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‘‘Super-radiant’’ states and narrow resonances in theD-nucleus system
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We discuss the possibility that narrow states observed in theD33-C system are due to a mechanism of
coupling through the continuum when long-lived states are formed in addition to the broad ‘‘super-radiant’’
state. Expressions and estimates for the narrow widths are presented.

DOI: 10.1103/PhysRevC.65.034601 PACS number~s!: 24.30.Gd, 42.50.Fx, 24.10.2i, 14.20.Gk
r-
o
ug
e
h
io
in
es
nd
ch
o
a

e
er

s
ta

y
er

d
o

la

ire
ow

ire

u

the
the
goes

can

-
le to

ath

ds

tes,
the

part.
-
art

-

I. INTRODUCTION

In the early 1950s the possibility of forming a ‘‘supe
radiant’’ ~SR! state in a gas of atoms confined to a volume
a size smaller than the wave length of radiation was s
gested by Dicke@1#. In the absence of direct interaction, th
atoms are coupled through their common radiation field. T
interaction through the continuum leads to the redistribut
of widths among unstable intrinsic states. A rapidly decay
SR state is created at the expense of the rest of the stat
the system that are ‘‘robbed’’ of their decay probability a
become narrow. Later it was understood that such a me
nism has a general origin and analogous phenomena sh
appear in many situations when quasistationary states
strongly coupled through their common decay chann
@2–5#. The concept of the SR state was applied to sev
fields including chemical physics@6#, atomic physics@7#,
low-energy nuclear physics@4,8–10#, and intermediate-
energy nuclear physics@11#. Several two-level example
from nuclear and particle physics have been studied in de
@12,13#. It was pointed out in Ref.@11# that in certain physi-
cal situations pertaining to intermediate-energy nuclear ph
ics, broad SR states may be formed along with the obs
able narrow resonances.

A recent experimental work@14# provided evidence from
the 12C(e,e8pp2)11C reaction for narrow~several MeV
wide! resonances in theD33-C system in addition to a broa
peak of approximately 100 MeV width. Subsequently, one
the coauthors published a paper with an attempt to exp
the emergence of such narrow resonances@15# as a manifes-
tation of a coherent pion state.

In the present paper we show that the conditions requ
for the formation of the broad SR state along with narr
resonances are well satisfied in the case of theD-nucleus
system. In fact, such narrow states were seen in the d
numerical calculations ofD-hole excitations for16O @16# in
the random-phase approximation~RPA! framework. Similar
narrow states were shown to be possible for a quasibo
nucleon-antinucleon pair in nuclear matter@17#.
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II. COUPLING THROUGH CONTINUUM
AND THE SUPER-RADIANT STATE

Below we present a short description of the theory of
SR state. We limit ourselves to a simple case relevant to
D-nucleus system. The approach used for the estimates
back to Refs.@3,5,11,18#.

Consider a system that contains a set$uq&% of ‘‘internal’’
states, for example, of shell-model type. These states
decay into ‘‘external’’ decay channelsuc&. We will refer to
those subspaces of the system asq space andP space, re-
spectively. The internal statesuq& with the same exact quan
tum numbers, such as spin, isospin, and parity, may coup
each other directly via a Hermitian interaction^q1uVuq2& but
also indirectly in the second order via the channel statesuc&
serving as intermediate states along the coupling p
^q1uVuc&^cuVuq2&. The effective HamiltonianH for the uq&
states can be written as

Hqq5Hqq1HqP

1

E(1)2HPP

HPq , ~1!

with the notationHab[aHb, a and b being operators pro-
jecting the full original HamiltonianH onto subspacesq and
P. Total energyE belongs to the continuum so that one nee
to introduceE(1)5E1 ih, h→10. The first term,Hqq ,
describes the direct coupling between the internal sta
while the second term describes their coupling through
states outside the internal subspace.

