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In heavy nuclei the damping of the giant resonance is due to thermalization of the energy rather than to
direct emission of particles; the latter process is strongly inhibited by the angular-momentum barrier. The
thermalization proceeds via inelastic collisions leading from the particle-hole state to two-particle-two-
hole states. In heavy nuclei, several hundred such states are available at the energy of the giant dipole
resonance. The rather large width of the giant resonance arises from the addition of many small partial
widths of channels leading to the different two-particle-two-hole states. Both the density of the two-particle-
two-hole states and the mean value of the interaction matrix elements between the particle-hole and two-
particle-two-hole states are evaluated in a simplified square-well shell model. In a given nucleus the energy
dependence of the widths is determined mainly by the density of states; the 4 dependence is determined
mainly by the size of the matrix elements. For 4 ~200, we find 0.5 MeV <I'<2.5 MeV. The uncertainty in
this value comes mostly from the uncertainty in the strength of the interaction. Representing the energy
dependence of the width by a power law we find for the exponent the value ~1.8.

I. INTRODUCTION

HE photodisintegration of heavy nuclei in the
giant resonance proceeds in three steps. First, the
incoming photon is absorbed and a collective nuclear
motion is set up. Second, the energy of this coherent
mode is dissipated into many degrees of freedom, i.e.,
the “mechanical” energy is transformed into “thermal”
energy; the nucleus is being heated up. Third, the hot
nucleus cools down by evaporating particles and
photons. The first and the third of these steps has been
treated quite extensively.!™ The investigation of the
second step is the aim of this paper.

The damping of the collective state in heavy nuclei
results from the excitation of complicated configurations.
The direct emission of fast particles is here of minor
importance owing to the angular-momentum barrier
which limits the contribution of this process to the total
width to about 109,. Because of the two-body char-
acter of the nuclear forces a complicated many-body
configuration can be reached starting from the essen-
tially particle-hole configuration of the collective state
only by increasing the complexity of the state by adding
one particle-hole excitation in each internal-scattering
event.

After such aninelastic-scattering event, the coherence
of the particle-hole state has been destroyed and there
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is no particular reason for any of the particles to re-
combine with any of the holes. In the coherent particle-
hole state, the energy of the state is shifted by a con-
siderable amount from the Hartree-Fock energy of a
single particle-hole state; each particle-hole component
of the coherent state is quite far off the energy shell.
After the inelastic scattering, the state loses the co-
herence and the collective energy shift becomes avail-
able for distribution among the participating particles
and holes. In this situation any final state in a following
scattering event is as likely as any other, as long as the
energy is approximately conserved in the event. Since,
as will be shown below, there are several hundred states
of this kind available it is extremely unlikely that the
state will return to the coherent state. We calculate the
process in the “‘they never come back” approximation
where the lifetime of the coherent state is given by the
probability that the first inelastic collision occurs.

The feature that the thermalization process of neces-
sity has to go via the excitation of two-particle-two-hole
states allows the latter states to be called “doorway
states” in the terminology of Feshbach and Lemmer.
One then could say that each particle-hole state has
several hundred doors available through which to pro-
ceed to the thermal state.

The coherent state is supposed to be stationary as far
as the collective excitations are concerned, i.e., it is ob-
tained by coupling all collective modes.?:5 The inelastic
collisions then lead to states of noncollective character.
Some of these second-generation states, and some of the
states of later generations will contain low-angular-
momentum neutrons of “thermal” energy which will be
emitted as “evaporation” neutrons. In other words,
they are damped and have finite widths. Therefore all
states actually have some widths and do overlap. Thus,

8 G. Ripka (private communication).

B 876




DAMPING OF GIANT RESONANCE IN HEAVY NUCLEI

the transitions into the second-generation states can be
treated like transitions into continuum states. The
probability of this process is given by a formula which
has the form of the “golden rule” of first-order perturba-
tion theory. However, as we shall see, the formula is of
much greater validity.

