. The red solid
lines include this state, and the red dashed lines are obtained by shifting the red solid lines by 2
MeV toward a higher energy side.

of the intrinsic motion is larger than that of the relative motion. In this case, the energy of the
whole system is minimized for each separation of the projectile and the target, that is, the reaction
proceeds along the valley of the energy surface. This effectively lowers the potential barrier.

In Fig. BR, we show the result of the fusion calculation for '°0O + **Sm system as concrete
example of the potential renormalization. For '°O, the first excited state is a 3~ state with high
excitation energy of 6.13 MeV. The black solid lines in the figure do not include this octupole
phonon state but include only the quadrupole and octupole phonons in *Sm. On the other hand,
the red solid lines include the 3~ state in °O in addition to the excited states in '**Sm. One can
see that the two barrier distributions exhibit similar behavior except for the position of the centroid.

In fact, by shifting the red solid lines toward the higher energy side by 2 MeV, one obtains the red
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dashed lines and it shows almost the same structure as the black one, although the peak height is

somewhat enhanced.

3.7 Full order coupling

In the previous sections, the coupling matrices for nuclear coupling are calculated up to the linear
order in S, for the illustration purpose. However, in the actual calculations, the all order terms are
included. This can be done as follows.

In the presence of the coupling, the radius parameter in the potential is replaced as

Ro— Ry + O, (3.93)
where O is given by
O = ByRpYa0 + BaRpYug (3.94)
for the rotational coupling, and
A RP t
0 = —=p, (bao + b) (3.95)

Van

for the vibrational coupling. We first find the eigenvalues and eigenvectors of O, that is,
Ola) = A,le). (3.96)

This is equivalent to diagonalize the matrix O,,, = (n|O|m), where |n) is an eigenstate of Hy. Then

the coupling matrix element is calculated as

Vi (1) = (alVN(r, O)lm) = Va(r)Sm
= ) (leX@lm)Va(r, 0) = VN(r)Sm. (3.97)

The validity of the linear coupling approximation is discussed in Ref. [b&] and it has been
clarified that the higher order terms significantly improve the agreement with the data. In this
thesis, for quantitative calculations, we work with the full order coupling for collective excitations,

unless otherwise we mention.
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Chapter 4

Random matrix theory

In the 1960’s, Wigner, Mehta, Dyson, Porter, and other people developed statistical studies of
nuclear spectra and developed a random matrix theory. In this chapter, fundamental properties of

the random matrix theory is presented[69, [7(].

4.1 Introduction

In the 1930’s, neutron cross sections are measured for heavy even-even nuclei by using slow
neutrons[[71, [72]. Typical experimental data are shown in Fig. BE-T[56]. It exhibits many narrow res-
onances whose width is less than 1eV and the energy spacing is about 20eV. Bohr considered that
these resonances are incompatible with the independent particle model and proposed a compound
nucleus model[73]. Fig.Z7 shows the wooden toy model with which he described the idea of a
compound nucleus. This figure shows the situation where a neutron is incident on the assembly of
strongly interacting nucleons. Bohr assumed that the energy of the injected neutron is distributed to
all nucleons, and the thermal equilibrium is realized which is the compound nucleus state. This idea
has been considered to motivate Winger to introduce the random matrix theory (RMT) to nuclear
physics.

Afterwards, the random matrix theory is developed by Wigner, Dyson, Mehta, Porter and other
people, whose works are compiled in Ref. [[74]. The RMT has been used to discuss the statistical
properties of spectra of the complex strongly interacting systems. For example, measures of the
fluctuation properties of spectra such as the nearest neighboring spacing of levels (NNS) and A;
statistics can be determined by RMT.

In RMT, instead of considering a specific Hamiltonian of a particular system, one considers an
ensemble of Hamiltonians which have the same symmetries, assuming some probability distribu-
tion for the matrix elements. According to the symmetries to be favored, there are several kinds
of ensemble in RMT. In nuclear physics, the gaussian orthogonal ensemble (GOE) is often used
corresponding to the time reversal symmetry. Random matrix theory is applied not only to nuclear

physics but also to other fields[[75, [76]. Relation to the quantum chaos is also discussed[[/’7].
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Figure 4.1: Neutron cross sections for 2>Th  Figure 4.2: Bohr’s Wooden toy model of com-
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4.2 Gaussian orthogonal ensemble(GOE)

Hereafter, we consider assembly of levels with the same spin and the same parity. If a Hamiltonian
1s invariant under time reversal transformation, the Hamiltonian matrix can be chosen to be real.

Thus the matrix elements satisfy
H, =H,, =H,,. 4.1)
The volume element in the matrix space is defined by

dH] = | | dH,. (4.2)

usy

By assuming that (i) there is no correlation between the matrix elements not connected by the
symmetry and (ii) the ensemble is invariant under the orthogonal transformation, one can obtain

the following probability distribution function for the Hamiltonian matrix H
N 2
P(H)d[H] = Nyexp {—4—/12Tr(H )} d[H], (4.3)

where N, is a normalization constant, A is a parameter, and N is a dimension of the matrix space. If

one applies the GOE to experimental data, A is determined from the mean level density. From the
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symmetry properties, the trace in the exponent satisfies

2 2 2 2
Tr(H?) = ZH#VHVN - Z H2, = Z HY + ZZ H, (4.4)
JTA% JIR% u u<v
and the distribution function is then written as
N N
P[H]d[H] = No | exp {—ﬁHw} dH,, | |exp {—2—/12HW} dyor. (4.5)
H p<o

From this form, one can deduce the following properties

H,=0 (4.6)
/12
Hvap(r = N(aﬂp6v0' + 6/10'51//))’ 4.7)

where the overline represents an ensemble average. The first equation means that the ensemble
average of the matrix element is zero, and the second equation states that there is no correlation
between the independent matrix elements. In fact, one can define GOE by a gaussian distribution
function satisfying Eqs. (B-6) and (EZ1), instead of the explicit distribution function (E3).

If one adopts the eigenvalues and eigenvectors of the Hamiltonian as independent variables of

the distribution function, Eq. (B3) can be written as

N
P[H]d[H] = Noexp {_ﬁ > EZ} | 1B, - Eol | [ 2B | | 46 4.8)
u p<o v i
where E,, is the eigenvalues of the Hamiltonian, 6;(i = 1,2,--- ,N(N — 1)/2) are the parameters

characterizing the eigenvectors and, A(6;) is a function only of 6;. One can see that the distribution
function is written as the product of two parts which respectively depend only on the eigenval-
ues and the eigenvectors, that is, the eigenvalues and eigenvectors are uncorrelated independent

variables. The factor n |E, — E| in this expression represents a level repulsion.

p<o

4.3 Properties of GOE

In this section, we review on the fundamental properties of GOE, that is, universality and ergodicity.

First, we consider the mean level density in GOE. It is given by

p(E) = > O(E - E), 4.9)
M
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which behaves as

2

N E
&~ 1—(—) for |E|] <24
A 21

0 for |E|>2A4

p(E) = (4.10)

in the limit of N — oo. This is a half circle and this behavior is called the Wigner’s half circle law.
Since the actual nuclear level density exponentially increases according to the excitation energy,
this behavior is not a physical one. However, this fact is not a problem because in using GOE,
we are not interested in the global properties of the spectrum but in the local properties like the
distribution of level spacing. Local property means the property in the energy scale which can be
ignored compared to 41 (diameter of the half circle) in the limit of N — co. In this energy scale,
the fluctuation properties of the spectrum is universal. That is, even if the ensemble does not have
a gaussian functional form but has another cutoff, the local fluctuation measures are the same as
that of GOE as long as the ensemble is orthogonally invariant and the spectrum appears in a finite
range, while the overall shape of the spectrum is different. Thus, in the limit of N — oo, the local
fluctuation measures are separated from global properties of the spectrum and are universal[78&].
Next we discuss about ergodicity. In GOE, the fluctuation measures are obtained by taking
an ensemble average of certain quantities. However, one may wonder whether it is meaningful
to compare such quantities with the data obtained from physical system which is governed by
a specific Hamiltonian. The ergodicity of GOE gives an answer to this question. Experimentally
obtained spectral data can be used for the calculation of quantities such as the distribution of nearest
neighbouring spacing by averaging over the spectrum. We denote an average of a quantity O over
the spectrum by (O). If O = (0) holds for all members of the ensemble and for all quantities
O describing local fluctuation, one can meaningfully compare the results from GOE and the data.

Although this relation has not been proved, a weaker claim
(0-(0)? =0 @.11)
has been proved, that is, for almost all members of the ensemble, an averages of O over the ensem-

ble and that over the spectrum are the same. This property is call ergodicity.

4.4 Fluctuation measures of GOE

We introduce three famous fluctuation measures of GOE. At first, we introduce the distribution of
nearest neighbouring spacing (NNS) of levels. Although the distribution function cannot be written

in a closed form, it is nicely approximated by a Wigner distribution

2

P(s) = gse—%s , (4.12)
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where, the parameter s is the level spacing divided by the mean level spacing. For small s, P(s)
is proportional to s, and this indicates a level repulsion. If there is no correlation among levels,
the distribution is given by a Poisson distribution which has a peak at s = 0. The level repulsion
of GOE represents strong correlation among levels. In Fig.E3, we show the comparison of NNS
distribution from GOE and experimental data. The data is obtained by compiling the data from
neutron resonances and proton resonances, and is called Nuclear Data Ensemble (NDE)[84]. A
Poisson distribution is also shown. One can see that the distribution of GOE reproduces that of
NDE well.

Next we introduce the Aj statistics which represents the correlation of level spacing. We define

the following function

E
N(E) = f dE' Y §(E' - E,). (4.13)
oo -
This represents a number of levels below the energy E. Using N(E), the Aj statistics is defined by
1 Eo+L
Ay(L) = min - < f dE'[N(E") - a - bE’]2>, (4.14)
a, Eo

where, () represents an average with respect to Ej. A3;(E) behaves logarithmic increase for large L
1

A3(E) ~ = (InL - 0.0678) . (4.15)
Vs

Comparison of this quantity from GOE and NDE is given in Fig.&4. In the figure, the A3 statistics
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from the gaussian unitary ensemble (GUE) and the Poisson distribution are also shown. One can
see that the GOE reproduces the data.

Finally, we introduce a Porter-Thomas distribution which corresponds to the distribution of
eigenvectors. Let ¢ be the projection of an eigenvector of a Hamiltonian in GOE on to some axis

in Hilbert space. The quantity y = i /W obeys the, Porter-Thomas distribution given by

P(y) = e, (4.16)

1
21y
This distribution is compared with, for instance, the transition probability to a final state of nuclear

levels or the width of the decay to a final state, because these quantities are proportional to the

absolute square of the matrix elements containing the wave function.

4.5 Random matrix theory for deep inelastic collision

In the previous sections, we have reviewed general aspects of RMT. In this section, we review the
application of RMT to deep inelastic collision by Agassi, Ko, and Weidenmiiller in the 1970’s[44,
45, 46, 47, 48, 49, 50]. A similar model is employed in Ref. [8f] for the study of dissipation in
collective motion of a quantum many-body system.

