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Preequilibrium escape widths of giant resonances
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In this work we present a calculation of the 2p-2h preequilibrium escape width of giant resonances for the
nuclei 40Ca, 90Zr, and208Pb. The problem studied here involves an excited nucleus in the 1p-1h configuration,
evolving to the 2p-2h configuration with the 1p in the continuum. The theoretical approach used for our
calculations is based on the statistical multistep compound theory of Feshbach, Kerman, and Koonin~FKK!
and on the particle-hole state densities given by Oblozˇinský. Our calculations show that although different state
densities supply a similar result for the damping width, the escape width is strongly dependent on the nuclei,
on the binding energy of the emitted nucleon, and the excitation energy of the giant resonance.
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I. INTRODUCTION

The study of the decay properties of giant multipole re
nances~GRs! on collective and statistical doorways@1# dem-
onstrated the statistical nature of the decay process. The
are located at high excitation energies and they mainly de
by particle emission. Treated as isolated resonances, the
are characterized by a total average width composed of
pieces: the escape width, which represents the couplin
the GRs to the continuum, and the damping width, wh
measures the degree of fragmentation of the strength du
coupling to complex intrinsic nuclear configurations~e.g.,
2p-2h!. The first stage of the reaction~the giant resonance
population! is a coherent process in which 1p-1h configura-
tions act in phase; the next stages are more complicated
require a statistical treatment. It is important to mention t
quite recently statistical aspects of nuclear coupling to c
tinuum was developed@2#. In a previous publication@3# the
damping width of the GRs using the FKK@4,5# and the Ob-
ložinský approach@6,7# was calculated and similar results fo
both approaches were found. In this paper we extend
analysis to the escape width.

This paper is organized as follows. In Secs. II and III w
present the basic ideas for calculating the decay widths.
analytical comparison between FKK and Oblozˇinský ap-
proaches for damping width is given in Sec. IV. The analy
cal and numerical calculations for escape width are given
Sec. V. Finally, in Sec. VI, the results of calculations a
conclusions are presented.

II. THEORETICAL FOUNDATIONS

The statistical multistep compound nuclei theory~MSC!
of Feshbach, Kerman, and Koonin@4,5# gives for the total
width (GnJ) of a given giant resonance with angular mome
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J, excitation energyE, and in a configuration neighboring th
nth stage of the decay chain

^GnJ&5^GnJ
↓ &1^GnJ

↑ &, ~1!

where^GnJ
↓ & is the width of damping and̂GnJ

↑ & is the escape
width, corresponding to the emission of a nucleon with
simultaneous creation of a pair particle-hole, with no chan
in the number of excitons or with an annihilation of
particle-hole pair respectively~see details in@5#!.

Within considerations of model@5#, it is assumed that the
interaction between excitons is a force of the type

V~r1 ,r2!5V0~ 4
3 pr 0

3!d~r12r2!, ~2!

where V0 is an overall strength andr 051, 25 fm is the
nuclear radius constant.

For the calculation of the widths one still assumes fact
ization in the energy and the angular momentum depend
cies of the density of states. For the escape all the invol
widths in the process of emission of nucleons assume
form

^GnJ
jsn~U !rsn~U !&5XnJ

jsn~U !Yn
n~U !. ~3!

The Y functions contain all the dependence on excitat
energy which originates from the final density of leve
while the X functions contain the structure of angular m
mentum included ind-force and the spin distribution func
tion of the single-particle levels. In the case of the esca
width, theX function also leads to a dependence on exc
tion energy due to the fact that the width depends on the s
of the residual nuclei characterized by energyU and spins.

III. STRUCTURE OF ENERGY AND ANGULAR
MOMENTUM

For the process corresponding to the emission o
nucleon with a simultaneous creation of a particle-hole p
the X andY functions are schematically shown in the Fig.
In these diagrams, the double strings denote the nuc
leading to the compound system, arrows going up~descend!

a,
©2002 The American Physical Society11-1
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represent particles~holes!, the hatched strings represent t
residual interaction, and the three vertical strings repres
excitons that do not participate in the interaction.

