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Boson-Broadened Photonuclear Reactions in Light Nuclei
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The giant dipole resonances in light nuclei are described by an intermediate-coupling model which at-
tributes their fine structure and widths to the coupling between single-fermion states and collective bosons
associated with the quasistationary stage of the reaction. This model can reproduce details in the giant
resonances of 0' and Si, such as the over-all envelopes of the total width, the relative intensities of various
major and minor peaks, and the widths of minor resonances.

I. INTRODUCTION
' "" IGH—RESOLUTION experiments on the photo-
~ ~ ~ ~ nuclear process have revealed considerable struc-
ture superimposed on the giant resonances in the light
nuclei. Whereas the giant dipole resonance in heavy
elements is observed to be a smoothed-out single bump,
in light nuclei it is often composed of a number of large
resonances. Each one of these resonances may exhibit
additional structure, e.g. , in the Si"(y,e)Si' ' Al"(p y)-
Si" ' and 0"(y,e)O" ' reactions. The distinction be-
tween the giant resonance pro6les in heavy nuclei and
in light nuclei requires different techniques of theoreti-
cal analysis. The giant resonances in heavy nuclei can
be understood reasonably well in terms of a hydrody-
namic model. Although the slight structure seen in the
medium weight nuclei (e.g., As") demands a somewhat
diferent explanation in terms of the coupling of the
dipole oscillation with the normal modes of the surface
vibrations, the underlying physical basis is a pure col-
lective one incorporating the dynamics of the nuclear
Quid motion. However, neither a hydrodynamic model
nor a particle-hole model using a spherical or deformed
potential (with an appropriate residual interaction')
can alone adequately explain the location, widths, or
shape of the major and minor peaks in light nuclei.
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Recent attempts~ to attribute the widths of the broad
peaks to the coupling of the giant resonance states to
the continuum provide only a qualitative understanding
without any attempt to explain the detailed structure
of the giant resonance. It is generally the case in nuclear
physics, however, that many observed properties such
as level schemes, moments, and transition rates cannot
be understood both in the heavy- and in the light-mass
regions in terms of a single model. In heavy nuclei,
these properties are often more appropriately described
by a collective model, whereas many properties of light
nuclei admit either a pure single-particle approach or
a dual description of both a collective and an independ-
ent particle nature. It is therefore possible that such a
"dualism" is to be incorporated in any description of
the giant resonance in light nuclei. In lighter nuclei,
the structure of the giant resonance may embody a
modi6cation of the pure collective picture by incorporat-
ing the independent particle aspect of the "dualism"
that is inherent in them. . There is, in fact, considerable
evidence consistent with the assumption that the photo-
nuclear processes in light nuclei display some features
typical of independent-particle behavior: (a) the admir-
able attempt to understand the structure in APr(p, y)-
Si ' in terms of a statistical Quctuation around the
mean envelope led to the interesting result. that the
direct component part (or the fast component) of the
reaction constitutes 96% of the total cross section. (b)
Moreover, a meaningful analysis of the Quctuation re-
quired treating the entire giant resonance region of Si"
in three distinct parts, which cannot therefore rule out
the possibility that the giant resonance in Si' may be

composed of three distinct resonances. (c) A recent ex-
periment' has indicated that the neutron yields from
Si"(Yn)Si" 0"(y ts)0" and C"(y e)C" have pro-
nounced high-energy tails extending beyond 50 MeV.
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While this tail undoubtedly contains transitions of
higher multipolarity than the dipole, both the energy
dependence and the fact that only a part of the dipole
sum is used up by the giant dipole resonance suggest that
a reasonable amount of dipole absorption takes place
in this tail region. Yields of such high-energy neutrons
in a dipole transition are compatible with a direct reac-
tion Inechanism involving one or a few particles only.

An extreme single-particle model, on the other hand,
cannot account for the structure of the giant dipole
resonance. "A direct transition from the ground state
to the continuum forms a smoothly varying cross sec-
tion, whereas a direct emission via a well-defined single-
particle state would result in a single sharp resonance
having a width of the order of single-neutron emission
width.