In the 1970’s, heavy-ion reactions in the energy region of a few million electron volt per nu-
cleon had revealed a new form of reaction not classified either to a direct reaction or to a compound
nucleus reaction. It exhibits large dissipation of the kinetic energy into the energy of intrinsic ex-
citations and is called deep inelastic collision (DIC). Classical models employing a friction force
has been used for the description of DIC. Weidenmiiller and his collaborators developed a random
matrix model aiming to describe DIC in a more microscopic point of view. They took advantage
of the complex nature of the highly excited states relevant to DIC, that is, they imposed a statisti-
cal random matrix assumption for the coupling matrix which couples the relative motion and the
intrinsic excitations. Based on RMT, they assumed the following condition for the second moment

of the coupling matrix elements between the intrinsic states |[nlM)

MIMVeaug (DI T MY T M Voo (Y7 7M7)

dr ~rs oy
= {51,”1//6"/"///5111/61/1/// + 6’,1"///6"/”//6[1///61/1//} Z Z myﬂﬂ(,‘)yﬂﬂ, (r )
A

- , I AT rooa
X (_1)M -M (_1)l+/1+1 \/(21 + 1)(21, + 1)( M M/ ][ M// ’ M/// ]
Ho— - H

X a(n,n'; 1,11, 1). (4.17)
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Here, the form factor «, is parameterized as

Wy _(En—E,Q)z _r=r)? r+r
, (4.18)

a(m,n’; 1,1 rr') = e W e 2

Vo(n, Do, I') 2
where p(n, I) is a level density with spin I at excitation energy €, and f is a some function. The
derivation of Eq. (BI7) is explained in Sec. 6.2. We only mention here that the level density
appears in the denominator of the form factor reflecting the complexity of the excited states. As
the excitation energy increases, the wave function of the excited states becomes more and more
complex and exhibits oscillatory behavior. As a consequence, the overlap of the wave functions
decreases as the excitation energy increases. This feature is represented by the level density in the
form factor. This model was justified in Ref. [46] based on shell-model consideration, from which
the values of the parameters in the model were also estimated.

Instead of solving the coupled-channels equations quantum mechanically, Weidenmiiller et al.
reduced the coupled-channels equations to classical transport equations. They first applied the
model to one-dimensional problem [4R8] and then applied to realistic systems[49, 50]. In Figs. E3
and B4, their results are shown. Fig. B3 shows a comparison of differential cross sections for light
fragments emitted in a 3*Kr-induced reaction at various energies. The solid lines show the data
and the dashed lines show their calculation[50]. Fig. B-& shows the differential cross section for
29Bi + !3Xe reaction for various atomic number of the fragments. The dots represent the data and
the dashed lines show their calculation[50]. Their calculations qualitatively reproduce the data and
they concluded that the essential part of DIC is well described by their model. We will employ their

model for the study of the role of noncollective excitations in heavy-ion reactions in chapter 7.
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Figure 4.5: Differential cross sections for
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47

T T T T T
209Bj 4 136Xe E pg=1130MeV
300 < TKE <650 MeV
9 _
10 3 %Q,ém 5
- 8 ]
105%_ // %%%xw o
- /// R x107 3
~ .07 / N3 6
S 0TE ) s T X0 E
) %%st ]
N 106
&
L
E 105
N
.o.
€ 104
o =
G -
S
o W07 F E
102 = =
101k -

100 E o s / o R
TN Y S 0 S T

20 30 40 50 60 70 80

Oc.m.(deg)

Figure 4.6: Angular distribution of frag-
ments in the reaction of *°Xe + 2%°Bi, inte-
grated over the energy of fragments as indi-
cated. (Z) is an atomic number of fragments.
The dots show the data and the dashed lines
show the results of the calculation. Taken
from Ref. [B60]



Chapter 5

Noncollective excitations in 10 + 298Pb
reaction

In this chapter, we discuss the role of noncollective excitation of 2%Pb in 10 + 2%Pb reaction at
energies around the Coulomb barrier[51]. This system has been extensively studied both experi-
mentally and theoretically. Using the information on the noncollective excited states in 2*Pb, we
describe the noncollective excitations in the 'O + 2%Pb reaction and investigate their effects on the

reaction observables.

5.1 Current status of '°0 + 28Pb reaction

The %0 + 2%8Pb system has been studied both from the theoretical and experimental sides. The fu-
sion cross sections for this system have been measured at subbarrier and above barrier energies[28&],
as well as at deep subbarrier energies[I8]. The coupled-channels analysis has also been performed.
Although a careful analysis has been performed by taking into account vibrational excitations in
160 and 2°Pb nuclei, the experimental fusion cross sections and fusion barrier distribution have
not been well reproduced theoretically. In Fig. B, we show the fusion cross sections and fusion
barrier distributions for °0 + 2%Pb system given in Ref. [ZR]. The calculated fusion cross sec-
tions and barrier distributions are compared with the experimental data. In these calculations, both
phonon excitations of 2°Pb and the transfer coupling is included in the dashed-dashed-solid lines
(denoted as "FRESCO+tr”). As one can see, the coupled-channels calculation does not simultane-
ously reproduce the fusion cross sections above and below the Coulomb barrier, and overestimates
the height of the main peak in the barrier distribution. Not only fusion experiments, but also the ex-
periments for quasi-elastic scattering have been performed and the quasi-elastic barrier distribution
has been extracted[23, 24, 25, ?&]. In addition, the energy dependence of the Q-value distribution is
obtained at subbarrier energies. The experimental data of Ref. [?5] for the Q-value distribution has
already been shown in Fig. [4. The experimental data show that the contribution from the inelastic

scattering of higher excitation energy (Q-value) becomes more and more important as the incident
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Figure 5.1: Fusion cross sections (upper panel) and fusion barrier distribution (lower pane) for '°O
+ 298Pb system. Taken from Ref. [28]. The dots represent the experimental data, and lines are
the results of the coupled-channels calculation. These calculation includes phonon excitations of
208pb. The solid lines are calculated by the coupled-channels code CCFULL[Z1] and the other lines
are calculated by FRESCOI[R7]. For the dashed-dashed-solid lines, transfer coupling is taken into
account.

energy increases, while at the lowest incident energy, the contribution from the elastic channel is
dominant. As can be seen from the spectrum of 2Pb shown in Fig. D74, these higher-lying ex-
citations are noncollective excitations. Since the conventional coupled-channels calculations take
into account only the low-lying collective excitations, they do not yield the Q-value spectra at
higher excitation energies, and thus the behavior of the experimental Q-value distribution cannot
be accounted for by the conventional calculations.

For 2%Pb nucleus, the information on the excited states has been obtained from high precision
proton inelastic scattering experiments[4?2, &3] up to rather high excitation energies. In fact, the
excitation energy, spin, parity and deformation parameter are identified with a DWBA analysis for
almost all excited states up to 7.5 MeV. We can use these information to describe the noncollective

excitations in '°O + 2%8Pb reaction. In Ref. [RR], these information has been used to discuss a
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multistep direct reaction mechanism. In this chapter, by taking into account the noncollective exci-
tations in '°0 + 2%8Pb fusion and quasi-elastic scattering, we investigate whether the noncollective
excitations can improve the agreement of the fusion and quasi-elastic scattering cross sections and
the barrier distribution with the experimental data. We also calculate the energy dependence of the

Q-value distribution and see whether the tendency of the experimental data can be reproduced.

5.2 Results

We now numerically solve the coupled-channels equations for the '°O + 2%Pb reaction. For the
coupling to the collective excitations, we take into account the vibrational 3~ state at 2.615 MeV,
5 state at 3.198 MeV, and 2* state at 4.085 MeV in *Pb (see Table 2.1) as well as the 3~ state
at 6.13 MeV in 0. The deformation parameters are estimated from the measured electromagnetic
transition probabilities, that is, 83(>**Pb) = 0.122, 85(**®Pb) = 0.058, 5,(***Pb) = 0.058, and 3;('°0)
= (0.733, together with a radius parameter of rp=1.2 fm. In addition to these collective vibrational
states, we also include 70 noncollective states in 2°Pb below 7.382 MeV (see Fig. 74), whose
excitation energies, multipolarities, and deformation parameters are taken from the high-resolution
proton inelastic scattering measurements in Ref. [42]. We take into account the mutual excitations
of the 2%Pb and the '°O nuclei.

For the nuclear potential, we use the same geometry as that in Ref. [’5], where the parameters
were obtained by fitting the coupled-channels calculations to the experimental quasi-elastic scatter-
ing cross sections. This potential has a surface diffuseness parameter of @ = 0.671 fm and uses the
radius parameter of R = 8.39 fm. Since our calculation takes into account the 3~ state in '°O, that
was not included in Ref. [?5], we modify the potential depth from 853 MeV to 550 MeV in order
to compensate the adiabatic potential renormalization (see section 3.6.3) [40]. For the imaginary
part of the potential, we use the Woods-Saxon form with the depth parameter of W = 30 MeV, the
surface diffuseness parameter of aw = 0.8 fm, and the radius parameter of Ry = 6.76 fm. For the
form factors of the noncollective couplings, for simplicity we take the same geometry as that for
the collective couplings. For the noncollective excitations, we include only the couplings from the
ground state, and neglect the couplings among the noncollective excitations as well as the couplings

between the collective and the noncollective states.

5.2.1 Single phonon calculation

We first show the results for the calculation that takes into account only the single octupole phonon
state in the 2®®Pb together with the other collective and the noncollective states. In this case, the
number of channels amounts to 146 in the isocentrifugal approximation.

Figures B7(a) and B2(b) show the fusion cross sections thus obtained. They are plotted both on
the linear scale (Fig. B2(a)) and on the logarithmic scale (Fig. 82(b)). The corresponding barrier
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Figure 5.2: The fusion cross sections (Fig. B2(a) and B7A(b)), the fusion barrier distribution,
Dy, = d*(Eoys)/dE?, (Fig. B2(c)), and the logarithmic slope, L(E) = d[In(Ec+)]/dE, (Fig.
B2(d)), for the 'O + 2%8Pb reaction. The fusion cross sections are plotted both on the linear and
logarithmic scales in Figs. B2(a) and B2(b), respectively. The dashed lines are obtained by taking
into account only the collective excitations of '°0O and 2°*Pb, while the dot-dashed lines take into
account the noncollective excitations of 2°®Pb in addition to the collective excitations. The solid
lines are the same as the dot-dashed lines, but shifted in energy. The experimental data are taken
from Refs. [28, [TX].

distributions, Dy, = d*(Ecys)/dE?, are plotted in Fig. 52(c). The experimental data are taken from
Refs. [28, T8]. The dashed lines are obtained by taking into account only the collective excitations
of 2Pb and '°O, while the dot-dashed lines take into account also the noncollective excitations
of 2%Pb. One immediately sees that the main peak in the barrier distribution is shifted in energy
due to the noncollective excitations towards low energy and consequently the fusion cross sections
are enhanced. This can be understood in terms of the adiabatic potential renormalization because
the excitation energies for the noncollective excitations are relatively large. One can also see that
the noncollective excitations do not alter much the energy dependence of the fusion cross sections,
as can be seen more clearly by shifting the dot-dashed lines in energy as shown in Fig. by
the solid lines. As a consequence, the noncollective excitations hardly modify the behavior of the
logarithmic slope, L(E) = d[In(Eoy)]/dE (see Fig. B2(d)). That is, the calculations with only
the collective excitations do not account for the observed large logarithmic slope at deep subbarrier
energies. This remains the same even if the noncollective excitations are taken into account. This
indicates that the deep sub-barrier hindrance of fusion cross sections cannot be explained simply

with the noncollective excitations in each of the colliding nuclei, and some other mechanism, such
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Figure 5.3: Quasi-elastic scattering cross sections (Fig. B3 (a)) and the quasi-elastic barrier distri-
bution (Fig. B3(b)) for the '°O + 2%8Pb system. The meaning of each line is the same as in Fig. B2.
The experimental data are taken from Ref. [23].

as noncollective excitations of the one-body system after the touching of the colliding nuclei, has
to be considered [RY].