The expression for theY function for escape, according t
FKK theory, is given by

Yn
n11~U !5g~gE!jN, ~4!

wherej5U/E. The expression for damping, also accordi
to FKK theory, is given in@4# and is schematically repre
sented by the same diagram for„Yn

n11(U)…, except that the
double arrow must be replaced by a simple arrow, repres
ing an emitted nucleon.

Another approach for these functions was proposed
Obložinský @6,7#. According to Oblozˇinský, using the same
notation as above, theY functions for escape are given by

Yn
n11~U !5

1

2

g3

v~p,h,E!

v~p,h21,UN!

N~N21!
. ~5!

In these expressions, the particle-hole densityv(p,h,E) is
given by

v~p,h,E!5
gN

p!h! ~N21!! (i 50

p

(
k50

h

~21! i 1kS p
i D S h

kDU~E

2aph2 iB2kF!~E2Aph2 iB2kF!N21, ~6!

whereB is the binding energy andF is the Fermi energy,

aph5
1

2 S p21p

g
1

h22h

g D , ~7!

Aph5
1

2 S p21p

g
1

h223h

g D , ~8!

and, for the remaining densities, using a compact notatio

FIG. 1. Diagrammatic representation of the angular momen
coupling~X function! and of the energy representation~Y function!
for the Dn511 escape process.
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v~p,h,UN1n!

55
gp1h

p!h! ~N21!! (i 50

p

(
k50

h

~21! i 1kS p
i D S h

kD
3U~U2 iB2kF!~U2 iB2kF!N1n for U.0

0 for U<0.

~9!

The expression for theX function for escape, including
the spin dependence of interacting excitons, is given by

XnJ
js~n11!~U !52p

~2 j 11!~2s11!

RN~J! (
Q j3 j 4

~2Q11!F

3~ j 3!~2 j 311!R1~Q!RN21~ j 4!

3S j Q j 3

1
2 2 1

2 0 D 2H j j 3 Q

j 4 J sJ
2

3I 2~ j 1 , j 2 , j 3 ,J!D~QJ j4!, ~10!

where the angular momentum density of a pair is

F~ j 3!5(
j 1 j 2

~2 j 111!R1~ j 1!~2 j 211!R1~ j 2!

3S j 1 j 2 j 3

1
2 2 1

2 0 D 2

, ~11!

the triangle delta function,D( j aj bj c), ensures angular mo
mentum conservation, and theRN(J) functions are given by
equation

RN~J!5
~2J11!

p1/2N3/2s3 e2~J11/2!2/Ns2
, ~12!

where the single-particle spin cutoff parameter~s! is given
by @4#

s5FA12

45p

A5/3

g G1/2

~13!

andg is the single-particle level density.
The radial overlap integrals of the single-particle wa

functions are

I ~ j 1 , j 2 ,Q, j !5S 4

3
pr o

3DVo

1

4p

3E
0

`

Rj 1
~r !Rj 2

~r !RQ~r !Rj~r !
dr

r 2 ,

~14!

where the functionsRj (r ) are the radial parts of harmoni
oscillator wave functions.

m
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IV. COMPARISON BETWEEN FKK AND OBLOZ ˇ INSKÝ
APPROACHES FOR THE CALCULATION

OF THE DAMPING WIDTHS

A numerical comparison of the damping widths given
the FKK and the Oblozˇinský approaches is presented b
Cenevivaet al. @3#, where it is shown that the two method
give similar results. The difference in these calculatio
comes basically from energy and level density factor dep
dencies, explicitly in theY↓ function, since the factor tha
contains the geometric dependence~angular momentum!, the
X↓ functions, are the same for the formalisms studied.

Our intention in this section is to summarize the result
@3# by showing analytically that in the region of GRs~be-
tween 10 and 20 MeV! these two approaches supply th
same results approximately in calculating the damp
width, namely,

YObložinský
↓

YFKK
↓ '1, ~15!

whereYFKK
↓ 5g(gE)2/2(N11).

It is sufficient to remember that in all the cases studied
far F.E and thus all the terms containing (E2F) will go to
zero due to the fact that the Heaviside function appearin
Eq. ~9! has a negative argument~consequentlyk always will
be null there!. Further, in generalB,E,2B, therefore the
maximum number of particles in Eq.~9! will be one (pmax
51).