The effective Hamiltonian, Eq.~1!, is non-Hermitian
since the second term contains a real and an imaginary
The real part~the principal value! describes a Hermitian cou
pling through the continuum, whereas the imaginary p
(21/2)W,

W52p (
c,open

Vuc&^cuV, ~2!

is obtained from thed function of energy in the Green’s
function G(1)5@E(1)2HPP#21 and corresponds to the de
cay into channelsuc& that are open at a given energy.
©2002 The American Physical Society01-1
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In order to estimate typical widths of quasistationa
states emerging as a result of the dynamics described by
Hamiltonian, we assume that the real part is diagonali
~the eigenstates will be denoted asu1&, and their energies a
e1) and that there is only one important decay channeluc&
for the group of those states with the same exact quan
numbers but different energies. The effective non-Hermit
Hamiltonian for decaying levels coupled to a single dec
channel is

H125e1d122
i

2
A1A2* , ~3!

where the decay amplitudes are

A15A2p^1uVuc&. ~4!

The diagonalization of this Hamiltonian gives quasistatio
ary states

u j )5(
1

C1
j u1&, ~5!

where the~unnormalized! coefficients satisfy

C1
j 52

i

2

A1

Ej2e1
(

2
C2

j A2* , ~6!

and the secular equation for the complex energies

Ej5Ej2
i

2
G j ~7!

acquires the form

152
i

2 (
1

g1

Ej2e1
, ~8!

where the unperturbed widths are

g15uA1u2. ~9!

Separating the real and imaginary parts, we come to the
of coupled equations

(
1

g1~Ej2e1!

~Ej2e1!21G j
2/4

50 ~10!

and

G j

4 (
1

g1

~Ej2e1!21G j
2/4

51. ~11!

We are interested in the situation of overlapping re
nances where all original widthsg1 are of the same order o
magnitude and large compared to the real energy spreadDE
of the resonances. It is easy to see that there exist a solu
E05E02( i /2)G0, corresponding to the broad SR state; w
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label this root asj 50. Its widthG0 is very large and close to
the total summed width, the trace of the imaginary part of
HamiltonianH,

G5(
1

g1 . ~12!

The position of the broad pole on the real axis,E0, is close to
the centroidē of the internal levels; this centroid will be
determined later. We are looking for the solutionj 50 in the
form

E05 ē1x, G05G2y, ~13!

where the small deviationsx andy are to be found from Eqs
~10! and ~11!. Note that in the limit of full degeneracy,e1
5const, the SR state accumulates the total width,G05G.

If the coordinatesj1 of the levels with respect to the
centroid are defined as

e15 ē1j1 , ~14!

Eq. ~11! gives

G2y

4 (
1

g1

~x2j1!21~G2y!2/4
51. ~15!

The expansion up to the second order leads to

G5(
1

g1F11
y

G
1

y224~x2j1!2

G2 G . ~16!

Now, comparison with Eq.~12! shows thaty is of the second
order, the termy2 can be neglected, and

y52
4

G2 (
1

g1~x2j1!2. ~17!

Thus, the result is the following: the width of the broad sta
is smaller than the total summed widthG by a certain amount
that is nothing but the total widthGn of the narrow states,

G05G2Gn , Gn5
4

G2 (
1

g1~x2j1!2. ~18!

All differencesx2j1 are within the intervalDE on the real
axis. If we haveN states, with typical individual widthg, so
that the total widthG;Ng, thenGn can be estimated as

Gn;4N
g~DE!2

~Ng!2
;

4

N
gS DE

g D 2

;4
~DE!2

G
, ~19!

and each narrow width isgn;(Gn /N).
Equation~10! for the real part of energy of the broad sta

j 50 reads

(
1

g1~x2j1!

~x2j1!21G0
2/4

50. ~20!
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FIG. 1. Schematic presentation of the ground state configuration of the12C nucleus~left, only one kind of nucleons is shown! and the

levels for theD in the nuclear potential~right!. The 0\v̄ excitations uniquely combineD in the 0s3/2 level with the hole in the nucleon 0p3/2

orbit; the 1\v̄ excitations are built either with the promotion of theD to the 0p shell and a hole in the nucleon 0p shell, or with theD in
the ground level but a hole in the nucleon 0s level.
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With the expansion up to the second order,

(
1

g1~x2j1!F124
~x2j1!2

G0
2 G50. ~21!

Let us fit the centroidē of the levels in such a way that the
are weighted by their widths,

ē5

(
1

g1e1

G
. ~22!