Previously this problem has been investigated in a
few papers. Reifman® described the giant resonance in
the independent-particle shell model and considered the
damping to be due to the excitation of surface oscilla-
tions by the what now would be called particle-hole
state. Neglecting configuration interactions he found a
strong coupling between the particle-hole states antici-
pating in a certain sense the results of Danos and
Greiner? on the coupling of dipole and surface collective
states. The strength of this coupling implies however
that it has to be treated more precisely by diagonaliza-
tion and thus the surface states then are not available
any more as a dissipative mechanism. Fujita’ introduced
the giant-resonance state by a coordinate transformation
on the nucleon coordinates in the ground state and tried
to determine the width of this state by the evaluation of
certain commutators involving the nuclear Hamil-
tonian. The expressions yielded disappointingly large
values for the width. The reason for this was that his
method of calculation did not single out the dissipative
part but gave the total spread of the dipole state over
energy. In addition, the ground state used was not an
eigenstate of the Hamiltonian but an independent par-
ticle state. The nonstationary character of this ground
state also contributed to the width obtained.

Wildermuth® calculated the width of the giant reso-
nance in the Fermi-gas model. The mechanism con-
sidered for the damping was essentially correct, namely,
he considered the scattering of individual protons or
neutrons which would lead to the destruction of the
coherent state. He made some unjustified assumptions
which, however, can be circumvented a posteriori. His
Fermi-gas treatment also did not include the effects of
correlations, i.e., the collective energy shift.

There exist several other papers which consider the
width of the giant resonance to be due to the spread in
energy of the independent-particle states. However,
after diagonalization essentially only one dipole state
remains’® and the other states do not appear in the
photon-absorption cross section, having lost their
strength to the dipole state.

The damping of the giant-resonance modes in light
nuclei, which results almost totally from penetration
through the centrifugal barrier, has been calculated by
Bauer and Ferrell!? for the case of O, This damping
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mechanism gives only an unimportant contribution to
the widths in heavy nuclel.

In Sec. II we shall describe in detail the various
features of the damping mechanism and the approxima-
tions inherent in the method of calculation. The mathe-
matical details of the problem are formulated in Sec.
IIT. In Sec. IV we obtain the density of two-particle-
two-hole states available for the damping process. We
explicitly take into account energy and angular-mo-
mentum conservation. In Sec. V we obtain a value for
the averaged matrix element in a simplified square-well
model of the nucleus. Section VI gives the results and a
discussion of the important parameters which enter the
calculations. In Appendix A we give by means of time-
dependent perturbation theory a simple derivation of
the “golden rule” formula which we use in Secs. III,
IV, V, and VI. In Appendix B we give a derivation of
this formula which is formally exact in the nuclear
Hamiltonian and of lowest order in the electromagnetic
interaction. We demonstrate explicitly at which point a
random-phase assumption enters, and furthermore, we
also show that the photon-absorption line shape con-
sists of a superposition of Lorentz rather than Breit-
Wigner lines. In Appendix C we have collected some of
the complicated expressions entering the density-of-
states formulas of Sec. IV.

II. DESCRIPTION OF THE MODEL

All collective modes are essentially single-particle
excitations, i.e., they are linear combinations of states
which differ from the ground state in the state of one
particle only. In the language in vogue at the present
time, they are one-particle-one-hole states. This is
necessarily so because they have large electromagnetic
transition probabilities to the ground state and the
transition operator is a sum of one-body operators. In
terms of graphs they are thus represented essentially
by single “sausages’ which may go backward as well as
forward (Fig. 1). In such chains each particle and its
hole partner are coupled to the spin and parity of the
particular collective state, i.e., 1= for the dipole state,
2+ for surface oscillations. It has been shown earlier?
that some dipole and surface states are strongly coupled.
Such a state would be depicted by graphs like Fig. 2.
The configurations corresponding to the region of Fig. 2
where two sausages are present do not have multipole
moments to the ground state. The transition strength
of such a state is thus decreased and it reappears at the
state corresponding to the excitation of a surface quan-
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F16. 1. Essential structure
of a collective state.
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F1G. 2. Coupling of a dipole
and a surface mode.

tum in addition to the dipole state which, as a matter of
fact, is also represented by a graph of the form of Fig. 2.