Thus, substitutingh51 andp51 in the expressions fo
v(p,h,Un1n) necessary for calculating the functionY↓ of
Obložinský, we have

YObložinský
↓ 5

1

12
g3E2

3B2E

B
. ~16!

Therefore, the ratio between theY functions of Oblozˇ-
inský and FKK is

YObložinský
↓

YFKK
↓ 5

1

2

~3B2E!

B
. ~17!

In generalB<E<2B ~depending on the nuclei and th
type of particle! and the ratio shown above will have valu
between 1.0 and 0.5, respectively.

V. ESCAPE WIDTH

The escape width is defined by

^GnJ
↑ &5 (

n5n21

n11

(
js

E
0

E2B

^GnJ
jsn~U !rsn~U !&dU. ~18!

The simplest way to perform the calculation of this e
pression is to first sum over all spins of the residual nucles,
and then evaluate the energy integral. Summing overs, and
applying the completeness of 62 j coefficients, theX func-
tion becomes independent of the residual nuclei and can
expressed by
02461
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XnJ
↑n1152p (

jQ j 3 j 4

~2 j 11!F~ j 3!~2 j 311!
R1~Q!RN21~ j 4!

RN~J!

3S j Q j 3

1
2 2 1

2 0 D 2

I 2~ j 1 , j 2 , j 3 ,J!D~QJ j4!. ~19!

On the other hand, using appropriate theY function in Eq.
~18! and integrating over the energy of the residual nuc
we can write

^GnJ
↑ ~E!&5Yn

↑n11~E!XnJ
↑n11, ~20!

for which, in the FKK approach, we have

Yn
↑n11~E!5YFKK

↑ 5E
0

E2B

g~gE!
UN

EN dU5g2
~E2B!N11

EN21~N11!
.

~21!

On the other hand, the Oblozˇinský approach, using the sam
considerations, gives

Yn
↑n11~E!5YObložinský

↑

5E
0

E2B 1

2

g3

v~p,h,E!

v~p,h21,UN!

N~N21!
dU

5
1

2

g2

BN~N21! H ~E2B!N11

~N11!
2

~E22B!N11

~N11! J .

~22!

Taking N52 in expressions~21! and~22!, it follows that

YObložinský
↑

YFKK
↑ 5

E

4B F12S E22B

E2B D 3G , ~23!

and a simple direct comparison between the FKK and
Obložinský formalisms for the total escape widths can
made in analogy with the damping process. The results
presented in Table I for some values ofE. A comparison of
numerical calculations will be presented in the next secti

TABLE I. Comparison between theY function in FKK (YFKK
↑ )

and Oblozˇinský (YOblo
↑ ) approaches for preequilibrium escape.

E

B

2 1.5 1.4 1.3 1.2 1.1

YOblo
↑

YFKK
↑

0.5 0.75 ;1.4 ;4.5 ;20 ;200
1-3
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VI. RESULTS AND CONCLUSIONS

We present, in Figs. 2, 3, and 4, the results of the ca
lations of the escape width for the region of the giant re
nances in the nuclei40Ca, 90Zr, and 208Pb, respectively.

The single-particle level density is defined byg
5(6/p2)a, wherea is a parameter related to the excitatio
energy and nuclear temperature@4,9#. We adopteda5A/10,
in the oscillator harmonic approach@9#, for 40Ca and90Zr,
obtainingg52.43 and 5.47 MeV21, respectively. These den
sities are in reasonable agreement with estimates of
et al. @10#. For 208Pb, we useda510.02@10#, with a corre-
sponding value ofg56.09 MeV21.

The single-particle space configuration must be defined
as to simulate, in some way, the continuum part of the sp
trum, whose states the emitted nucleon will be able to
cupy. The chosen states of single-particle and single-h
from each nucleus had been those generated from a Wo
Saxon spherical potential in a base of harmonic oscilla
using theDENCON code@11#, with the parameters shown i
Table II.

The maximum energy in the single-particle spectru
(emax) depends on the excitation energy~E!, the binding en-
ergy of the nucleon~B!, and the minimum energy necessa
for the creation of a particle-hole pair (jph), or

FIG. 2. Escape widths (1p-1h→2p-2h) for the E0, E1, and
E2 GR’s in 40Ca.