As mentioned in Sec. 5.1, it is known that the calculation only with collective excitations
does not reproduce well the experimental fusion cross sections and barrier distribution for this
system [28]. That is, the coupled-channels calculation does not simultaneously reproduce the fusion
cross sections above and below the Coulomb barrier, and yields a too high main peak in the barrier
distribution. We find that the noncollective excitations are not helpful in this respect, as shown in
Figs. B7(a), (b), and (c). The noncollective excitations affect the cross sections only slightly, and
smear the barrier distribution at energies around 78 MeV [U0U]. The agreement is thus somewhat
worsened. Clearly, one needs other mechanisms in order to reproduce the experimental data for this
system. In this connection, in the next subsection, we will investigate the effect of double octupole
phonon excitations in 2**Pb.

Figure B3 shows the quasi-elastic scattering cross section and the quasi-elastic barrier distribu-
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Figure 5.4: Same as Fig. B2, but with the double octupole phonon excitations.

tion, Dye(E) = d[oga/0o1/dE at 6., = 170°. E.q is the effective energy defined by Eq. (B:47),
which takes into account the centrifugal energy for the Rutherford trajectory. The meaning of each
line is the same as in Fig. B2. The solid lines are shifted in energy with the same amount as in the
fusion calculation. The experimental data are taken from Ref. [3].

One can observe that the change in the barrier distribution due to the noncollective excitations
is similar to the fusion calculation. That is, the main effect of the noncollective excitations is the
barrier renormalization without changing the shape of the distribution, although they smear the
barrier distributions at relatively higher energies. The agreement with the experimental data around

E.s = 75 MeV is not improved by the noncollective excitations.

5.2.2 Double phonon calculation

We next show the results for the calculations with the double octupole phonon excitations in 2 Pb.
In this case, the number of channels included amounts to 148. The double octupole phonon states
in 2%8Pb have been experimentally investigated in Refs. [58, 59, bll, b1, h2] and candidates for the
double phonon states have been identified. In the present calculation we assume, for simplicity, that
all four double octupole phonon states are degenerate with E=5.23 MeV, that is, twice the energy
of the single-phonon state.

In Figs. 54 and B3, we show the calculations for the fusion reaction and quasi-elastic scattering,
respectively. One sees that the double phonon excitations leads only to a minor improvement both

for fusion and quasi-elastic scattering. The effects of the noncollective excitations are similar to
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those in the single-phonon case presented in the previous subsection. That is, the barrier distribution

is smeared above the barrier while the shape of the lower peak is almost unchanged.

5.2.3 Anharmonicity of octupole phonon state in 2°Pb

We have also investigated the role of anharmonicity of the octupole phonon excitations of 2*®Pb [9,
110], together with the noncollective excitations. We assume that the physical octupole phonon state

at E = 2.615 MeV is made from the harmonic octupole and quadrupole phonons, that is,

37) = G+ afalal]™) o) (5.1)

=
—|a
30
1 +a?
Here, « is a constant and is determined from the quadrupole moment of the octupole phonon state.

The quadrupole moment is calculated as

16 3
02(37) = 4/ %(33|on|33> = EezTR%ﬁza (5.2)
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V157

Q= ——>—
3€ZTR,2[ 2

0>(37). (5.3)

The quadrupole moment Q»(3") has been measured experimentally to be Q,(37) = —34+15¢ fm?[52,
53]. With 8, = 0.058, a is then calculated with Eq. (83) to be —0.37.
In the presence of the anharmonicity, 3~ state can couple to 2" state and 3~ state itself (reori-

entation) even in the linear order in 8,. In fact, the matrix elements of O defined in (B:93) is given
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In Figs. B and B7, the results for the fusion reaction and the quasi-elastic scattering are
shown respectively. These calculations correspond to the double phonon calculation. The pink
and the red lines include only the collective excitations and the purple and the blue lines take into
account the noncollective excitations in addition to the collective excitations. The dashed lines are
the results in the harmonic limit, and thus the same as Figs. 54, and B35. The solid lines take
into account the anharmonicity. We can see that the effect of the anharmonicity is quite subtle
both in the fusion reaction and the quasi-elastic scattering cases, regardless of the presence of the
noncollective excitations. Hence the improvement of the agreement with the data is not obtained

with the effect of anharmonicity.

5.2.4 Q-value distribution

Measurements of the Q-value distribution for backward-angle quasi-elastic scattering have been
performed for this system [25, 6], in which the experimental data indicate that the contribution
from the noncollective excitations increases as the incident energy increases. A big advantage of
our method is that the Q-value distribution can be computed easily because we explicitly take into
account the noncollective excitations in our coupled-channels calculations.

Figure shows the Q-value distributions at 6., = 170° at six different incident energies,
corresponding to the double phonon calculations shown in Sec. 5.2.2. The spectra shown by the
dashed lines correspond to the collective excitations while those by the solid lines correspond to

the noncollective excitations. The envelope of the spectra is obtained by smearing with a gaussian

function,
do, 1 E—ep)?
F(E") = - e w (5.6)
1 dQ ina

with A = 0.2 MeV.

Note that we include the noncollective states of 2**Pb up to 7.382 MeV. Thus the spectra above
this energy correspond to mutual excitations of the 2Pb and '°O nuclei. One can see that, at
the lowest incident energy shown in the figure, the contribution from the collective channels is
dominant. With increasing energy, the contribution from the noncollective excitations becomes
more and more important. This behaviour is qualitatively consistent with the experimental Q-value
distribution for this system [25, J6].

In Fig. 69, we show a comparison with the experiment data at four different energies. The
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Figure 5.8: The Q-value spectra for the quasi-elastic scattering at 6., =170° for the °O + 2%Pb
system for six different incident energies. The dashed peaks correspond to the collective excitations
while the solid peaks correspond to the noncollective excitations. The solid line is obtained by
smearing the peaks with a gaussian function.

data shown by the green lines are the same as those of Fig. 4, and the red histogram shown in
Fig. BY(d) is taken from Fig. 1 in Ref. [27]. The red histogram includes only the contribution
of oxygen isotopes (Z = 8). One can see that the calculation reproduces the peaks for the elastic
and 3~ channels at energies E.,, = 59.34 and 66.76 MeV, while it underestimates the peak for
3~ channel at energies E., = 71.41 and 73.28 MeV. This suggests that the deformation parameter
Bs for the nuclear part of the coupling should be somewhat larger than that for the Coulomb part
of the coupling, since at energies well below the barrier, the nuclear excitations is negligible, that
is, the excitations is predominantly induced by the Coulomb coupling, whose coupling strength
is unambiguously determined by the empirical B(EA)-value (see Eqs. (ZT6) and (B:66)). On the
other hand, the nuclear part of the coupling Hamiltonian depends not only on the deformation

parameter but also on the radius parameter of the nucleus as well as a parametrization of nuclear
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Figure 5.9: Comparison of the Q-value distributions at four different incident energies. The green
lines are the experimental data at 6}, = 163° and is taken from Ref. [25]. The red histogram at
E. .. =73.28 MeV is the data at 6, = 162° and includes only the contribution of oxygen isotopes.
Taken from Ref. [27].

potential. In Fig. 510, we show the result when the deformation parameter for the nuclear coupling
is increased to B} = 0.161 instead of the previous value B} = g5 = 0.122. This value of Y is
the same as that used in the calculations in Ref. [Z8], and corresponds to the radius parameter
ro = Rp - 2087!/3 = 1.06 fm. Although the peak for the 3~ channel is slightly enhanced at energies
E ... = 71.41, and 73.28 MeV and thus, the agreement with the data is somewhat improved, the
discrepancy still remains. For the noncollective excitations, we can see that some amount of the
contribution between E* ~ 3.5 MeV to 6 MeV is accounted for by this calculation, while the
calculation still underestimates the data by about an order of magnitude. This comparison shows
that our calculation qualitatively agrees with the experiments, even though our calculation does not
quantitatively reproduce the data.

Note that this energy dependence is also related to how the noncollective excitations modify the
energy dependence of the barrier distribution. Namely, at low energies where the contribution from
the noncollective excitations is not important, a change in the barrier distribution is not observed.
On the other hand, at higher energies where the contribution from the noncollective excitations is

important, the barrier distribution is smeared due to the noncollective excitations.
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Figure 5.10: Same as Fig. B9, but with a larger value of the deformation parameter for the nuclear
octupole coupling, Y = 0.161. The parameter for the Coulomb coupling is kept to be the same as
in Fig. 69, 8§ = 0.122.

5.2.5 Mass-number dependence of the effect of noncollective excitations

Finally, we investigate how the effect of noncollective excitations depends on the mass number of
the projectile nucleus. For this purpose, we solve the coupled-channels equations for the *2S + 2°Pb
and *°Ca + 2%®Pb systems. For the nuclear potential, we use the Akyiiz-Winther potential [91]. We
include the same excited states in the 2**Pb nucleus as those in the calculation for the '°0 + 2%®Pb
system discussed in the previous subsections.

We first discuss the 32S + 2Pb reaction. For the excitations of *2S, we take into account the
quadrupole vibration up to the double phonon states. The excitation energy and the deformation
parameter are taken from Ref. [97]. Figure 511 shows the calculated fusion cross section and fusion
barrier distribution. The meaning of each line is the same as in Fig. 2. The experimental data
are taken from Ref. [23]. One can see that the effect of the noncollective excitations is qualitatively
similar to that in the 'O + 2®Pb reaction. That is, the barrier is shifted towards lower energy
and the higher part of the barrier distribution is smeared. However, the smearing is stronger than
that in the '°O + 2%8Pb system, because an effective coupling strength is in general approximately
proportional to the charge product of the colliding nuclei [6], and thus the noncollective excitations
are effectively stronger for heavier systems. One can also see that the two low-energy peaks in the

barrier distribution are sharpened due to the noncollective excitations, while the separation between
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Ref. [23].

the peaks is not altered much. The calculations do not reproduce the experimental data, and this
might be attributed to the role of transfer reactions.

Figure shows the fusion cross section and the fusion barrier distribution for the “°Ca + 2Pb
reaction. For this system, we assume that “°Ca is inert and take into account only the excitations
of 2%Pb. As the charge product is larger, the effect of the noncollective excitations is stronger than
that in the '°O + 2%8Pb and 32S + 2%8Pb reactions. It smears the higher part of the barrier distribution
while the lower main peak is sharpened.

As we have shown, while the effect of noncollective excitations is not large for the '°0+2%Pb
system, the effect becomes increasingly important for heavier systems, such as “°Ca+2%Pb. This
suggests that the conventional coupled-channels approach, that neglects the noncollective exci-

tations, is well justified for relatively light systems, but the noncollective excitations have to be
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included explicitly in coupled-channels calculations for heavy-systems, for example, those relavant

to a synthesis of superheavy elements.
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Chapter 6

Noncollective excitations in 2°Ne + 0927y

reaction

In this chapter, we investigate the role of noncollective excitations in the quasi-elastic scattering
for 2°Ne + ?%%2Zr systems. We employ the random matrix model to describe the noncollective
excitation in coupled-channels calculation. The effect on the quasi-elastic barrier distribution is

discussed.

6.1 Quasi-elastic scattering for °Ne + °*°>Zr systems

For ’Ne + ?%92Zr systems, quasi-elastic scattering experiments were performed at energies around
the Coulomb barrier[20]. From the measured quasi-elastic scattering cross sections, the quasi-
elastic barrier distribution has been extracted, as has been shown in Fig. 1. The obtained quasi-
elastic scattering barrier distributions show a different behavior between the two systems, that is,
the barrier distribution for 2°Ne + *>Zr is much more smeared compared to that of 2°Ne + *°Zr sys-
tem. The dashed line in Fig.[”2(a) shows the barrier distribution obtained with a coupled-channels
calculation which takes into account the collective excitations of 2°Ne and *°Zr, that is, the rota-
tional excitations of ?’Ne and the vibrational excitations of *°Zr. The calculation reproduces the
peak structure of the barrier distribution, while it yields somewhat broader separation of the peaks,
which is probably due to the treatment of separation vector in nuclear potential[U3, 94]. On the
other hand, the calculated barrier distribution for the 2°Ne + °2Zr system shows the similar behav-
ior to that of the ?°Ne + *Zr system, and does not exhibit a smeared behavior observed in the
experimental barrier distribution. This similarity in the barrier distributions of the two systems is
because the deformation of °Ne is so large that the difference in the vibrational excitations of Zr
isotopes plays a minor role for the barrier distribution. Thus, the conventional coupled-channels
calculation cannot reproduce the barrier distribution for both the systems simultaneously.