Then

(
1

g1j15(
1

g1~e12 ē !50, ~23!

and Eq.~21! gives forx

x54
(

1
g1~x2j1!3

GG0
2

, ~24!

or, sincex turns out to be small andG'G0 up to small
corrections,

x54
(

1
g1j1

3

G0
3

. ~25!

This means that the broad state is located very close to
centroid determined by the decay width weighting~22!.

III. THE D-NUCLEUS SYSTEM

The free pion-nucleon resonanceD33 with spin 3/2 and
isospin 3/2 has a widthGD.120 MeV, and its four charge
components have an average centroid energy of about 1
MeV, 300 MeV above the nucleon mass. Excitation of nuc
with various high energy probes~pions, protons, electrons!
reveals a wide peak at excitation energies of about 300 M
This peak is usually described@15,16# in terms of D
particle—nucleon hole (DN21) configurations. TheD is
treated as a particle bound in a potential similar to
nuclear mean field. The width of theD resonance is deter
mined by the coupling of theDN21 configuration to the
03460
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decay channel with pion emission; the nonpionic proces
D1N→N1N are also possible.

In a recent 12C(e,e8pp2)11C experiment at the Mainz
microtron MAMI @14#, in addition to a broad peak, at lea
two narrow peaks with widths of the order of 4 MeV we
observed at excitation energies just below 300 MeV. T
D-nucleus system has the qualities that make it a favora
case to be described by the SR theory@11#. The available
DN21 configurations are strongly coupled to asinglechan-
nel uc&5uA21; (N1p)D& corresponding to the decay into
nucleon plus pion and the residual (A21) nucleus. The par-
tial width g of this decay is a fraction of the total width o
the freeD33, being of the order of few tens of MeV. On th
other hand, the energy spacingse12e2 between the various
relevant DN21 configurations are of the order of sever
MeV. Thus, realistically the energy spread of the relev
intrinsic configurations is small compared to their charact
istic unperturbed widths,DE,g. This overlap creates the
conditions for the redistribution of the widths.

We take the simplest shell-model description of the12C
target nucleus assuming that the nucleons occupy 0s1/2 and
0p3/2 orbits. We denote the energy distance between ths
andp shells by\vN . TheD is assumed to move in a poten
tial well with major shell spacings\vD that are not much
different from\vN so that we can classify the excitations b
the average quantity\v̄, limiting ourselves to 0\v̄ and 1\v̄
configurations. The lowest, 0\vD and 1\vD single-particle
orbits are 0s3/2; 0p1/2, 0p3/2, and 0p5/2, as seen in the leve
scheme in Fig. 1. The possible total spins and configurati
in this space are given in Table I.

For the 0\v̄ configurations coupled to theNp channel
there is no mixing through the continuum. Therefore, for t
negative parity states we expect only a broad peak with
width of the freeD33 resonance and no narrow states. T
situation for the 1\v̄ configurations is different. The channe
Jp501 with the single configuration allowed at low excita
tion energy will, via its coupling to the exit channel, have
large width. At the same time theJp511 states include four
low-lying DN21 configurations. Applying the SR theory, w
expect the appearance of a SR state that should be iden
with the broad peak with the width,;100 MeV, observed
in the experiment. The remaining threeJp511 states should
be narrow. With the use of Eq.~19! we find the average
width of the narrow 11 statesḡn5Gn/35 4

3(DE)2/G. Taking
for an estimateDE510 MeV andG'100 MeV, we obtain
ḡn.1.3 MeV. Similarly, for theJp521 states, one expect
1-3
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TABLE I. Possible configurations of the typeDN21 that belong to 0\v̄ and 1\v̄ classes.

Jp DN21 configurations

0\v̄ 02 (0s3/2,0p3/2
21)

12 (0s3/2,0p3/2
21)

22 (0s3/2,0p3/2
21)

32 (0s3/2,0p3/2
21)

1\v̄ 01 (0p3/2,0p3/2
21)

11 (0s3/2,0s1/2
21); (0p1/2,0p3/2

21); (0p3/2,0p3/2
21);

(0p5/2,0p3/2
21)

21 (0s3/2,0s1/2
21); (0p1/2,0p3/2

21),(0p3/2,0p3/2
21);

(0p5/2,0p3/2
21)

31 (0p3/2,0p3/2
21); (0p5/2,0p3/2

21)
41 (0p5/2,0p3/2

21)
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to find, in addition to the broad SR, three narrow states
should again have an average width of a few MeV. O
narrow state is possible forJp531.