FIG. 3. Escape widths (1p-1h→2p-2h) for the E0, E1, and
E2 GR’s in 90Zr.
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emax5E2B2
jph

2
, ~24!

where jph is calculated using the theoretical values of t
binding energies:

jph5B~A,X!2B~A11,X11!, ~25!

whereX5Z or N depending on the calculated value ofjph
for protons or neutrons. Note that ifE,B1jph/2, no
nucleon emission will occur, depending on the nuclei,
binding energy of the nucleon emitted, and the excitat
energy of the resonance. The theoretical values ofjph calcu-
lated with the adjusted single-particle spectra coincide w
the experimental data. Our calculations indicate that, in
case of 40Ca, proton emission dominates the escape;
90Zr, both protons and neutrons are emitted with neut
escape occurring from;15.5 MeV, and in208Pb neutron
emission dominates the process with a small contribution
proton emission from;14 MeV. Then preequilibrium pro-
tons are also emitted in40Ca besides the usual semidire
protons.

The damping~escape! widths are calculated by adding th
contributions of the protons and of the neutrons:

G2p-2h
↓~↑ ! 5X2p-2h

↓~↑ !pY2p-2h
↓~↑ !p1X2p-2h

↓~↑ !n Y2p-2h
↓~↑ !n . ~26!

The proton~neutron! contributions are defined in agreeme
with the initial pair particle-hole is formed by protons~neu-
trons! and their respective holes. As demonstrated in Sec
the ratioYObložinský

↓ /YFKK
↓ is limited between 1.0 and 0.5 in

agreement with the energy of the excitation,B<E<2B, re-
spectively. In the damping process, all of theX functions
used in the two approaches are independent of the excita
energy and are exactly the same for protons or for neutro
respectively. This happens due to the fact that the cho
space configuration is constant and identical. Although so
ratios among theY functions are small, the contributions fo
the width are amplified or reduced through theX functions
and there will be a dominant term in Eq.~26!. In this way,

FIG. 4. Escape widths (1p-1h→2p-2h) for the E0, E1, and
E2 GR’s in 208Pb.
1-4
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TABLE II. Set of parameter values for the Woods-Saxon potential used in the calculations. The sy
p ~n! refer to the protons~neutrons!, l denotes the strength of the spin-orbit potential, andk is used in the
parametrization of the depth of the central potential as defined in@11#.

Nucleus V0 ~MeV! r 0 ~fm! r so ~fm! l k a0 ~fm! aso ~fm!

20
40Ca20 n 55.650 1.195 1.240 22.80 0.63 0.63 0.63

p 55.590 1.200 1.240 19.90 0.63 0.63 0.63

40
90Zr50 n 53.625 1.240 1.240 29.09 0.63 0.625 0.63

p 53.638 1.240 1.240 17.80 0.63 0.624 0.63

82
208Pb126 n 49.600 1.347 1.280 31.50 0.86 0.70 0.70

p 49.600 1.275 0.932 17.80 0.86 0.70 0.70
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through the compensation in the productsXY appearing in
G2p-2h

↓ , the damping width calculations in these tw
approaches give similar results. In the case of the esc
however, the space configuration changes due to the coup
of a particle to the continuum linked to the excitation ener
through Eq. ~24!. On the other hand, the rati
YObložinský

↑ /YFKK
↑ has the behavior shown in Table I. The i

corporation of these last two effects produces the results
tained in Sec. V.

As regards the behavior of the escape width as a func
of the excitation energy, one can notice thatG2p-2h

↑ (E) in-
creases with energy, while points seemingly appear sing
where there are ‘‘breaks’’ in the monotonicity of the curve
The explanation for such behavior is in the single-parti
space configuration in the continuum and in theY functions,
interpreted here as the total density of the states.

For 40Ca, the space configuration in the continuum
(2p3/2,2p1/2)

p up to ;16.5 MeV and the inclusion of the
state (1f 5/2)

p starting from;17 MeV does not change th
behavior of the GR widths significantly, although it corr
sponds to a contribution of;18%, 22%, and 30% for the
resonances 01, 12, and 21, respectively. Note thatemax

n

,0, so that the system does not have sufficient energ
eject neutrons.