As has been discussed in Chap. 1, the difference in the barrier distributions between the two

systems has been conjectured to arise from noncollective excitations that are not taken into account
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explicitly in the coupled-channels calculations. In this chapter, we take into account the noncollec-
tive excitations of Zr isotopes in the calculations for 2°Ne + °**>Zr reactions and see whether the
difference in the quasi-elastic barrier distributions arises from the noncollective excitations. See

Fig. for the energy spectra for the Zr isotopes.

6.2 Random matrix model

In the previous chapter, we investigated the effects of the noncollective excitations in 'O + 2%Pb
reaction. In that calculation, the description of the noncollective excitations is based on the exper-
imental information of the noncollective states. Especially, the deformation parameter 3,, which
gives the transition strength to the noncollective states, has been experimentally known for most of
low-lying noncollective states in 2*®Pb. For ***2Zr, however, the information on the deformation pa-
rameter is rather limited compared to that for 2*® Pb. That is, even though the energy and the spin are
experimentally known for many noncollective states[2?], basically nothing is known for the cou-
pling strength to the ground state. Therefore, one has to resort to a different approach to describe
the noncollective excitations in 2°Ne + °**2Zr reactions. For this purpose, we employ the random
matrix model discussed in Sec. 4.5. In this model, we consider the ensemble of the coupling matrix
elements and assume the ensemble to make a gaussian orthogonal ensemble(GOE) in the random
matrix theory. This model was originally applied to the calculations for deep inelastic collisions by
Weidenmiiller and his collaborators in the 1970°s[44, 45, 47, 48, 49, 50]. We show in appendix B
an application of the random matrix model to a one-dimensional barrier penetration problem. The
work presented in this chapter can be considered as an extension of this one-dimensional problem
to a three-dimensional realistic problem.

We construct the coupling matrix for the noncollective states as follows. The coupling Hamil-

tonian is expanded in multipoles as
Veou(r,€) = Y Far) - Ta(é), (6.1)
pl
with
Fu(r) = fa(r)Y (7). (6.2)

Then, the coupling Hamiltonian in the iso-centrifugal approximation is obtained by transforming

to the rotating frame as

21+ 1
Veu(n8) = O LDY;#=0)- Ti@ = Y A/ L Ta0(@). (6.3)
A

~ A
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Using the Wigner-Eckart theorem, the coupling matrix element reads

Vi) = {Dul Veou(Dlpwrr)
) 21411“”1[(]) ) g]wnvﬂ(r)nn'w (6.4)
with
Va6 = 2 AT @) (6.5)

Following Weidenmiiller et al., we introduce here the statistical assumption of GOE. That is, we

require that the ensemble average of the coupling matrix element vanishes, i.e.,
VIr(r) = 0. (6.6)

We also require the reduced matrix elements to satisfy the following equation

I\Va)lln 'Y 7|V ()l 1)
24+ 1 ,
= \/(21 + 1)(21’ + 1) 47[ {5,1”//6"’"///51[//6['1”/ + (_1)1—1 5nn/"5n’n”511"’§['1/f}
X Oaq(n,n'; LI 1), (6.7)

or, in terms of the coupling matrix elements, we require

VIEAVELT ) = S S S110Gipm + GG SyynSypr) NI+ DRI+ 1) (6.8)
2
I AT
XZ[ 00 0 J a(n,n"; LI r).
1

Here, the form factor @, is given by

W) _(en—)?

r—r')2
a(n,n" LI 1) = e e_(sz)h(r)h(r'), (6.9)

Vo, Dp(n', I')

where p(n,I) is a level density with spin [ at excitation energy ¢,, h(r) is a some function of r,

and (w,, A, o) are parameters. The level density in the denominator of the form factor reflects the
complexity of the noncollective states, as we have discussed in Sec. 4.5. We present in appendix C
the calculation method of the coupling matrix elements. Concerning the coupling to the noncollec-
tive excitations, we consider only the coupling from the ground state. Therefore, one of the level
densities entered in the form factor is constant in our calculations. Thus we modify the form factor

as

2 —r! 2

e e 3 h(h(r), (6.10)

a,(n,0;1,0;r, 1) =
o(n)
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where, 0 means the ground state. We have also replaced the spin dependent level density by the
total level density for the sake of simplicity.

Before applying the model to the reaction of *’Ne + **??Zr systems, we first apply the model
to '°0 + 208Pb system in order to study the validity of the model by comparing the results with
the more reliable results which use the experimental information on the noncollective states as

presented in the previous section.

6.3 Level density and strength distribution

In order to apply the random matrix model to '°O + 2%®Pb, we first discuss the treatment of the level

density p(n). The level density is defined by
ple) = ) dle e, (6.11)

which is a discrete spectrum. From this discrete spectrum, we define a continuous level density,
which is used in the calculation of the coupling matrix elements in the random matrix model. To

do this, we first define the following function

N(e) = fep(e’)de'. (6.12)
0

This gives the number of levels up to the excitation energy €. We fit N(e) with a polynomial

function. In Fig. B, we show the fitting result for 2°Pb nucleus. We use the N(¢) in the interval
6
between 4 MeV and 7.5 MeV and fitted with a polynomial f(€) = Z a,€". The resultant values of
n=0
a, are ay = —7479,a; = 6969 MeV™), a, = —2612 MeV~2), a3 = 497.5 MeV~3), a; = —49.59
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Figure 6.3: Transition strength distributions for 2Pb as a function of excitation energy €. The
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strength distribution defined in Eq. (B13) with RMT. Both distributions are smeared with a gaussian
function with a width of 0.15 MeV. The black line is scaled by a factor of 10.

(MeV™), as = 2.347 MeV), and ag = —0.03632 (MeV~%). The continuous level density is then
defined by the first derivative of f(e), that is, df(€)/de, which is shown in Fig. 2.

Using this level density, we calculate the strength distribution which we define by (see Egs.
(b9) and (B10))

=\,

A

2
0oa71) [r+1 2
T e (6.13)
00 0 o(e)

(w, 1s omitted in the definition by assuming w,; = w for all 4). This quantity corresponds to
the distribution of the deformation parameter §;, since, in the linear coupling approximation, the

coupling matrix elements are given by

dv,
Vou(r) = =BiRe—=. (6.14)

Fig.b3 shows a comparison of experimental deformation parameter, 3;, and the strength distribu-
tion in RMT, b,, as a function of excitation energy. The parameter A in (B13) is chosen to be 7
MeV. Both distributions are smeared with a gaussian function whose width is 0.15 MeV. The defor-
mation parameter is scaled by a factor of 10 because the dimension of 8; and b; is not taken to be
the same, while the both quantities determine the coupling strength to each excited state. Although

the small deficiency of the strength can be seen for peaks between 5.5 MeV and 7 MeV, the overall
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peak structure of the strength distribution is reasonably reproduced by the random matrix model.

6.4 Test of random matrix model with 1°O + 2°°Pb reaction

In this section, we apply the random matrix model to '°O + 2%Pb reaction in order to see whether
the random matrix model works well for the description of the noncollective excitations in low-
energy heavy-ion reactions.

For the function A(r) in the form factor (b-10), we adopt the following form
e(r_Rn)/a

hr) = —————,
") [1 + et—R/a]?

(6.15)
which is the same functional form as the derivative of the Woods Saxon potential. Thus, the cou-
pling matrix elements become similar to that of the vibrational coupling in the linear coupling
approximation. For the parameters in Eq. (A1), we use w = 38000 MeV*?2, A = 7 MeV, and
o =4.0 fm. The value of A is chosen so that all the considered excited states up to 7.382 MeV
have a chance to be excited. The values of A and o are the same as those used in Refs. [49, 0].
The value of w is chosen so that the random matrix model reproduces the results obtained with the
experimental ;.

In Fig.bd, we show the comparison for fusion cross sections. The potential has the same
geometry as that used in the previous chapter, and for simplicity, we do not take into account
the excitation of 'O in the calculation. The red lines show the results using the experimental
deformation parameters. This calculation is similar to that in the previous chapter, while the linear
coupling approximation is employed in the present calculation. The blue lines are the results using
the random matrix model for the description of the noncollective excitations. For comparison, the
calculation which takes into account only the collective excitations are show by the black dashed
lines. By choosing an appropriate parameter w, we can see that the random matrix model nicely
reproduces the results which use the experimental deformation parameters. Therefore, we conclude
that the random matrix model is applicable to the description of the noncollective excitations by

choosing appropriate parameters in the model.

6.5 Application to *°Ne + *%?Zr systems

6.5.1 Parameters

Encouraged by the comparative study presented in the previous section, we now apply the random
matrix model to the 2°Ne + *%°2Zr reactions. We use the same parameters as those used in Ref.
[201], that is, the surface diffuseness parameter of @ = 0.63 fm, the radius parameter of ry = 1.2 fm,
and the potential depth parameter of Vi, = 59.9 MeV. For this potential, the height of the Coulomb
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Figure 6.4: The fusion cross sections((a) and (b)) and the fusion barrier distributions((c)) for '°O +
208pb system. The red lines are the results obtained with the experimental deformation parameter.
The blue lines are the results of the calculation based on the random matrix model. The black
dashed lines are the results of the calculation with only the collective excitations.

barrier becomes Vg = 51.76 MeV. For the imaginary part of the potential, we use the Woods-Saxon
form with the depth of W = 30 MeV, the surface diffuseness parameter of aw = 0.3 fm, and the
radius parameter of row = 0.9 fm.

As for the coupling to ?’Ne, we take into account the rotational states in the ground band up to
6" state with the deformation parameters 8, = 0.46 and 84 = 0.27. The octupole phonon state at
5.62 MeV is also considered with 83 = 0.39. For the coupling to collective states in *°Zr nucleus,
we take into account the vibrational 2* state at 2.18 MeV with 8, = 0.089 and 3~ state at 2.75
MeV with 83 = 0.211[93]. For *>Zr, we take into account the vibrational 2* state at 0.93 MeV
with B0V = 0.144 and 8 = 0.103 as well as 3~ state at 2.34 MeV with 85 = 0.17[96]. These

phonon excitations in Zr isotopes are taken into account up to the two-phonon state, while the

68



120F T T T 50 — i I
07 o(e) = df(e)/de

100l fitedwithf(e) =X a, g | 45
- 90 . ‘_r'\
L Zr _ '« 40
- 80 i 3
> 60- 4 23
i 1 w
40 — experiment | a 30

— fitting function _|

20 25
I | | L I | L. L
O4 4.5 5 55 6 6.5 7 204 4.5 5 55 6 6.5 7
e (MeV) € (MeV)
Figure 6.5: Same as Fig. BT, but for *Zr. Figure 6.6: Same as Fig. B2, but for *Zr.

mutual excitations of quadrupole and octupole phonon states are not included.
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For the coupling to the noncollective states, we use the experimental data for the excitation
energies and spins. The coupling matrix elements themselves are calculated by the random matrix
model. Among the noncollective states, we take into account only the natural parity states, because
the unnatural parity states are not probable to be excited compared to the natural parity states in the
collision of even-even nuclei. The noncollective states are assumed to be coupled only to the ground
state for simplicity, which corresponds to the linear coupling approximation. For the parameters
in the random matrix model, we employ A = 7 MeV, o = 4 fm, and w = 200 MeV*/2. The
values of A and o are the same as in the calculations for '°O + 2%®Pb reaction, and the value of w
is determined so that the calculated barrier distribution for the ?’Ne + **Zr system agrees with the
experimental barrier distribution as well as possible. The same parameters are then used for the
calculations for 2°Ne + *°Zr reaction. The level density is constructed in the same way as that in the
case of '°0O + 2%8Pb calculation, as we show in Figs. B3 and BA for *°Zr and in Figs. B2 and BR
for 92Zr. For *°Zr, N(e) defined by Eq. (A12) is fitted in the interval between 3 MeV and 8 MeV

6

with a polynomial f(e) = a,€". The resultant parameters are ay = 199.2,a; = 182.5 MeV™!),
n=0
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Figure 6.9: Quasi-elastic cross sections (up-  Figure 6.10: Same as Fig.69, but for 2’Ne +
per panel) and quasi-elastic barrier distribution ~ °>Zr system.