In the consideration of the damping of the giant reso-
nance we begin with a state which has been diagonalized
with respect to the collective modes. Because of the
configuration interaction the energy of the state differs
from the sum of the energies of the participating par-
ticles and holes by about 5 to 10 MeV; we limit ourselves
here to heavy nuclei. The high-energy particles of the
dipole particle-hole state have mostly large angular
momenta.®!! Their emission therefore is strongly in-
hibited by the centrifugal barrier

w2 1(+1 J(+1
(+ )=21MeV( )

2M r?

rin 1078 cm (1)

b

which shows that even at the top of the energy spectrum
the neutron energy is about 8 to 10 MeV below the
barrier height. The resulting penetrability is thus con-
siderably smaller than 1%. Except for closed-neutron-
shell nuclei, the “direct” emission of the excited particle
leaves the hole buried below the Fermi surface, i.e.,
the nucleus is left in an excited state thus reducing the
available energy for the outgoing neutron which results
in a further decrease of the penetrability. The pene-
trability of the protons is still much smaller owing to the
additional Coulomb barrier. The damping of the giant
resonance thus cannot be due to the direct emission of
particles. This is in agreement with experiment which
indicates that only about 10 percent of the emitted par-
ticles are prompt; the overwhelming majority consists
of evaporation neutrons.
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Fic. 3. The basic diagram for
the thermalization of the energy.
After the collision the coherence
of the dipole state is gone. Angular
momentum is conserved only for

1~ the total excitation.

1 D, H. Wilkinson, Physica 22, 1039 (1956).
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We now turn to the details of the thermalization pro-
cess. The beginning of the thermalization is given by the
inelastic scattering of the particle or the hole (see Fig. 3)
with the excitation of a state other than a collective
state. After the collision no particle-hole pair is separ-
ately coupled to 1—; only the total state of two particles
and two holes is coupled to 17, in contradistinction to
the case of mixing collective states, illustrated in Fig. 2.
Furthermore, after the scattering the particle will find
itself in arbitrary states; i.e., states other than the con-
figurations participating in the dipole state can and will
be populated. Thus after the collision the collective
energy shift must be accommodated by the particle and
hole excitations; the states must return to the energy
shell. This is, in fact, an important consideration; it
shifts the nucleus to a region of higher level density.
After this first collision any further scattering process is
a priori as likely as any other as long as the energy is
approximately conserved. Because of the large number
of available states the probability is overwhelming that
a “cascade” develops at this point. Ultimately a low-
angular-momentum neutron state of sufficient energy
will be excited which then will enable the neutron to
escape (Fig. 4).

The last part of the process, viz., the escape of “ther-
mal” neutrons, is very important. In the absence of such
a possibility the process of Fig. 3 would not lead to
damping of the collective state but would instead just
produce a fine structure, a splitting of the state into
many sharp levels. Qualitatively this can be explained
most easily in terms of a classical picture. Consider a
system of coupled oscillators. If one of them is suddenly
excited the energy will not remain localized at this one
oscillator but “beats” will set in, transferring the energy
away from this “struck” oscillator. According to
Liouville’s theorem the energy will after certain time
intervals more or less completely return to the struck
oscillator, and a Fourier analysis would reveal just a cer-
tain number of discrete lines, viz., the normal-mode fre-
quencies. The situation changes radically if some of the
oscillators are damped. Now essentially @/l normal
modes will be broadened, and beginning from a certain
magnitude of this damping, the levels will coalesce. The
energy then will be dissipated before the elapse of the
“Poincaré time” and the struck oscillator will not start
moving again once the energy has left it the first time.
In other words, the damping of the system must be
sufficient only to dissipate the energy during the
Poincaré time which is determined by the number of
coupled oscillators, a measure of which is the separation
of the normal-mode frequencies. Only under these cir-
cumstances does the coupling to other oscillators lead to
damping and not to splitting of the resonance. Then the
width of the struck oscillator resonance is given by the
“beat frequency,” by the strength of the coupling to the
other oscillators. In quantum-mechanical parlance this
means that for damping to occur it is necessary that
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Fic. 4. Emission of
a ‘“thermal” neutron:
After some “genera-
tions” a neutron of
sufficiently low angular
momentum and suffi-
ciently high energy es-
capes leaving the nu-
cleus behind in a possi-
bly quite complicated
state of medium excita-
tion energy.
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some of the participating states must be continuum
states but it is sufficient that there exist very few such
states. They also may lie a few generations away, i.e.,
a situation like that shown in Fig. 4 may obtain. How-
ever, already in the first generation some of the states
may be escape states.

