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E
X

C
IT

O
N

M
O

D
E

L

T
he

com
posite

nucleus
(projectile

+
target)

is
treated

as
a

system
characterized

by
basically

tw
o

quantum
num

bers,the
exciton

num
bern

p
h,(particles

+
holes)and

the
totalenergy

of
the

system
,

E
.

Furtherm
ore:

-
E

quiprobability
of

particle-hole
configurations

w
ith

the
sam

e
E

.

-
Tw

o-body
interactions

only.

-
Tem

poraldevelopm
entin

term
s

of
exciton

num
ber.

-
Free

param
eter:

the
average

m
atrix

elem
entfortransitions

to
less

orm
ore

com
plex

stages.

-
C

orrelation
of

system
w

ith
initialcondition

gradually
disappears.

-
A

utom
atic

inclusion
of

the
com

pound
stage.
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���
� n

2� q� n
2� t�

[�	�
� n�
�
�
� n�
�
� n� ]q� n� t�
�

(1)

-
q

:
occupation

probability

-
n:

exciton
num

ber

-� �
� n� ,

���
� n� :

internal
transition

rates
from

state
n

w
ith

�

n
2

and

�

n
2,

respectively.

-

�
� n� :

totalem
ission

rate
from

state
n

sum
m

ed
over

alloutgoing
particles

and
energies.
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M

ISSIO
N

R
A

T
E

E
m

ission
rate:

�

b� n�
�
�

2s
b

1

�

2h̄
3

�

b �
�

b� in� � �
� �
� p

p
b� h� U

�

�
� p� h� E

�

Q
b� n��

b�

(2)

-�

:
energy,

-�

b :
relative

m
ass

-
s

b :
spin

-
E

:
totalexcitation

energy

-
U

:
residualexcitation

energy

-�

b� in� � �
� :

inverse
reaction

cross
section

-
Q

:
charge-conserving

coefficient
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etak

and
D

obes,O
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�
� p� h� E

�

g
n

p!h!� n
1� !

hj �
0 �

1�

j
hj

� E
A

p� h
jF

� n �
1�
� E

E
P

P
jF

� �

(3)

-
F

:
Ferm

ienergy,

-
E

P
P

[p
2

h
2

p
h]� 2g

-

�

unitstep
function

(finite
hole

depth),

-
g

6a�

2
single-particle

state
density

-
A

p� h
[p� p

1�

h� h
1� ]� 4g:

Paulicorrection
factor.
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2
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g
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n �
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� n�

2�h̄
M

2
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1
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E
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� p
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1� ] n�

1
[ C

� p
1� h

1� ] n�

1

[ g
E

A

� p� h� ] n �

1

�

(4)

w
here

C

� p� h�

gh� E
F

�

h
A

� p� h�

M
atrix

elem
ent:

M
2

c

A
3� E

d� 3
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Solution
of

the
m

aster
equation

q
0� n�

� �
� n

2� t� n
2�

���
� n

2� t� n
2�

� �
� n�
� �
� n�
�
� n�

t� n
2�

(6)

M
ean

lifetim
e

of
an

exciton
state

t� n�

t� n�

�0
q� n� t� d

t�

(7)

A
verage

cross
section

for
em

ission
of

particle
b

w
ith

energy�
d�d�

P
E� a� b�

�

a
n

�

b� n� �
� t� n�

(8)9
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E

T
H

O
D

A
:E

xactsolution

A
kkerm

ans
(1979):

U
se

straightforw
ard

properties
of

tri-diagonal
m

atrices,
all

possible
transitions

taken
into

account.

M
ean

lifetim
e:

t� n�

�n h
n

n �

2

m �

n
0 � �

m �

2 ���
� m
� �m

h
m

1
s �

n�

2� �

s �
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s �

2

k �

n� �
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� k� �k h

k � �
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2 h
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2
(9)
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T
H
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D

B
:N

ever-com
e-back

approxim
ation

-
W

orks
good

for
high

energies
(E

!

20
M

eV
)

-�"�
� n�

0

-
M

ore
consistentw

ith
com

plem
entary

use
of

H
auser-Feshbach

m
odel

Pre-equilibrium
cross

section:
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P
E

� a� b�
�

a [

�

b� n� �
�
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system
atics

K
albach

(1988)
derived

a
pow

erfulexpression
for

continuum
angular

distributions:

d
2�

d%

d�

b

14�

d�d�

b

a

sinh� a� [cosh� a
cos�

�

fP
E

sinh� a
cos�

]�

(12)

w
ith,a� e &

b � e &

a �

0�

04
E

1 e &

b

e &

a

1�

8
10 �

6� E
1 e &

b

e &
a

� 3
6�

7
10 �

7M
a m

b� E
3 e &

b

e &

a

� 4�

E
1

m
in� e &

a � 130
10M

eV

�

E
3

m
in� e &

a � 41
5M

eV

�

e &

b

�

b
S

b

e &

a

�

a
S

a �

(13)

�

a ,�

b :
incidentand

outgoing
energy
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O
ther

extensions

Possible
generalizations:

-
A

ngle

%

:
generalized

exciton
m

odel(M
antzouranis

1975)

-
distinction

betw
een

neutrons
and

protons
(B

etak
and

D
obes

1976)

-
leading-particle

energy�

(Iw
am

oto
1984)

-
Spin

J
and

Parity

'

(Plyuiko
1978,Shi1987)

-
C

ontinuum
pickup/stripping

and
knockoutm

odel(K
albach

2002)

“M
other

of
allm

aster
equations”

in
term

s
of

the
probability

q� n� � n( � J� '
� %
�
�
� t� .