(lower panel) for *’Ne + *°Zr system at 150°.

The red dashed lines are the results with only

the collective excitations, while the blue lines

are the results which include the noncollective

excitations in addition to the collective excita-

tions.

a, = —286.5 MeV72), a; = 119.7 MeV™?), as = —22.65 MeV™), as = 2.057 MeV~>), and
as = —0.07278 (MeV~°). For **Zr, N(e) is fitted in the interval between 2.5 MeV and 6 MeV and
the resultant parameters are ay = 63.79,a; = 540.7 MeV™"), a, = -737.2 MeV~?), a3 = 366.7
(MeV™), as = —87.00 MeV™), as = 10.07 (MeV™), and a¢ = —0.4589 (MeV~%). We take into

account the mutual excitations of 2’Ne and °*??Zr.

6.5.2 Results

Quasi-elastic scattering cross sections and barrier distribution

We first show the results obtained by including 45 noncollective levels in *°Zr nucleus and 75
levels in **Zr nucleus. Inclusion of 45 noncollective levels corresponds to taking into account
excited states up to 6.7 MeV for *°Zr and inclusion of 75 noncollective levels corresponds to 5.7
MeV for *Zr. Figs.p9 and BI0 show the quasi-elastic scattering cross sections and quasi-elastic
barrier distributions for 2°Ne + *°Zr and ?’Ne + *Zr reactions, respectively. For both figures, the

dots represent the experimental data[2(]] at the scattering angle 6,,, = 150°, the red dashed lines
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Figure 6.12: Convergence of the coupled-
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The energy truncation is changed from 4.0
MeV to 6.5 MeV. The red dashed and the blue

noncollective levels up to 5.7 MeV. solid lines are the same as in Fig. b10.

represent the results which take into account only the collective excitations, and the blue solid
lines represent the results which take into account the noncollective excitations in addition to the
collective excitations. In Figs.b9 and BI0 the red and the blue lines are shifted in energy by
1.7 MeV and 2.0 MeV, respectively, in order to adjust the barrier height. The difference in the
amount of shifts between the red dashed line and the blue solid line originates from the potential
renormalization due to the high excitation energy of the noncollective states as has been discussed
in the reaction of '°0O + 2%Pb in the previous chapter. For 2°Ne + *°Zr reaction, we can see that
even when we include the noncollective excitations, they do not alter the barrier distribution in a
significant way with the present parameters, although the ditch between the two peaks is somewhat
filled. Thus, the noncollective excitations do not deteriorate the agreement with the data for °Ne
+ PZr quasi-elastic scattering. On the other hand, for *’Ne + °>Zr reaction, the noncollective
excitations fill the ditch between the peaks and the peak structure is thus considerably smeared.
As a consequence, the agreement with the experimental barrier distribution is improved for the
2Ne + ?Zr system. In these calculations, the same parameters in the random matrix model are
used both for 2°Ne + ?°Zr and 2°Ne + *?Zr reactions. Therefore, the difference of the effects of the
noncollective excitations comes from the level density in the form factor Eq. (B9) and the level

structure between *Zr and *?Zr nuclei, that is, a large number of noncollective states at a relatively
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Figure 6.13: Calculations with four differently generated coupling matrices in the random matrix
model (the solid lines). The red dashed lines include only the collective excitations.

low excitation energy region in *>Zr . We also notice that the agreement at the high energy tail of
the barrier distribution is also improved due to the noncollective excitations.

Although the quasi-elastic scattering cross sections around the barrier energies and the barrier
distribution are well reproduced by including the noncollective excitations, the disagreement still
remains at the low energy region. In order to reproduce the data for the whole energy region, it may
be necessary to include other effects such as @ pick-up reaction, which might introduce a potential

barrier at the low-energy region.

Convergence of calculated results

We next discuss the convergence of the calculations with respect to the energy truncation. In
Fig. 811, we show the calculation for 2°Ne + *°Zr scattering. The red and the blue lines are the
same as those in Fig.69. The green solid lines take into account the noncollective excitations up to
excitation energy 5.7 MeV, while up to 6.7 MeV for the blue lines. The number of the noncollective
levels up to 5.7 MeV is 38. We can see that the green and the blue lines are almost the same, that

is, the convergence is already obtained if one includes 38 levels for *°Zr nucleus. In Fig.5B12, we
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Figure 6.14: Q-value distributions for 2°Ne + *°Zr system. The experimental data are taken at CM
angle 156° and CM energy of 51.85 MeV[2U]. The red dashed line includes only the collective ex-
citations and the blue solid line includes the noncollective excitations as well. The calculations are
taken at different energies corresponding to the shift in the barrier distribution due to the potential
renormalization.

show the calculation for 2°Ne + *2Zr system with several truncations of the noncollective excitations
ranging from 4.0 MeV to 6.5 MeV. The red and the blue lines are the same as those in Fig.5T0.
We can see the gradual increase of the effects of noncollective excitations and that the convergence
is obtained if one includes the excited states up to 5.7 MeV. In Fig. 617, all the calculations are
shifted by 1.7 MeV. We can see that the lower energy tail of the barrier distribution is hardly altered
by the noncollective excitations, while the higher region is shifted towards the low-energy side. We
can understand this behavior from the energy dependence of the Q-value distribution discussed in
the next subsection.

In the random matrix model, the meaningful quantity is the ensemble averaged quantity. The
calculated results shown above are not ensemble averaged. In order to see the dispersion due to
the random matrix, we show in Fig.o13 the four calculations with differently generated coupling
matrices by the solid lines (these calculations take into account only 26 noncollective levels in
order to reduce the computational effort). For comparison, we show the calculation with only the
collective excitations by the red dashed line. We can see that the dispersion due to the different
random matrices is sufficiently small compared to the change due to the noncollective excitations.

This justifies the use of the non-averaged results in the discussion of the noncollective effects.
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Figure 6.15: Q-value distributions for 2°Ne + °*Zr system. The meaning of each line is the same as
Fig. 6T4. The experimental data are taken from Ref. [TO0].

Q-value distribution

We next present the calculation for a Q-value distribution in Figs.b14 and 613 for °Ne + *°Zr
and °Ne + 22Zr systems, respectively. In the figures, the dots represent the experimental data,
the red dashed lines represent the calculation with only the collective excitations and the blue
solid lines represent the calculation with the noncollective excitations in addition to the collective
excitations. (The experimental data for 2°Ne + °>Zr shown in Fig. 5 in Ref. [20] has been found to
be wrong[[T000]. The correct data are shown in Fig. bT3.) The experimental data are taken at O¢y =
156° and Ecy = 51.85 MeV and do not include the transfer processes. The calculations shown in
the figures are taken at different energies corresponding to the shift in the barrier distribution due to
the potential renormalization. These are smeared with a gaussian function Eq. (86) with a width
of A = 0.5 MeV to adjust the width of the elastic peak of the data, and are normalized to the height
of the elastic peak. We can see that in both systems, the noncollective excitations have a small
effect on the Q-value distribution at this incident energy. For 2°Ne + *Zr system, the calculation
reasonably reproduces the data up to about 5 MeV, while above 5 MeV, it underestimates the data.
For Ne + 22Zr system, the noncollective excitations enhance the contribution from the inelastic
channels between about 3 to 6 MeV, and the data is reasonably reproduced up to 4 MeV. Above 4
MeV, the present calculation does not reproduce the data as in the case of *°Zr. We compare the
results of the two systems in Fig. BT6. The blue ones are the experimental data and the calculation

for 2’Ne + *°Zr system, and the red ones are those for 2°Ne + **Zr system. They are normalize at
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Figure 6.16: Comparison of the Q-value distributions between 2°Ne + *Zr and 2°Ne + **Zr systems.

the height of the elastic peak. We can see that the data show almost the same Q-value distribution
between the two systems. This suggests that the difference in the number of the noncollective states
between *°Zr and °*Zr nuclei (see Fig. T3) does not affect the Q-value distribution at this energy.
This is consistent with our calculation show in the figure, and thus, we conclude that our calculation
accounts for the data qualitatively well.

However, this does not mean that the noncollective excitations are not important in the Q-value
distribution. We have seen that the contribution from the noncollective excitation becomes im-
portant as the incident energy increases for the reaction of '°0 + 2%Pb system. In fact, the same
tendency is observed for 2°Ne + °**Zr systems as shown in Figs. 517 and BIR. These figures
show the Q-value distribution at different incident energies from 40 MeV to 60 MeV. The solid
red spectra show the contribution from the collective channels, the blue spectra show the contri-
bution from the noncollective channels, and the envelope shows the Q-value distribution smeared
with a gaussian function with a width of 0.2 MeV. For both systems, the contribution from the col-
lective excitations is dominant below the barrier (about 52 MeV), while the contribution from the
noncollective excitations becomes important as the incident energy increases. However, the peak
structure of the Q-value distribution is mainly constructed by the collective excitations for 2°Ne
+ %Zr system even above the Coulomb barrier. On the other hand, for *’Ne + *Zr system, the
noncollective excitations also contribute to the construction of a peak structure. Since the contribu-
tion from the noncollective excitations is important at larger (above barrier) energies, the potential

renormalization can be observed in the high energy region in Fig. BT2.
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Figure 6.17: The energy dependence of the Q-value distribution for 2°Ne + *°Zr system. The
red and the blue spectra show the contribution from the collective and the noncollective channels,
respectively. The black lines are obtained by smearing the spectra with a gaussian function with a
width of 0.2 MeV.

In order to observe the effect of the noncollective excitations on the Q-value distribution, it will

be necessary to measure the data above the barrier energies and see the energy dependence.

Reactions with different projectiles

We have shown that the noncollective excitations of ***>Zr nuclei significantly affect the barrier
distributions for 2’Ne + *>%?Zr reactions. In order to see whether our description of the noncollective
excitations are consistent with other reactions, we apply the model to 'O + *2Zr and 28Si + **Zr
fusion reactions, where the fusion cross sections are experimentally obtained and coupled-channels
analyses have been performed[96]. Figs.bI9 and show the results for '°O + °>Zr and 28Si
+ %2Zr systems, respectively. In both figures, the dots represent the experimental data[96], the
red lines represent the calculation with only the collective excitations, and the blue lines represent

the calculation with the noncollective excitations in addition to the collective excitations. The
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Figure 6.18: Same as Fig.617, but for *°Ne + *?Zr system.

upper and the middle panels show the fusion cross sections in the linear and logarithmic scales,
respectively, while the bottom panel shows the fusion barrier distribution. For the '°O projectile,
we take into account the vibrational 3~ state at 6.13 MeV as in the reaction for '°0 + 2%Pb system
discussed in the previous chapter. The potential parameters in the Woods-Saxon potential are V) =
55.16 MeV for the potential depth, ry = 1.17 fm for the radius parameter, and a = 0.60 fm for
the surface diffuseness parameter. These parameters are chosen so that the calculation reproduces
the height of the Coulomb barrier. We can see that the noncollective excitations hardly affect the
barrier distribution. For this system, the barrier distribution has almost a single peak structure even
in the absence of the noncollective excitations. This is because the vibrational excitations of **Zr
are not so strong to yield a well structured barrier distribution and the octupole phonon state in '°O
only renormalizes the potential barrier. Therefore, the smearing due to the noncollective excitations
does not change the shape of the barrier structure. In addition to this, the smaller charge product of
of the projectile and the target also makes the effect of the noncollective excitations small compared

to that in the *°Ne + *2Zr system.
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Figure 6.19: Fusion cross sections and the fu-  Figure 6.20: Same as Fig.a19, but for 28Si +
sion barrier distribution for '°0 + °>Zr system. ~ %>Zr system. The experimental data are taken
The meaning of each line is the same as in the from Ref. [96].

calculation for ?’Ne + %2Zr system. The exper-

imental data are taken from Ref. [96].