After the first inelastic collision has taken place and
the state is on-the-energy shell the next collision will
most of the time lead to more complicated configura-
tions and the “return collision” (Fig. 5) has to compete
on equal footing with all the other possibilities. Since
there are of the order of hundreds of states available at
this energy the they-never-come-back approximation
is excellent and then, since the states actually are
broadened and overlap, one can use the golden rule
formula to calculate the lifetime of the dipole state.
This point is discussed in detail in Appendices A and B.
We re-emphasize here again that this procedure is
applicable only because of the eventual evaporation of
neutrons and the broadening of the many states which
otherwise would be stationary and sharp. In the ab-
sence of neutron evaporation the golden rule calculation
would actually be inapplicable. The “width” one would
obtain when using it formally would just indicate the
energy range over which the dipole state is distributed;
this would not mean a damping of the state.

The many first-generation states must each be
broadened only by a very small amount. It is just
necessary that their width be large compared to the
level spacing. Furthermore, each state may be coupled
quite weakly to the dipole state. As it turns out, this
actually is the case. The large width of the dipole state
is thus not a consequence of a single strong process, but
results instead from the combined effect of a large num-
ber of processes involving only weak coupling between
each individual second-generation state and the dipole
state.

A further very important point concerns the inter-
ference between the different possible graphs of the kind
of Fig. 4. We shall make the explicit assumption that
their contributions can be added incoherently. We be-
lieve that this assumption is eminently justified owing
to the exceedingly large number of final states, i.e.,
excited states in which the nucleus is left after emission
of a thermal neutron, and, in addition, owing to the
very large number of quite diverse graphs participating
in the process which assures randomness in the phases.
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F16. 5. Return collision: After
the first scattering event the next
collision can restore the dipole
state. This process must compete A Y
with all other scattering possi-
bilities.
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Instead of using the golden rule one could calculate
just the forward-scattering amplitude, e.g., in the single-
collision approximation, Fig. 5, since it contains all the
necessary information. We prefer, however, the more
elementary approach for reasons of simplicity.

III. MATHEMATICAL FORMULATION
OF THE PROBLEM

If ¥, Mand ¥,® denote the one-particle-one-hole and
the two-particle-two-hole states, respectively, and #, v
are the appropriate quantum numbers, we have

VD=3 (fiuafope| 171005 012" [0), (2)
u={fifelrikiks},

Y, D=7 3 sumpab (lmilema| Aa)(Aalsms| Bb)
X (Bblﬂ'}‘l«; I 17'1>(lelmlfblzmz‘ra’l;mg.rbhm4’r | 0) ’ (3)
V= {lllzlalgA Bl'rlklkzksk.i} y

where aim!, bim' are creation operators for particles and
holes with angular momentum Im. f, and f, are the
angular momentaof the one-particle-one-hole configura-
tion. 4 and B are intermediate angular momenta, of the
two-particle-two-hole state. Different A, B and the
same ly, Iy, I, 14 are different two-particle-two-hole con-
figurations. The wave numbers (energies) of the single-
particle states are denoted by k. Z is a normalization
factor, which can easily be calculated to be

Z=<14+(24+1)(2B+1)
A Iy 1y
lh Iy A2
X la A B 612,14_ [A 1 B} 611.13612»“
B I, 1
~1/2
2441 {11 Iy A]
—_— ) 4
2B+1ln, B 4™ @
The matrix element of the residual nuclear force is
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ol e @
IXTA I L ) Lot s v to the matrix elements (¥ | V| ¥®)
et e y 3 —— | <‘I’(])IV|‘I’(2)>=% Z Vap,-ya
11, fl 1, X[(—=)ma,1b_gayas+(—) e meb_qap'a as
(a) (b) +(—)"‘m¢+’ﬁ""ﬁ+lrm'yb_mb_ﬂb_ tas
+(_)la—mﬁlp—-mﬁls—mab_ab_ﬂa,yb_af:]. (7)
The different processes occurring in (7) are represented