For 90Zr, the possible single particle states in the co
tinuum are (3s1/2,2d3/2)

p up to ;14 MeV,
(3s1/2,2d3/2,1h11/2)

p from ;14 to 16 MeV, and (2f 7/2)
n

starting from;15.5 MeV and (2f 7/2,3p1/2)
n starting from

;16 MeV. The behavior ofG2p-2h
↑ (E) is explained not only

in the geometry of the problem, but also in the competit
between the functionsYFKK

↑ andYObložinský
↑ . TheY functions,

in the FKK approach, are increasing functions for proto
and for neutrons. In the approach of Oblozˇinský, these func-
tions are increasing functions for protons and decreasing
neutrons. What happens is that up to;15 MeV only protons
can be emitted and a proportionality between theGFKK

↑ and
GObložinský

↑ widths can be established (GFKK
↑p ;23GObložinský

↑p ).
This is directly related to the fact thatYFKK

↑p ;23YObložinský
↑p

in this energy region. When we increased the space of n
trons starting from;15.5 MeV, the contribution of neutron
for the escape width becomes very significant~;50% of the
total escape width!. This happens because at;15.5 MeV,
YObložinský

↑n ;53YFKK
↑n . Then, the competition between the d

caying open channels explains the behavior ofG2p-2h
↑ (E).
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For 208Pb, in spite of emax
p '4, 9 MeV with the

(2g9/2,1i 11/2)
p proton space being valid only from;14 to 15

MeV, there is no significant contribution for the esca
widths inside the energy interval considered. For neutr
we have (2h11/2,4p3/2)

n single-particle states at;12.5 MeV
and with the inclusion of the states (4p1/2,3f 7/2)

n at the en-
ergy of;13.5 MeV, we have a behavior similar to that of th
40Ca at ;17 MeV. The space configuration increases th
starting from;14 MeV with the incorporation of the level
(3 f 5/2,1k19/2)

n and at ;15 MeV with the level (1j 13/2)
n,

without significant change in the behavior ofG2p-2h
↑ (E).

Another effect that appears in the graphs, especially
40Ca, is that the escape widths of resonances withJ51 are
significantly larger than the widths withJ50, while it is
expected that the total escape width decreases with the
crease of the angular momentum. We have emphasized
our study is referring to GR decay from 1p-1h to 2p-2h, in
the process that includes the escape of a proton or a neu
and we only considered resonances with natural parity
this context, resonances with the same parity exhibit t
type of behavior, besides for40Ca. In the usual shell mode
the parity of the shells alternates basically in a system
way. In the single-particle spectra at low energy~approxi-
mately near to thesdshell!, the coupling of angular moment
with different parity favors the escape of the resonant sta
with negative parity, and for this reason the escape wi
with J512 it is larger than the one withJ501 for the
1p-1h to 2p-2h decay process. For90Zr and 208Pb, the
shells near the Fermi energy already contain states of si
particle with blended parities, in such a way that this effe
becomes less apparent.

In this work, we analytically demonstrated that using t
formalism of Oblozˇinský for the particle-hole level densitie
@6,7#, the damping widths gives results similar to those o
tained using the theory developed by Feshbach, Kerman,
Koonin @4#. We also demonstrate analytically and nume
cally that the same conclusion cannot be applied to the p
cess of escape and a more rigorous study must be perfor
in which the proper approach must be chosen. In Table III
present some calculated values of these widths in comp
son with the total and damping widths for some resonanc
In light nuclei, the contribution of the escape width to th
population of 2p-2h levels in the residual nucleus is mor
apparent than in heavy nuclei@8,12,13#, because the statisti
1-5
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TABLE III. Escape width calculations on the centroid of GRs in comparison with an estimate of
width @1# and the damping width@3#.

Nucleus GR Ex ~MeV! G ~MeV! G↓ ~MeV! @3#

G2p-2n
↑ ~MeV!

FKK Oblo

G↑

G
~%! @1#

40Ca E2 ;17.5 ;3.0 1.2 0.98 0.51 >50
90Zr E0 ;16.1 3.160.4 2.4 0.98 0.80 10–20

208Pb E0 ;13.5 3.060.5 3.8 0.06 0.03 10–15
tin
e-
n S
cal process is the principal decay mechanism, contribu
with ;90%. Finally, we have shown that preequilibrium d
cay of GRs in 40Ca is predominantly through the proto
channel.
s.

ys

nd
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