The purpose of this paper is to suggest an intermedi-
ate mechanism displaying the dualism of the independ-
ent-particle and of the collective aspects simultaneously
and to investigate how far such a model can explain both
the detail and the gross structure of the giant resonances
in 0"and Si".

It is interesting to recall that an analogous situation,
depicting simultaneously the roles of the independent-
particle and of the collective aspect, exists in the photo-
(and inverse) absorption process in solids. " "When an
incident electron is captured in a solid, the absorption
line shape is observed to be considerably broadened and
the shape of the cross section bears considerable simi-

larity to that obesrved in some photonuclear reactions.
The explanation of this broadening involves the interac-
tion of the single electronic state with a phonon mode of
the lattice, set in vibration by the presence of the elec-
tron. The single electronic width is broadened as a result
of this coupling (interaction). In fact, the broadening of
the single-particle (or fermion-state) width by a collec-
tive (or boson) field forms one of the bases of the general
theory of the line shape, and is a mell-established con-
cept. Although the physical situation underlying the
photonuclear process may be different from the phonon
broadened absorption in a solid, the magnitudes of the
basic constants (such as the single-particle energies, the
density of collective excitations, etc.) in the photo-
nuclear process bear a similarity to the solid-state case,
if one translates the energy unit of eV, appropriate to
solids, to MeV, appropriate to nuclear physics. In Sec.
II we develop the theory pertinent to a model for a
photonuclear reaction which is analogous to phonon-
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broadened electronic transition in solids. In Sec. III we

apply this model to the giant resonance region of 0"
and Si".

II. THEORY

A photon, incident on a nucleus, can excite a nucleon
so that it moves in the mean nuclear potential generated

by the excited nucleus. The potential in which the ex-
cited nucleon moves is, of course, different from that
which it experiences when the system is in its ground
state. The motion of the single excited particle is
governed by a fermion field, whereas the excitation of
the core, being of a collective nature, is described by
a boson field. Furthermore, the particle state must, in

principle, be coupled to the collective state of the core
(otherwise there cannot be a core excitation at all). The
presence of the particle influences the core firstly by in-

teracting with it in an average way, thereby changing
the average potential in a self-consistent fashion, and
secondly by polarizing the core. It is to be noted that
the change in the self-consistent field depends on the
quantum state of both the excited particle and the core.
In other words, the fact that the wave functions of
single-particle states in an independent-particle model
depend on the radius of the potential (and more gener-

ally on its shape, if one uses a nonspherical potential)
leads automatically to a dependence of the excitation
energy of a particle (or particle-hole quasiparticle) state
on the fractional deviation of the nuclear radius in the
excited state from its value in the ground state.

Thus the model Hamiltonian of a particle moving in
the presence of a core is given by

where

H=Hp+Hz,

Hp= Q (Ci,'C~&P'+Q [~ ~(b itb x+s)

+ C~,'Cig. ib~.i(b.~+ b.) t)j}, (Ib)

Hs () '
~
T

~
X)Cx tCx+c.c.—— (ic)

'4A. Bohr and B. R. Mottelson, Kgl. Danske Videnskab.
Selskab, Mat. Fys. Medd. 27, No. 16 (1953).

The Cq~ and b ),~ are creation operators for the fermion
field associated with the particle motion and for the
boson field associated with collective motion of the core,
respectively. E&&'& and Ace & are the fermion and boson
energies. Moreover, we have assumed the coupling be-
tween the fermion (or particle) and the boson fields to
be linear vvith a coupling strength g q. Such a linear
coupling amounts to keeping only the 6rst-order term
in the expansion of potential surface of the excited core
in terms of the potential surface of the core in its
"ground state, "as noted by Bohr and Mottelson" and



BOSON —B ROAD ENED P HOTONUCLEAR REACTIONS 881

E& =E& &'& —~&,+P &o»,(n &+ ',), -

6&,=Q f ~

U &
~

'/ho&
& ],

i e&) =exp(Sg)C&, '~ (n.&,}),
~& =Z (/U. &b.&

—V.d. &

t j/&~. &,},

(2a)

(2b)

(»)
(3b)

by others. ' ' Alternatively, the 6rst-order term in the
Taylor's expansion of the boson energy quantum asso-
ciated with the excited state may be written in terms of
that associated with the ground state of the core."This
gives rise again to a linear coupling term.