Tw
o-com

ponentexciton
m

odelrevisited
(K

oning
and

D
uijvestijn,2002)

13



T
rieste-2002

c�

N
R

G
1

M
ar

2002

Tw
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ponentexciton
m

odel

C
ross

section:

d�

E
M

k

d
E

k

�

C
F

p
eq)

p) �

p
0)

p
eq*

p* �

p
0* �

k� p� � h� � p( � h( � E
k� S

pre� p� � h� � p( � h( �

(14)

Physically
m

ore
intuitive

(a
nucleus

consists
of

neutron
and

protons)

M
ore

flexibility
w

ith
particle-hole

state
densities

M
ore

flexibility
w

ith
internaltransition

rates
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E
m

ission
rate:

�

k� p� � h� � E
k�

2s
k

1

�

2h̄
3

�
k E

k �
k� in� � E

k� �
� p�

Z
k� h� � p(

N
k� h( � E

x�

�
� p�� h�� p(� h(� E

tot�

�

(15)

T
im

e-integrated
strength

S
pre� p� � h� � p( � h( �

P
2� p� � h� � p( � h( � t� p� � h� � p( � h( �

(16)

L
ifetim

e:

t� p� � h� � p( � h( �

[���
� p� � h� � p( � h( �
�(�
� p� � h� � p( � h( �
��( � p� � h� � p( � h( �

�(� � p� � h� � p( � h( �
�
� p� � h� � p( � h( � ] �

1
(17)15
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ponentexciton
m

odel

Internaltransition
rate

���
� p� � h� � p( � h( �

2�h̄

g
2�

2n� n
1�

E
tot

A

� p�

1� h�

1� p( � h( �

n�

1

[ E
tot

A

� p� � h� � p( � h( � ] n �

1

� n� g�
M

2��
2n( g( M

2�( �

f� p
1� h

1� E
tot� V

�

(18)

f:
finite

w
ellfunction

B�( � p� � h� � p( � h( �

m
a

x[A

� p� � h� � p( � h( �� A
� p�

1� h�

1� p(

1� h(

1� ]
(19)16
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ponentexciton
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Strength:

P
2+ p),

h),

p*,

h*-

P
2+ p)

1,
h)

1,

p*,

h*-
.
)/ + p)

1,

h)

1,

p*,

h*-

P
2+ p),

h),
p*

1,

h*

1-
.
*/+ p),

h),

p*

1,

h*

1-

++ P
2+ p)

2,
h)

2,

p*

1,

h*

1- .
)/ + p)

2,

h)

2,

p*

1,

h*

1-

P
2+ p)

1,

h)
1,

p*,

h*-
.
*/+ p)

1,

h)

1,

p*,

h*--

.
*)+ p)

1,

h)
1,

p*
1,

h*

1-

+ P
2+ p),

h),

p*

1,
h*

1- .
)/+ p),

h),

p*

1,

h*

1-

P
2+ p)

1,

h)

1,

p*
2,

h*
2- .

*/+ p)

1,

h)

1,

p*

2,

h*

2--

.
)*+ p)

1,

h)

1,

p*

1,
h*

1--
t 0+ p),

h),

p*,

h*-

t+ p),

h),

p*,

h*-

(20)

1��
� p� � h� � p( � h( �
���
� p� � h� � p( � h( � t� p� � h� � p( � h( �

(21)17
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C
onclusions

(E
xciton

M
odel)

T
he

basic
E

xciton
M

odelis
sim

ple,butvery
pow

erful.

A
pplicable

up
to

atleast200
M

eV
.

M
ostsignificantextension

seem
s

to
be

the
tw

o-com
ponentapproach.

Inferior
to

quantum
-m

echanicalapproach
from

physicalpointof
view

.
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2.
Q

U
A

N
T

U
M

-M
E

C
H

A
N

IC
A

L
M

O
D

E
L

S

1.H
istory

2.Tw
o-com

ponentm
ulti-step

directm
odel:

T
heory

3.C
alculation

m
ethod

4.C
om

plem
entary

reactions

-
C

ollective
effects

-
P-Q

transitions
and

m
ulti-step

com
pound

reactions

-
C

om
pound

and
m

ultiple
em

ission

-
M

ultiple
pre-equilibrium

em
ission

5.C
onclusions
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H
istory

1966-1974:

D
irect:

D
W

B
A

,coupled
channels:

Q
uantum

-m
echanical

C
om

pound:
H

auser-Feshbach,etc.
:

Q
uantum

-m
echanical

Pre-equilibrium
:

E
xciton,H

ybrid
m

odel,etc.:
C

lassical

Pre-equilibrium
m

odels:
w

hy
quantum

-m
echanical?