For the ?8Si projectile, we take into account the rotational excitations with e, = 1.779 MeV
and 8, = —0.407 up to the 6 state, and the octupole one-phonon state with €3 = 6.88 MeV and
B3 = 0.280. The potential parameters in the Woods-Saxon potential are Vy = 60.25 MeV, rp = 1.18
fm, and a = 0.63 fm. We can see that the barrier distribution is smeared due to the noncollective
excitations and the peak structure becomes unclear. This calculation is also consistent with the
data, although it is not clear whether the non-collective excitations lead to an improvement due to
the large error bars. The slope of the fusion cross sections at energies above the barrier becomes
steeper by the noncollective excitations and the agreement with the data is worsened. However, this
is not a serious problem because one can adjust the surface diffuseness parameter a in the nuclear
potential so that the slope is consistent with the experimental data.

From these considerations, we argue that the noncollective excitations described in this model
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does not lead to an inconsistency with the previous analyses for the systems studied in this sub-
section. These calculations also confirm that the noncollective excitations have a smaller effect on
the absolute value of the fusion cross sections compared to that of the collective excitations. In
fact, if the collective excitations are not taken into account but only the noncollective excitations
are included, the enhancement of subbarrier fusion cross sections is not obtained.

In this subsection, we have investigated the effect of the noncollective excitations in systems
with different projectiles. We have seen that, depending on the type of the collective excitations in
the projectile, the noncollective excitations affect the barrier distribution in a different way. In App.
D, we present the study of the interplay of the collective and the noncollective excitations using a
schematic model. This study shows that the noncollective excitations tend to shrink the distance
between peaks of the barrier distribution, if the collective excitations, which dominates the barrier

structure, are rotational excitations associated with a prolate deformation.

6.6 Prediction for >*Mg + °*2Zr reaction

Before we close this chapter, we present the theoretical prediction for 2*Mg + *>°?Zr reactions. The
reason why we choose this system is that the >*Mg is a strongly deformed nucleus with prolate
shape (8, = 0.505) and thus the similar noncollective effect on the barrier distribution can be
expected as in the *’Ne + **%?Zr system. In Figs.b21 and B22, we show the fusion calculation
for Mg + %%92Zr systems. The meaning of the red dashed lines and the blue solid lines is the
same as in Fig. B9. For the coupling to Mg nucleus, we include the rotational states up to 6*
state. For the nuclear potential, we use the Akyiiz-Winther potential[UT]. In the presence of only
the collective excitations, the barrier distributions for the **Mg + °*%2Zr systems exhibit similar
behavior to those for the ?’Ne + **%Zr systems. We can see that for >*Mg + *°Zr reaction, the
effect of the noncollective excitations is not significantly large. It steepens the shoulder of the
high energy part of the barrier distribution and fills the dip around 59 MeV. On the other hand, the
noncollective excitations drastically change the behavior of the barrier distribution for **Mg + **Zr
system. The effect of the noncollective excitations is similar to that in the 2’Ne + *2Zr system, but
stronger. This is because the charge product of 2*Mg + **Zr system and the deformation parameter
B, of the projectile are larger than those of 2’Ne + °2Zr system. Thus, we can expect the difference
in the magnitude of the noncollective effect on the barrier distributions between the two systems.
If the fusion or quasi-elastic barrier distribution was measured for this system and the smeared
structure was found for 2*Mg + °?Zr system, the validity of our scenario would become clearer.
However, the transfer processes may affect the barrier distribution for 2*Mg + ?*%?Zr differently,

and in that case one should consider their effects as well.
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Chapter 7

Summary and concluding remarks

We have investigated the role of noncollective excitations in heavy-ion fusion reaction and quasi-
elastic scattering by explicitly taking into account the noncollective states in coupled-channels cal-
culations. In chapter 5, we considered °O + 2%Pb system because this system has been studied both
from the experimental and theoretical sides, and the experimental Q-value distribution suggests the
contribution from the noncollective excitations. In addition, almost all the excited states of 2*®Pb
up to about 7 MeV have been identified by high precision proton inelastic scattering experiments.
We used the experimentally obtained excitation energy, multipolarity, and deformation parameter
of the excited states in 2®®Pb to describe the noncollective excitations in 0 + 2%8Pb reaction.

Our results show that the barrier distribution for the fusion reaction and the quasi-elastic scat-
tering are changed in a similar manner due to the noncollective excitations at energies above the
Coulomb barrier. The energy dependence of the cross sections, on the other hand, is not affected
much by the noncollective excitations and the degree of agreement with the experimental barrier
distribution remains the same. The effect of anharmonicity of vibrational states in 2%Pb is also
investigated. It has been found that the effect of anharmonicity plays a minor role regardless of the
presence of the noncollective excitations.

The fusion calculations are also performed for the S + 2%Pb and “°Ca + 2%Pb systems in
order to investigate the projectile mass-number dependence of the effect of the noncollective ex-
citations. We have shown that the effect of the noncollective excitations becomes stronger as the
mass number of the projectile nucleus increases. This result can be considered to justify the con-
ventional coupled-channels calculation which neglects the noncollective excitations for relatively
light systems. However, it also shows that the noncollective excitations should be considered in the
calculation for heavy systems, for example, those relevant to a synthesis of superheavy elements.

For the 32S + 2%8Pb system, the coupled-channels calculations with only the inelastic excitations
of the colliding nuclei do not account for the experimental data. That is, the subbarrier fusion cross
sections are significantly underestimated for this system and the experimental barrier distribution is
much more smeared than that obtained by the coupled-channels calculation. The transfer process

should be taken into account for this system simultaneously with the noncollective excitations in
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order to improve the agreement with the data.

We have also calculated the energy dependence of the Q-value distribution for the '°O + 2%8Pb
system and found that the contribution from the noncollective excitations becomes more and more
important as the incident energy increases. This behaviour is qualitatively consistent with the ex-
perimental Q-value distribution for the same system. The experiment data also indicate the contri-
bution from transfer channels in this system[27]. Therefore, it will be an interesting future work to
study the contribution from the transfer channels to the Q-value distribution and compare with the
experimental data in a quantitative way.

In chapter 6, we investigated quasi-elastic scattering for 2°Ne + *%°2Zr systems where the con-
ventional coupled-channels calculation fails to account for the experimental data. Although the
experimental information on the noncollective states, especially deformation parameter, is avail-
able for 2°®Pb nucleus, the information on the noncollective states for °*??Zr nuclei has not been
sufficiently obtained. Thus, we employed the random matrix theory to describe the noncollective
excitations in the coupled-channels calculation.

Our calculations show that the noncollective excitations fill the dip between the two peaks in the
barrier distribution for 2’Ne + ?*Zr system and hence the peak structure is smeared. On the other
hand, there is only a minor effect of the noncollective excitations for 2°Ne + *°Zr system. Although
our calculation does not improve the agreement of the quasi-elastic scattering cross sections below
the barrier, we have shown that the magnitude of the noncollective effect is considerably different
between the two systems. In these calculations, the parameters in the random matrix model, which
determine the transition strength, are taken to be the same between the two systems. Therefore,
the difference of the noncollective effect arises from the difference in the level density for the low-
lying states which enters into the form factor in the coupling matrix elements in the random matrix
model.

We also calculated the Q-value distribution for °Ne + ?*%Zr scattering and compared with
the experimental data taken at Ecy = 51.85 MeV. Our results show that the contribution from the
noncollective excitations is so small in this energy that the calculated Q-value distribution is almost
unchanged. We compared the Q-value distributions for 2°Ne + **2Zr systems, and found that both
the experimental data and the calculation indicate that the Q-value distributions at this energy do
not differ much between the two systems. We also calculated the energy dependence of the Q-value
distribution around the Coulomb barrier energy, and found that it shows the similar behavior to the
160 + 298pb gystem. That is, while at energies below the Coulomb barrier, the contribution from the
elastic and the collective channels is dominant, the contribution from the noncollective channels
becomes more and more important as the incident energy increases. For 2’Ne + °>Zr system, the
noncollective excitations also contribute to construct a peak structure in the Q-value distribution
at above barrier energies. Therefore, in order to see the effect of the noncollective excitations of

Zr isotopes on the Q-value distribution, it will be necessary to measure the data at above barrier
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energies and see the energy dependence.

In order to see the effect of the noncollective excitations of *Zr on other reactions, we investi-
gated '°0O + °>Zr and ?8Si + °*Zr systems. For the !0 + *?Zr system, the noncollective excitations
have minor effect on the barrier distribution. For this system, the barrier distribution is not struc-
tured even in the absence of the noncollective excitations. Thus, the smearing due to the noncollec-
tive excitations does not change the shape of the barrier distribution. For the 8Si + *Zr system, the
noncollective excitations smear the barrier distribution. Although it seems to somewhat deteriorate
the agreement with the experimental data, it will be more or less cured by readjusting the poten-
tial parameters, and thus we conclude that our calculations are not inconsistent with the previously
measured data .

We finally investigated the >*Mg + ***2Zr systems since >*Mg is a prolately deformed nucleus,
and a similar noncollective effect to 2’Ne + *>°>Zr can be expected. In fact, our calculation indi-
cates a similar smearing effect for 2*Mg + ?>Zr system, while the barrier distribution for >*Mg +
7Zr system is not significantly changed by the noncollective excitations. Since the barrier distri-
butions has not been obtained experimentally for this system, our calculation gives a prediction.
If the experimental barrier distribution exhibits the smeared structure for >*Mg + *>Zr system, the
importance of the noncollective excitations will become robust.

In this thesis, we have investigated the role of noncollective excitations in heavy-ion reactions
motivated by the quasi-elastic scattering experiment for 2°Ne + **92Zr systems. Since the conven-
tional coupled-channels analyses take into account only the collective excitations, the effect of the
noncollective excitations had not been clarified in the previous studies. In order to study the effect
of the noncollective excitations on the fusion and the quasi-elastic scattering, we investigated sev-
eral systems. We have found that the effect of the noncollective excitations is to smear the barrier
structure which is constructed by the collective excitations. They also contribute to the Q-value
distribution above barrier energies. However, the noncollective effect on the fusion cross sections
is not large compared to that of the collective excitations, and the gross structure of the barrier
distribution is still determined by the collective excitations. Thus, these results can be considered
to justify the success of the conventional coupled-channels analyses in medium-heavy systems. On
the other hand, if one is interested in the detailed structure of the barrier distribution, our results
suggest that the effect of the noncollective excitations can be important. In fact, our results show
that in some systems, the effect of the noncollective excitations is important, e.g. *°Ne + *>Zr and
Mg + %*Zr systems, while in other systems, e.g. in '°O + 2%Pb and *’Ne + *°Zr systems, it is
less important. It will be an interesting question to clarify a general criterion for a need to take
into account the noncollective excitations. In this respect, we have clarified several conditions. The
first is that the noncollective excitations should be taken into account for heavy systems such as
those relevant to a synthesis of superheavy elements. This is because the coupling effect becomes

effectively strong as the charge product of projectile and target becomes large. The second is that
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the noncollective excitations are important for systems with large number of levels or large level
density at relatively low excitation energy region. This has been clarified from the comparison of
20Ne + *°Zr and °Ne + *?Zr systems. And the third point is the properties of coexisting collective
excitations which dominate the barrier structure. As in the case of '°O + *2Zr reaction, if the collec-
tive excitations do not yield a clear structure in the barrier distribution, the noncollective excitations
do not significantly alter the barrier distribution. In order to proceed this study, it will be necessary
to investigate systems where the effect of the noncollective excitations shows up in a different way,
as in the case of *%?Zr targets.