The Hamiltonian Ho describes the upper and the
lower fermion states coupled to their respective boson
Gelds. We shall denote the quanta of collective excita-
tions as "collectons" by analogy with phonons in solids.
The term H~ is responsible for the excitation of the
intermediate state via p-ray absorption. If the transi-
tion is predominantly electric dipole, T is the electric
dipole operator. We may use the standard Condon ap-
proximation, " so that the boson coordinates do not
occur in HT.

The Hamiltonian Bo may be diagonalized by a can-
onical transformation, ""and leads to the single-
fermion eigenvalues and eigenvectors

which is given by

pp& &(X,E)=(2s-h) '

exp
iLE+E()&.)jt

g,"(1)Ch, (6a)

E()&,) =E&,'—5&„ (6b)

(1)= p 2 (L( )+ j
)&(1—exp( —so»,t)]

+(n.&,)L1—exp(io&. &,t)j), (6c)

(n, g)=—Lexp(Pho&. &,)—1$-'. (6d)

It may be noted that the model Hamiltonian (1a)
which contains fermion and boson states is distinctly
different from the one used by Danos and co-workers. '
The latter deals only with motion of a collective type.

Henceforth, we conGne our attention to the special
case of the coupling to a single boson Geld with Gnite
frequency and replace co q by co~ and the coupling con-
stant V &, by V&, =g&,&&go»,. (We retain the subscript )I,

because the giant resonance cross section consists of
combinations from several separate single-particle ex-
cited states. ) In this case it is well known" that a simple
line spectrum for psl &(X,E) occurs and we get

gaX ~ah ~ah ~

The energy 6), measures the shift of the single-particle
excitation due to the coupling of the fermion state with
the collective motion. Since it is analogous to the polaron
shift in solids, we refer to it as the "collecton shift. "Be-
cause of this collecton shift, the location of the experi-
mentally observed fermion state is different from the
position of the fermion state in the average nuclear po-
tential. The factor 5), describes the "collecton correla-
tion" in the wave function which causes the total
transition strength associated with a pure transition
(i.e., the absence of any collective motion) to spread out
into a band of collectons plus the single-particle states
(in the spirit of Lane, Thomas, and Wigner"). This
term is directly responsible, therefore, for the broaden-
ing of the transition width. The measure of this broaden-
ing is the density of states at a temperature 8= (Pk) ',
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p&sl &()&,E)= expL g&, (2—n&,+1)5 P 8/E+E(X) —dho&)

&&((ny+1)/n&)+'Ig(2g&, 'Ln&, (n&,+1)j"'} (7a)

n&, = Lexp(Pho», )—1j '.
Iq(x) are the modified Bessel functions. We also have

pp& &(X,E)dE=1.

The model attributes the width of the profile of the
giant dipole resonance to the broadening of single-
particle transitions between two fermion levels, due to
the coupling of the fermion levels to the collective exci-
tation. That such a broadening occurs in the presence
of a coupling between the single-particle state and col-
lective states is a well-known effect in physics. The
linear coupling of particle motion to the collective exci-
tation is well acknowledged in the Geld of nuclear
physics. '~"

It is worth noting that the characteristic broadening
of the line shape due to a linear coupling between a
fermion and a boson field exhibits an asymmetry, which
is indeed observed in the two examples investigated
below.