D
erived

from
firstprinciples

Prediction
of

continuum
angular

distributions

C
ontinuum

analyzing
pow

er

20



T
rieste-2002

c�

N
R

G
1

M
ar

2002

H
istory

1975-1984:

D
evelopm

ent
of

quantum
-m

echanical
pre-equilibrium

theories:
A

gassi-W
eidenm

üller-
M

antzouranis,Tam
ura-U

dagaw
a-L

enske,Feshbach-K
erm

an-K
oonin

Im
plem

entation
in

com
puter

codes:
Tam

ura,B
onetti

1985-present:

D
evelopm

entof
new

M
SD

/M
SC

m
odels:

N
ishioka-W

eidenm
üller-Y

oshida-V
erbaarschot

M
ore

com
puter

codes
(healthy

situation!)

M
ore

em
phasis

on
ingredients:

O
pticalm

odel,level
densities,nucleon-nucleon

interac-
tion,R

PA
strength

functions,single-particle
levelschem

es
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D
ifferences

betw
een

M
SD

M
odels

M
ulti-step

direct:

E
xtrapolation

of
directreactions

to
the

continuum

D
istorted

w
ave

theory
statisticalassum

ptions:

K
illquantum

-m
echanicalinterference

term
s

M
anageable

form
ulae

R
esidual-system

statistics
vs.

leading-particle
statistics

U
nifying

schem
e

for
M

SD
m

odels

H
ottheoreticalitem

:
C

ausality
problem

s
in

the
Feshbach-K

erm
an-K

oonin
m

odel
(2

2

problem
).
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T
he

one-step
cross

section

D
W

B
A

to
the

continuum
:

d
2��3

14

j 5

i � E

� %

E
0� %

0�
d%

d
E

m
2

� 2�

h̄
2� 2

kk
0

6
76 � p� � h� � p( � h( � E

x�

2 3 �
4

j

� E

� %
�
�
� p� � h� � p( � h( � 8

0

2 3 �
4

i

� E
0� %

0�

2
(22)

�

:
1

p1h
state

p� :
proton

particle,h� :
proton

hole,
p( :

neutron
particle,h( :

neutron
hole

2

:
distorted

w
ave

E
x :

excitation
energy

8

:
effective

nucleon-nucleon
interaction
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T
he

one-step
cross

section

1
p1h-distribution:

76 � p� � h� � p( � h( � E
x�

f

a
f6

29� E
f

E
x�

(23)

For
each

finalnuclear
state:

f
m6

a
fm6

m

�

(24)

a
m6 :

distribution
am

plitudes
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T
he

one-step
cross

section

(p,n)
reaction:

d
2�:3

14
( 5
� � E

� %

E
0� %

0�
d%

d
E

m
2

� 2�

h̄
2� 2

kk
0

6
76 � 1� 0� 0� 1� E

x�

2 3 �
4

(
� E

� %
�
�
� 1� 0� 0� 1� 8
�(

0

2 3 �
4

�
� E

0� %

0�

2
(25)

(p,p’)
reaction:

d
2�;3

14
� 5
� � E

� %

E
0� %

0�

d%

d
E

m
2

� 2�

h̄
2� 2

kk
0

6

[76 � 1� 1� 0� 0� E
x�

2 3 �
4

�
� E

� %
�
�
� 1� 1� 0� 0� 8
��

0

2 3 �
4

�
� E

0� %

0�

2

76 � 0� 0� 1� 1� E
x�

2<3 �
4

�
� E

� %
�
�
� 0� 0� 1� 1� 8
�(

0
2 3 �
4

�
� E

0� %

0�

2]
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State
densities

(p,n)
reaction:

d
2� 3

14
( 5
� � E

� %

E
0� %

0�

d%

d
E

J
7 � 1� 0� 0� 1� J� E

x�

d�( 5
� � E

� %

E
0� %

0�

d%

=)*

J

(27)

(p,p’)
reaction:

d
2� 3

14
� 5
� � E

� %

E
0� %

0�

d%

d
E

J

7 � 1� 1� 0� 0� J� E
x�

d�� 5
� � E

� %

E
0� %

0�

d%

=))

J

J

7 � 0� 0� 1� 1� J� E
x�

d�� 5
� � E

� %

E
0� %

0�

d%

=)*

J

(28)26
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State
densities

A
ssum

e
J� E

x
dependence

can
be

decoupled:

7 � p� � h� � p( � h( � J� E
x�

� 2
J

1� R
n� J� �
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