The effect of the noncollective excitations will be important for deep inelastic collisions(DIC)
in massive systems, where a large amount of the kinetic energy is dissipated into the internal exci-
tations. In the previous analyses of DIC, a classical friction models have been used. It will be an
interesting future study to apply the model presented in this thesis to DIC and describe the dissipa-
tion phenomena quantum mechanically, instead of using classical models. This kind of study will
be useful not only in nuclear reactions but also in other fields, since the effect of the dissipation on
the reaction process has been studied from a general point of view[T, ].

We employed random matrix model to describe the noncollective excitations of ***2Zr because
the experimental information on the noncollective states are limited. Another possible description
of the noncollective excitations will be to calculate the excited states microscopically and use the
theoretical transition probabilities. In such calculations, it will be necessary to take into account
the paring effect for °*Zr nucleus. The investigations on this direction will lead to the development
of the microscopic description of the heavy-ion reactions.

In our calculations for the 2’Ne + ?%2Zr systems, we have not taken into account transfer reac-
tions because the experimental total transfer cross sections have been found to be almost the same
between the two systems. However, if one looks at the cross sections for each transfer processes
separately, they are different between these systems, which may affect the barrier distribution in a
different way. Therefore, it is a challenging future work to study the effect of transfer processes as
well as noncollective excitations. It will be also interesting to investigate the transfer effect on the
Q-value distribution which has been suggested in the experiment for 1°O + 2%Pb system[27]. The
study of the noncollective excitations and the transfer reactions will contribute to the development

of the coupled-channels method and the further understanding of the reaction processes.
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Appendix A

Classical expression for fusion cross section
and the Wong formula

In this appendix, we derive the classical expression for the fusion cross section and introduce the
Wong formula, which is the fusion cross section for a parabolic potential.

The fusion cross section is given by the sum of penetrabilities for each partial wave as
7I' (o8]
o(E) = 75 ) (20 + DPUE). (A.1)
=0

In the classical limit, the penetrability is given by

l.
¢ _ T
ol (E) = B ;(25 + DOE - V) (A.2)

where £, is defined by

L. + D2
vy + Ll Db

A3
B 2R (A.3)

The step function enters into the expression because if E < Vg, there is no partial wave ¢, which
satisfies Eq.(A3) and the fusion cross section must be zero. By performing the sum, the fusion

cross section reads

) T
ol (E) = 7 ele + DOE — Vi)

n 2uR?
~ ETB(E — VB)O(E — V)
= R% (1 - %)H(E — V). (A.4)

In quantum mechanics, the fusion occurs even at subbarrier energies due to the quantum tun-
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neling effect. If the potential can be approximated by a parabolic curve

((+ DHn?

1
Vi(r) ~ Vg — —uQ*(r — Rp)* + : A5
((r) ~ Vg oM (r — Rp) R (A.5)
the penetration coefficient is given by[97]
1/, ,
i = 5 (&2 — o), (A.6)
where ¢/, and ¢%, are defined by
3 1 3
¢£[ = argl"(é—L — Eibf;) - gﬂ (A7)
1 1 1
R =argl'[~ - =ib' | - = A8
E -V
by = ——= A9
=5 (A.9)
(€ + 12
Vi = Vg + % (A.10)
2uR;
Here, I'(z) is a gamma function. The penetrability is, as is well known, given by
— 2 _
P(E) = |tw|” = T (A.11)
1+ exp( =5 )
The fusion cross section is then calculated as
71' [e6]
o(E) = 35 ;(25 + DP(E)
=0
71_ 00
~ _2f dt2t + 1)P«(E)
k% Jo
hQ 2r
= ERzBln [1 + exp (E(E — VB))] : (A.12)
This expression was derived by Wong[b4], and the fusion barrier distribution is given by
2n
1 d*(Eogs) 2 exp(sq(E — Vs)
1 d(Eow) _ 21 (7 ) (A.13)

7Ry dET QU ek (25(E - V)|

For this barrier distribution, the FWHM is given by 0.564€Q. If one considers a classical limit
h — 0, Eq. (AB—12) becomes

hQ 2n
Tius(E) ~ ﬁRéln [exp (E(E — VB))]
= Ry, (1 - E)

= (A.14)
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for E > Vg and

1759
Orus(E) = iRzBlnl

=0 (A.15)

for E < Vg. This is nothing but the classical expression Eq. (A~4). Notice that the classical limit,
Eq. (A™14), can be achieved also when E > Vp.
We show a comparison of the exact calculation and the Wong formula for °Ne + *°Zr system.

For the nuclear potential, we use a Woods-Saxon potential

Vo
V(r)=- . A.16
O = T e~ Roja) (A10
The curvature of the parabolic potential is calculated according to
1 d?V
Q= ,|-—— (A.17)
/,t drz r=Rp
1(V, ~ 2V, = 2ZpZre?
:__(_3 ; 2~ 20 : 3 P3Te)’ (A.18)
u\as 1+ e as [1+ ev] r

where x = (r — Rg)/a.

In Fig. AT, we show the resulting Coulomb barrier and its parabolic approximation by the blue
solid and the red dashed lines, respectively. We can see that the exact potential exhibits moderate
slope on the right hand side of the barrier due to the Coulomb potential. In Fig. A7, we show
the fusion cross section in the upper panel and the corresponding fusion barrier distribution in the
lower panel. In calculating the barrier distribution, we have replaced the differentiation with a finite
difference of 2 MeV. We show the exact results by the blue solid lines and the results from the Wong
formula by the red lines. For comparison, we show the classical fusion cross section by the black
dotted line. We can see that at above barrier energies, the quantum mechanical calculations almost
coincide with the classical cross sections. Below the barrier, the Wong formula overestimates the
exact calculation. This reflects the smaller width of the parabolic potential barrier. The correspond-
ing barrier distributions show almost the same behavior since the width of the barrier distribution is
almost determined by the barrier curvature for which the Wong formula has the same value as the

exact potential.
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sion barrier distributions.
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Appendix B

Role of noncollective excitations in
one-dimensional barrier penetration
problem

In this appendix, we apply the random matrix model to a one-dimensional barrier penetration prob-

lem and discuss the role of noncollective excitations[9U].

B.1 Random matrix model for one-dimensional coupled-channels
equations

We consider the following coupled-channels equations

n d®
{_@E + Vrel(x) + € — E} wn(x) + Z Vnm(x)wm(-x) = 0 (Bl)

Here, u is the reduced mass, Vi (x) is a potential for the relative motion, and €, is an excitation
energy for the nth channel.

We impose the following boundary condition

Yn(x) = 6,0 e " + 1, e** for x — +oo (B.2)

— t,e &% for x — —oo, (B.3)

where k, = 2u(E — €,)/h?* is the wave number for the nth channel, and O represents the entrance
channel. We have assumed that the projectile is incident from the right hand side of the potential
barrier. With the transmission coefficients #,, the penetration probability for the inclusive process is

calculated as

ko
PE) = ) Pu(E) = ) 2l (B.4)

The barrier distribution is obtained by taking the energy derivative of P(E), that is, dP(E)/dE [63].
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We solve the coupled-channels equations Eq. (B-) using the constant coupling approximation
by including both collective and noncollective excitations. For the collective excitation, we assume

the vibrational coupling, whose matrix element is given by

01

where F' is a constant.

For the noncollective excitations, we consider an ensemble of coupling matrix elements based
on the random matrix theory [47, A8, 49]. We assume that the matrix elements are uncorrelated
random numbers obeying a Gaussian distribution with zero mean. That is, we require that the first

and the second moments of the coupling matrix elements satisfy the following equations [44]

Vim(x) =0 (B.6)

VrsVnm = (67',}’!58‘,”1 + 6r,m6‘?,n)gnm (B'7)
€n—€m 2

G = ———e (B.8)

Vp(€)p(€n)

where the overline denotes an ensemble average and p(e€) is the nuclear level density. Here, we
have assumed the coordinate independent matrix elements according to the constant coupling ap-
proximation.

For the noncollective excitations, we generate the coupling matrix elements according to these
equations many times. For each coupling matrix, we do not vary the matrix elements for the collec-
tive excitations, which are uniquely determined once the coupling is specified. For each coupling
matrix, we solve the coupled-channels equations and calculate the penetrability and the reflection

probability. The physical results are then obtained by taking an average of these quantities.

B.2 Results

In solving the coupled-channels equations, we assume that there is a collective vibrational state
at 1 MeV, whose coupling to the ground state is given by Eq. (B3) with ' = 2 MeV. For the
noncollective states, we consider a level density given by p(€) = py €2V with py = 0.039 MeV~!
and a = 29/8 MeV~!, starting from 2 MeV. The value of p, was determined so that the number
of noncollective levels is 200 up to 5 MeV. For the parameters for the couplings in Eq. (BX), we
follow Ref. [#4] to use A=7 MeV. We arbitrarily choose the coupling strength to be wy = 0.005
MeV. The energy spectrum for this model is shown in Fig.B1l. For the potential for the relative

motion, V. (x), we use a Gaussian function

2

Vi(x) = Ve 2%, (B.9)
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with Vg = 100 MeV and sy = 3 fm [§]. The reduced mass u is taken to be 29my, my being the

nucleon mass.
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N—r’ 2 | |
w Ok i
1.5+ — _
1L ] collective
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0.5 .
O~ ——— — ground state

Figure B.1: The energy spectrum for the model calculation which we employ. There is a collective
vibrational state at 1 MeV, while noncollective states exist from 2 MeV with an exponentially
increasing level density.

Figure shows the penetrabilities thus obtained. The corresponding barrier distributions are
shown in Fig. B3. The dotted and the dashed lines show the results without the channel couplings
and those only with the collective excitation, respectively. The solid line shows the results with
both the noncollective excitations and the collective excitation. We include the noncollective states
up to €nax =23 MeV with energy spacing of Ae=0.02 MeV. This result is obtained by generating
the coupling matrix elements 30 times to take an ensemble average.

The collective excitation leads to a double peaked structure of barrier distribution. One can see
that the noncollective excitations suppress the penetrability at energies above the barrier, and at the
same time smear the higher energy peak in the barrier distribution, although the main structure of
the barrier distribution is still determined by the collective excitation. The noncollective excitations
also lower the barrier and thus increase the penetrability at energies below the barrier, due to the
potential renormalization discussed in chapter 3.