VVe have not as yet specified the character of the sin-
gle-fermion levels in any detail. They may be Hartree-
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Pock, shell-model, Nilsson-model, or any kind of
fermion states which can be generated from an inde-
pendent-particle model by the inclusion of a residual
interaction in quasiparticle approximation. The only
important criterion for the purpose of this model is to
de6ne the single-particle states as states whose creation
and annihilation operators obey the Fermi commutation
relation.

We also have not speci6ed the collecton states in
detail. The simplest model for them is, of course, the
density oscillations whose frequency is determined by
the excitation energy and nuclear compressibility. Such
oscillations carry no angular momentum, so that the use
of the Condon approximation for Hp is reasonable for
them. A more common variety of oscillations are surface
waves which occur even for an incompressible Fermi
liquid. The boson 6eld may also represent only a partial
excitation of the core in the form of a cluster excitation,
e.g. , the 2p-2h or multiparticle-multihole excitation.
This is relevent to the collecton states in 0".The rota-
tional excitation" of the core may form yet another kind
of collective excitation; in the limit of high excitation
and small moment of inertia, they can be considered to
have almost uniformly spaced excitation spectrum and
in that limiting case, it is consistent with our model for
the boson Geld.

"F.Beck and G. Kluge (private communication).
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FIG. 1. The heavy solid lines give the intensities of the spectral
lines obtained from Eq. (7a). The lightly dashed line gives the in-
tensities expected if the single-ferrnion state has a width Fg. The
light solid line indicates the high-resolution neutron yield for
reaction 0"(p,N)O" obtained by Firk (Ref. 3). All theoretical
parameters are indicated in the figure.

In the present investigation, the question of collec-
tons associated with the ground state does not arise,
since the single-particle state is coupled to a boson Geld
associated with the excited nucleus.

III. APPLICATIOÃ

Only the high-resolution photonuclear experiments,
which can distinctly separate the broadened single-
particle levels, are suitable for the analysis in terms of
the above model. We consider here, in particular, ap-
plications to the 6ne structure of the giant resonance in
the excited Si"and O" nucleus. There are three natural
parameters entering the computation of the linewidth
involving a single excited fermion state. These are (a)
the energy of the fermion level, (b) the frequency asso-
ciated with collective boson field, and (c) the coupling
strength between the fermion and the boson 6elds. A
successful model for understanding the giant resonance
must aim in the Grst place to account for the broad
features like (a) the over-all width of the total giant
resonance (b) the widths of fairly separated broad major
bumps (or resonances), and (c) the relative intensities
of the major peaks. Additional explanations of the Gne
structure on the envelope of a major peak (if present)
and of the basic parameters in terms of other models
mould provide further con6dence in the model.

The reaction 0"(y,n)O" provides a good test of the
collecton model, because the detailed structure observed
in the neutron-yield curve does not admit an interpreta-
tion either in terms of Ericson's Quctuation or in terms
of the Elliott and Flowers model' or in terms of a simple
hydrodynamic model. 4 The single-particle width which
was assumed to be a 5 function in (6) and (7) must in
principle be 6nite and consequently a normalized
I.orentzian width of I'q related to the lifetime of the
fermion state in the absence of the coupling term has
been attributed to them.

A major difhculty in understanding the structure of
the giant dipole resonance in 0"has been the fact that
the single-particle or the particle-hole descriptions
predict the location of only two well-separated single-
particle states in the excitation energy region considered
in Fig. 1, whereas the neutron yields show four distinct
resonances, along with some 6ne structure on some of
them. The recent measurement" of the angular distri-
bution of the p rays in the N"(p,ys)O" reaction indi-
cates that more than 90%%u& of the strength in the giant
resonance is consistent with a pure dipole (E1) transi-
tion, thus ruling out the possiblity of identifying some
peaks with E2 or higher multipole transition. The
present model provides a mechanism to account for this
paradox; in Fig. 1, both the computed curve and the
experimental observations have been plotted. The most
interesting feature of this model is to be able to account
for all the major as well as minor bumps —it is su6icient

"N. W. Tanner, G. C. Thomas, and E. D. Karle, Nucl. Phys.
52, 29 (1964).