The resulting picture is expected to show several nar
resonances in the vicinity of the 1\v̄ excitation superim-
posed on a background of the SR states for various chan
This picture should repeat itself at higher excitation energ
Such a prediction is in a qualitative agreement with the
sults of the experiment of Ref.@14#. One should of course
bear in mind that other mechanisms, especially at higher
citation energies, might contribute to the width of quasis
tionary states. For example, the nucleon hole states acqu
spreading width due to the residual nucleon-nucleon inte
tion. This width would add to the widths of the narrow stat

In conclusion, we can mention that our interpretation do
not necessarily contradict the idea of the coherent RPA-
pionic state discussed in Ref.@15#. The two approaches em
phasize two different aspects of the mixing ofDN21 con-
figurations. Internal mixing by the real part of the effecti
Hamiltonian creates a collective state similar to a giant re
nance. This leads to the redistribution of strengths~electro-
magnetic for giant resonances or pionic in our case! and
energies on the real axis. Mixing through the continuu
v
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leads to the redistribution of the widths~imaginary parts of
the complex energies! and creates the SR state. These re
nances can in fact be combined into one giant state if the
types of mixing are ‘‘parallel,’’ as discussed in Refs.@8,10#.
This happens, for instance, in theg-ray decay of the giant
dipole resonance when the same dipole matrix elements
responsible for the collectivization of the strength and
super radiance~collectivization of the widths!. A similar situ-
ation apparently takes place for theDN21 mixing where
emission and absorption of pions lead both to internal mix
and to real decay in the continuum. RPA calculations@16#
show that the state with the maximum strength also has
maximum pionic width. It is not necessarily so for nonpion
decay modes. The effect of coherent coupling through
continuum, which was frequently ignored, is what we tried
demonstrate in the present paper.

ACKNOWLEDGMENTS

The authors thank A. Galonsky and A. Volya for friend
criticism and assistance. N.A. is thankful to the NSCL for
hospitality. The work was supported by the NSF Grant N
0070911.
s.

.

8.
@1# R.H. Dicke, Phys. Rev.93, 99 ~1954!.
@2# P. Kleinwachter and I. Rotter, Phys. Rev. C32, 1742~1985!.
@3# V.V. Sokolov and V.G. Zelevinsky, Phys. Lett. B202, 10

~1988!; Nucl. Phys.A504, 562 ~1989!.
@4# I. Rotter, Rep. Prog. Phys.54, 635 ~1991!.
@5# V.V. Sokolov and V.G. Zelevinsky, Ann. Phys.~N.Y.! 216, 323

~1992!.
@6# V.B. Pavlov-Verevkin, Phys. Lett. A129, 168 ~1988!.
@7# V.V. Flambaum, A.A. Gribakina, and G.F. Gribakin, Phys. Re

A 54, 2066~1996!.
@8# V.V. Sokolov and V.G. Zelevinsky, Fizika~Zagreb! 22, 303

~1990!.
@9# V.V. Sokolov and V.G. Zelevinsky, Phys. Rev. C56, 311

~1997!.
.

@10# V.V. Sokolov, I. Rotter, D.V. Savin, and M. Mu¨ller, Phys. Rev.
C 56, 1031~1997!; 56, 1044~1997!.

@11# N. Auerbach, Phys. Rev. C50, 1606~1994!.
@12# V.V. Sokolov and P. von Brentano, Nucl. Phys.A578, 134

~1994!.
@13# P. von Brentano, Phys. Rep.2645, 57 ~1996!.
@14# P. Bartschet al., Eur. Phys. J. A4, 209 ~1999!.
@15# T. Walcher, Phys. Rev. C63, 064605~2001!.
@16# M. Hirata, J.H. Koch, F. Lenz, and E.J. Moniz, Ann. Phy

~N.Y.! 120, 205 ~1979!.
@17# M. L’Huiller, N. Van Giai, and N. Auerbach, Nucl. Phys

A519, 83c ~1990!.
@18# J. Armstrong and V. Zelevinsky, Report MSUCL-1098, 199
1-4