The Q-value distribution for the reflected flux is shown in Fig. B4 at four incident energies

indicated in the figure. For a presentation purpose, we fold the discrete distribution with a Lorentz
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Figure B.2: The potential penetrability ob-  Figure B.3: The barrier distribution defined by
tained with several methods. The dotted line  the first derivative of the penetrability. The
is obtained without channel coupling, while = meaning of each line is the same as in Fig.B2.
the dashed line takes into account only the

collective vibrational excitation. The solid

line shows the result with both the collective

and the noncollective excitations.

function,

1 n
fe)=—=7 = (B.10)

with the width of n =0.2 MeV. In the figure, the peaks at E* = 0 MeV and E* = 1 MeV corre-
spond to the elastic channel and the collective excitation channel, respectively. One can see that
at energies well below the barrier the elastic and the collective peaks dominate in the distribution.
As the energy increases, the single-particle excitations become more and more important. This
behaviour is consistent with the experimental Q-value distribution observed for '°0+2%Pb 3, D]
and '0O+'3*W [A] reactions. At energies above the barrier, the noncollective contribution is even

larger than the contribution of the elastic and the collective peaks.
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Figure B.4: The Q-value distribution for the reflected flux at four energies as indicated in the figure.
It is obtained by smearing the discrete distribution with a Lorentzian function with the width of 0.2
MeV. The peaks at E*=0 MeV and 1 MeV correspond to the elastic and the collective excitation

channels, respectively.
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Appendix C

Calculation of gaussian orthogonal
ensemble(GOE)

In this appendix, we present a calculation method for the coupling matrix elements according to
the random matrix theory[98]. The second moment of the coupling matrix elements is assumed to
be given by Eq. (B9) as

VILAVEL () = (Suwr G G110 811 + S SyonrS1pn Sy AT+ DRI+ 1)

’
'’

2
I 1T
X a(n,n LI 1") (C.1)
with the form factor
’ v ’ Wa _(5,1_5,’1)2 _er? ’
a(n,n’; LI, r,r) = e 2 ¢ 22 h(r)h(r). (C.2)

Vo, Dp', I')

In order to construct Vg[’,(r) which satisfies Eq. (C1), we define the following function

2
: Z I ar QI+ DRI +1) _Gey? 2\ e
II, ] /) — > h = 2z, C3
8nn (I’ }") g [O 0 0 ) WAJ p(n, I)p(n/’[/) e 4 (r) 02 e ( )

which corresponds to the “’square root” of the form factor a,. Using this function, the coupling

matrix element is calculated as
ViL(r) = f dr' g™ (r, W (), (C.4)

where w,,,,(r) is a gaussian random number which satisfies

Wnlnz(r)wn3n4(r,) = (6n1n36n2n4 + 6,11"46”2”3) 6(7" - r/)' (CS)

The gaussian random numbers can be generated from uniform random numbers distributed in the

interval (0, 1] by, for instance, the Box-Muller method. That is, from the independent random
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numbers x; and x, uniformly distributed in the interval (0, 1], the independent random numbers y;

and y, with a gaussian distribution are generated by the following equations[Q9]

y1 = v=2In x;cos(27x;) (C.6)
y2 = V=2In x;sin(27rx;,). (C.7

It is a straightforward task to verify that the coupling matrix element defined by Eq. ((C4) satisfies
Eq. (C).
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Appendix D

Interplay of collective and noncollective
excitations

In this appendix, we discuss the interplay of collective and noncollective excitations by using a
schematic model. Depending on the type of the collective excitations which dominate the barrier
structure, the effect of the noncollective excitations on the barrier distribution appears differently.
In order to investigate this difference, we consider three cases where the collective excitations are
vibration, rotation associated with a prolate deformation, and rotation associated with an oblate
deformation. We also use the perturbation theory to give an interpretation for the effect of the
noncollective excitations on the barrier distribution. The purpose of this appendix is to gain an
insight of the smearing effect of the noncollective excitations observed in the *’Ne + ?>Zr system,
where the rotational excitations with prolate deformation dominate the barrier structure. To this
end, we use a constant coupling approximation and work in the eigenchannel representation, which
makes an interpretation of the noncollective effects transparent. In this representation, we shall see
whether the shrinkage of the peaks in the barrier distribution, which leads to the smearing of the
barrier structure, occurs due to the noncollective excitations. Although we consider the collision
of Ne + *?Zr system, the collective excitation channels are artificially modified for *>Zr nucleus,
while the realistic noncollective states of *>Zr are included in the same way as in the calculations
shown in chapter 6. 2°Ne is assumed to be inert.

We first consider the rotational excitations. We set the excited states with the excitation energy
6 = 0.4 MeV and the deformation parameter 8, = +0.25. The potential parameters are the same
as in the previous calculations for 2°Ne + >Zr system. We show the fusion barrier distributions for
the case of prolate deformation (5, > 0) in Figs. Dl(a) and D7A(a) and oblate deformation (8, < 0)
in Figs. D3(a) and D4(a). The red lines include only the collective excitations and the blue lines
include the noncollective excitations in addition to the collective excitations. Fig. Dl shows the
results when the rotational states are truncated at the 2* state and Fig. D2 takes into account up
to the 4 state. As mentioned in chapter 3, we can introduce the eigenchannel representation when

the constant coupling approximation is employed. The magenta and the cyan spectra represent
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eigenbarriers respectively for the red and the blue calculations. In Fig.IDTl(a), the difference of the

height of the two eigenbarriers is A1 = 5.14 MeV as indicated in the figure. If we take into account

the noncollective excitations, the difference decreases and becomes A1 = 4.71 MeV. This is also

the case if one include the rotational 4* states in addition, that is, the distance between the lowest

two eigenbarriers decreases.
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Figure D.1: The upper panel: Fusion barrier
distributions for a rotational coupling associ-
ated with a prolate deformation. The rotational
states are included up to the 2* state. The
red line includes only the collective excitations
while the blue one includes also the noncollec-
tive excitations. The pink and the cyan spec-
tra represent the position of the eigenbarriers
corresponding to the red and the blue lines, re-
spectively. The lower panel: The overlap of
the perturbed and the unperturbed eigenvec-
tors for a prolate rotational coupling. The or-
ange and the purple lines represent the overlap
with the eigenvector belonging to the lowest
and the second lowest unperturbed eigenval-
ues, respectively.
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Figure D.2: Same as Fig. D, but with the
4* state in the rotational coupling. The green
lines in the lower panel represent the over-
lap with the eigenvector belonging to the third
lowest unperturbed eigenvalues.

We show the overlap spectra for prolate deformation case in Figs. IDl(b) and D2(b) and oblate

deformation cases in Figs. D3(b) and [D-4((b). The orange, the green, and the purple (only in Figs.

D2(b) and D4 (b)) lines are the overlap between the unperturbed (in the absence of the noncollec-
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Figure D.3: Same as Fig.IDT], but for an oblate ~ Figure D.4: Same as Fig.D7, but with an
deformation. oblate deformation.

tive excitations) and the perturbed (in the presence of the noncollective excitations) eigenvectors.
The horizontal axis represents the height of the eigenbarriers in the presence of the noncollective
excitations. We can see that the unperturbed eigenvector for the lowest eigenbarrier has largest
overlap with the perturbed eigenvector for n = 1, that is, the lowest eigenbarrier. Similarly, the un-
perturbed eigenvector for the second lowest eigenbarrier has the largest overlap with the perturbed
eigenvector for n = 2.

For an oblate deformation with the O* and 2" states, we can see that by including the noncol-
lective excitations, the distance between the eigenbarriers becomes slightly smaller. On the other
hand, including the rotational states up to the 4" state, the higher peak is fragmented and the dis-
tance of the peaks in the barrier distribution appears to be broadened by including the noncollective
excitations, in contrast to the prolate case. A similar behavior can be observed for the vibrational
coupling case. In Figs. D3 and D6, we show the same calculation for the vibrational coupling
case. We assume that the vibrational 2* state is located at e, = 1.0 MeV in **Zr nucleus with a
deformation parameter of 8, = 0.25. Fig. D3 includes only one phonon state for the vibrational
coupling and Fig. D@ includes the two phonon state in addition to the one phonon state. The
meaning of each line is the same as the rotational case. Although the distance between the eigen-
barriers becomes smaller (4.18 MeV to 3.91 MeV) by including the noncollective excitations, the
peak distance of the barrier distribution appears to be broadened. The highest eigenbarrier gains

a relatively large weight both for the rotational coupling with oblate deformation and vibrational
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Figure D.5: Same as Fig. D], but with a vi-  Figure D.6: Same as Fig. D7, but with a vi-
brational coupling. brational coupling.

coupling cases, and this makes the peak distance broad. However, for the rotational coupling with
a prolate deformation, the highest eigenbarrier does not broaden the main peaks. This is because in
the prolate deformation case, the higher eigenbarrier has a larger weight in the unperturbed calcula-
tion, and the highest eigenbarrier which appears in the perturbed calculation only smear the higher
peak of the barrier distribution and does not broaden the peak distance.

We can give some explanation to the shrinkage of the peak distance for the rotational coupling
with a prolate deformation according to the perturbation theory. The coupling matrix in the present

calculation has the following form

V= (Veon + €) + Vrmr (D.1)
with
0 f
f ¢ 0
Vcoll +e=| 0 O €3 o --- (DZ)
00 0
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and

0 c3 ¢4
0 O
Vemr =| ¢z O (D.3)
ca 0 O

The first matrix represents the coupling matrix related to the collective excitation plus excitation
energy (the unperturbed part), and the second matrix represents the coupling matrix related to the
noncollective excitations (the perturbed part). The numbers f, g, c3, ¢4, - - - represent the coupling
strength (g includes the excitation energy of the collective state €,), and €3, &, - - - represents the
excitation energies of the noncollective states. One can diagonalize the unperturbed coupling matrix

by some unitary matrix U as

0
47 0 0

0 /1(20) 0o ---
U {Vcoll + 6} UT = 0) ’ (D4)

o 0 AP ..

and the unitary matrix U has the form

) uy 00

u(zol) ug;) 00
U= ud )= 0 0 10 (D.5)

0 0 01

Note that /15,?) = €, for m > 3. Here, we make an assumption that /1(20) < ﬂﬁ,?)(m > 3). The first order

perturbation theory gives zero and the second order perturbation gives

0 0)\ |2
| 1 Vrwrrloas |

=20+ (D.6)
n n (V) )
m#n /lﬂ - /lm
We consider the difference of A} and A;. Itis given by
/1(0) _ /l,(,?) +(2 /1’(1(1)) _ /1(0) _ /1(0) M(O)Z
B-2=20 -2+ Y = ( Vo) ¢ (D.7)

m23 (/1(10) - /1’(19)) ( /1(20) _ /1’(1(1))) m
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From this equation, we can say that if

/1(0) _ /1(0)
(L m 1 (D.8)
I = 530 _ ;0) _ 40 :
20, — A7 = A,
1s satisfied for at least all m > 3, then
’ ’ 0 0
A=A <A -0, (D.9)

that is, the distance of the eigenbarrier becomes smaller. Notice that the left hand side of the
condition (D) is the weight factor for the lowest eigenbarrier. In the case of a rotational coupling
with a prolate deformation considered above, the assumption with respect to the ordering of A s
satisfied. In addition, from
0 0 0 0
Ay =AY =22 1

() ) ¥
20, =40 =2 2(a) - aP) 2

and the fact that the lower eigenbarrier has a smaller weight factor than that of the higher one in the
case of prolate deformation, the condition (ID-R) is satisfied. Thus, the perturbation theory predicts
the shrinkage of the distance between the eigenbarriers, and as we have seen above, this is the
case. For the case of a rotational coupling with an oblate deformation and a vibrational coupling,
the lower eigenbarrier has a larger weight factor and the condition (ID-8) is not necessarily satisfied,
even if the assumption with respect to the ordering of the eigenbarriers is satisfied. Thus, we cannot
draw a definite conclusion in contrast to the prolate deformation case.

Generally speaking from the discussion in this sections, it is clear that the shrinkage of the peak
distance due to the noncollective excitations, which leads to the smearing of the peak structure,
tends to be occurred for the reaction with the rotational coupling associated with prolate deforma-

tion.
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