BOSON —BROADENED PHOTONUCLEAR REACTIONS

. TABLE I. Estimates of the collecton quanta obtained from the
classical liquid-drop model of Ref. 20 using 7=18 MeV, X=4
MeV, and ro ——1.2 F.

Excitation
energy
(MeV)

Collecton energy (keV)
016

Surface Volume
Sg28

Surface Volume

17
19
21
23
25

59
42
30
21
16

195
130
88
60
40

20
12
8
6

81
50
32
20
13

for this model to have owly tzo 1—fermion states in this
energy region and the fermion transition strength is
then distributed over various boson states via the
coupling term. The parameters of our calculation have
been listed in the figure. Already tmo of these param-
eters, i.e., the location of the single-particle 1—states,
have been justi6ed from a number of shell-model cal-
culations (e.g. , see Ref. 6). An estimate of the collecton
frequencies can easily be done for the idealized case of
treating nuclear matter as Quids. "Table I provides such
an estimate. It is worth noting that this estimate is also
consistent with the other extreme of treating nucleons
as free ferrnions interacting by a tmo-body interaction. "
However, the estimate of the average spacing of the
energy levels in terms of the pure hydrodynamic model
represents a highly idealized case for 0" at 20- to 25-
MeV excitation energy and may only be used to get the
correct order of magnitude. Actual "collecton excita-
tion" in 0"must be identified mith only partially ex-
cited collective modes such as cluster (n particle) as
2p-2h or multiparticle-multihole excitation and there-
fore the actual boson frequency is expected to be larger
than the hydrodynamic estimate. ' By the use of a large
collecton energy, permitted by the uncertainty in the
estimates of Table I, we can achieve the description of
the three-line structure near 22-MeV excitation energy
the highest peak at 22.3 MeV is then not a single-
particle peak but corresponds to the emission of a single
collecton. The success of this Qt to the profile of the
giant resonance leads to the conclusion that the giant
resonance in 0' is not due to the oscillation of all pro-
tons against all neutrons but represents an enhancement
of a dipole radiation between two ferrnion levels due to
a coupling with the collective mode.

An interesting refinement of this basic model mould
occur if one wants to couple the fermion states mith two
kinds of boson fields, e.g., one with spin zero and another
with spin tmo. In that case an alternative interpretation
of the line shape of 22.3 MeV is possible by ascribing this
as due to the coupling of the ferrnion levels with bosons

"H. A. Bethe, Rev. Mod. Phys. 9, 69 (1937).The estimate in the
text is obtained in using Eqs. (284) and (322), replacing the ex-
ponent I/2 in Eq. (284) by its correct value 1/2n."J.Bardeen, Phys. Rev. 51, 799 (1937).

'4 V. Gillet (private communication). It is reported that a pre-
liminary computation indicates that the average spacing of
(2p —2h) states in this excitation energy is of the order of 1 MeV.
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of zero spin. The observed slight asymmetry shape of
this line (which is characteristic of the line broadening
due to a linear coupling between a boson and fermion
field) can be reproduced using a higher density of
states as shown in Fig. 2. In that case, the two adjacent
peaks are to be ascribed to the coupling of the same
fermion state to the boson field with angular momentum
two. A detailed theoretical investigation on this sophis-
ticated line is only warranted if (i) the suggestive pres-
ence of some fine structure' on the lorn-energy side of
the 22.3-MeV line and (ii) the spins of the adjacent two
resonances are first experimentally established.

The reactions Si"(y,n)Si" ' and Al" (p,y) Si" ' reveal
a large number of narrow peaks within three broad
major resonances; such structure is mell suited to an
analysis using the present model. Figure 3(a) shows the
experimental measurement of the neutron yields from
Siss(y, n)Si" (Ref. 1). (Two points should be noticed:
This experiment may contain neutrons from non-
ground-state transitions and the resolution around 18.0-
MeV excitation energy is considerably better than that
at higher energies. ) The interesting features of the ex-
periment are: (a) There seem to be three well-separated
broad major resonances, and (b) the spacing of the in-
dividual small or minor peaks associated mith an indi-
vidual small or minor peaks associated with an individ-
ual broad resonance is fairly uniform for a particular
major resonance, which is analogous to the typical
feature of phonon broadened electronic transition. in
solids due to lorn-energy vibration.

The particle-hole calculations" indicate the presence
of three fermion 1—states for excitation of 17—21 MeV
in Si".From Table I, the expected collecton energy lies

"I.B. Seaborn and J. M. Eisenberg, Nucl. Phys. 63, 496
{1965).

FIG. 2. The heavy solid lines show the intensities of the spectral
lines obtained from Eq. (7a) normalized so that the highest-
intensity line gives unity. The lightly dashed line gives the normal-
ized intensity obtained when the b functions in Eq. (7a) are re-
placed by Lorentzians of width Fz. The light solid line indicates
the high-resolution neutron yield for the reaction 0"(p,n)O"
obtained by Firk (Ref. 3).All theoretical parameters are indicated
in the 6gure.
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Fro. 3(a) The vertical solid lines give the intensities of the
spectral lines obtained from Eq. (7a). The lightly dashed line is
inserted as a visual aid to locate the envelope of the sharp-line
spectra. The collecton-shifted fermion energies Eq, collecton en-
ergies Puoq, coupling constants g)„and nuclear temperature 8 are
indicated in the figure. (b) The experimental neutron yield ob-
tained for the reaction Si"(y,n)Si" by Firk (unpublished). The
yield below 19 MeV may be arti6cially enhanced by the inclusion
of non-ground-state transitions.

boson frequency, because if the model is correct, the
average spacing of small peaks must be the boson fre-
quencies. The actual values used for the boson frequen-
cies are 55 and 70 keV for the erst and the last two
resonances, respectively, which are again consistent with
our estimate given in Table I. (It may be noted that the
observed level density below 19-MeV excitation energy
may be artificially enhanced by the inclusion of non-
ground-state transitions. ) It would clearly be helpful to
resolve this experimental difhculty and to improve the
resolution at higher energies. In the Si",we have further
reduced the number of parameters by assuming the
idealized case of a sharp fermion state (i.e., I'8 ——0).
Once more, the agreement with the experiment is
satisfactory.

While in the case of 0" we use a zero temperature
(i.e., 8=0), the computed spectrum of Si" is given for
0=880 keV; however, essentially the same line-shape
spectrum can be obtained for zero temperature using a
somevrhat larger coupling constant.

Without further computation one expects, within the
framework of this model, a systematic change in the
character of the observed structure across the periodic
table. Because of the large single-fermion width, the
6ne structure due to the excited state collectons in light
nuclei is expected to be smeared out as in 0" (Fig. 2).
As we consider heavier nuclei from C" to ~Ca",
the two systematic modifications of the intrinsic pa-
rameters take place: (I) The fermion natural widths
Fq decreases rapidly for those states in the photonuclear
process. "(2) Both the excited- and ground-state collec-
ton energies decrease with A, but less rapidly than F8.
Because of these and of the finite resolution of the experi-
ments, the 6ne structure due to excited-state collectons
can no longer be observed beyond A 40 or 50, and one
wouM see a single bump. However beyond this mass
region, it becomes importan. t to consider the presence of
the collectons in the ground state which introduces
automatically a quadrupole (or higher) coupling be-
tween collective states which then dominates the struc-
ture of the giant resonance. ' For heavier nuclei the
temperature is reasonably high, so that one reaches the
idealized case of extreme collective oscillations and the
single-particle aspect is no longer important.

between 30 and 80 keV. In Fig. 3(b) the computed line-

shape spectrum is presented assuming that the entire
giant resonance is composed of three mell-defined collec-
tion broadened single-particle states at ].8.25-, 19.04-,
and 19.90-Mev excitation energy, respectively, which
are consistent with the above-mentioned computation
of three fermion states. There is not much choice in the
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