La (AT &L/ by tht? graphs of Fig. 6. Each qf these graphs, together
v 2 |4 °h v La M3=f)  with its exchange form, describes a different process.
- - In (a) and (b) the hole “lies at rest” and the particle is

f2 Ify t, It scattered and creates a new particle-hole pair. In pro-

(c) (d) ' cess (c) and (d) the particle is unaffected and the hole

scatters and creates a particle-hole pair. In fact, the

Fic. 6. Graphs of Eq. (7). The first two graphs, (a) and (b) . ’
describe the scattering of the particle. The second two graphs, (c) grap.hs‘(a,) a'nfi (b) cover allpost the same function space,
and (d) describe the hole scattering. albeit in a different coupling scheme (representation).

The direct and exchange terms of the graphs of Fig. 6 are
@) dpudom Vit nta— Vi g J(— )™,
(b) szlzsvm[Vhl;-lsh— Vﬁla.llls](“)l‘_m‘ ’
(© 5!1115:4M1[Vlzl4.lea_ Vigs.rats] ®)

given in general in terms of particle creation and
annihilation operators by

V=32 Vaprs0a'ag'axas. )

We introduce in the usual way the hole operators for 5 (— ) tlat frma-mis
the states A below the Fermi surface ’
ayt=(—)b—mp_y (d)  SntsBumsl Vg, ors— Vigty, a1, J(— ) WHlatSa—ma—me—y,
—\ >

= (—)mb_yt (6)  1If the force ¥(1,2) is expanded in spherical harmonics
where we have used the phase convention of Bell.!? We V(1,2 =2 1 02(1,2)Y 1a* (DY 2ae(2) ©)
notice that the following terms of (5) give contributions the matrix element Vy,,1,,, for example, is explicitly
V nitststn= 2131 Ry (DY g1 (DR1,(2) Y 1my(2) |90(12) Y 22e*(1) ¥V 200 (2) | Riy(1) Y 13my (D) Ry (2) Y1y (2))
=2 1a(—=) M (ms L — M | fyur){lxms LM | lama){Js|| L]| f) (|| LIIo)Rpyss 1 (L), (10)

where (20--1) (2L 1) 71
a
(a]lLIIb)=|:——————————-] (0L0|50) (1)
47 (2041)
are the reduced matrix elements and
Rfllzlsll(L)=/Rf1(1)R12(2)Rl;(I)Rll(z)vlz(172)7127'22d"1d72- (12)

R, are the radial wave functions and / is here understood to represent all quantum numbers.

We now specialize to §-function forces. Introducing the expressions (10) into (8) one can calculate by straight-
forward methods the matrix elements between the properly angular momentum coupled states (2), (3). We list
the result for the graphs (a) and (b), exchange terms included:

2o+ 1)(2s+1) 2t 1)712
(‘I'u(l)lV(G)I\I’,(z)>=(—-)la+ls-l-f£{|:( +1)(2L+1)(2h+ )]

4r L (24+1)22frt1)
(2L +1) (2 +1) (21+1) 7172
— (- ,[ @fit1)s ] }(lxolzolAOXAOlaOI FIOOR 01305800070, (13)

VA
(B VO 2 0) =LA+ DB+ I Ry | (2)+44G0L0] F0)(H0L0]10)
L

fi fo 1
1 f2 fl l4 l3 L n
X {ll I A} {A 1 B} —(=) (2L+1)<130L0|f10)(l10L0|l40) lz ;4 lB Stae.  (14)

1 ], S. Bell, Nucl. Phys. 12, 117 (1958).
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Here
V= Voa(l‘r—l'z)
5(1‘1—1’2) .
=Ve—— > ViuOV_y®(—)M (15)
1418 LM
and

Rppi,= / Ry Ry Ry Ryr*dr. (16)

One can similarly derive expressions for the contribu-
tions due to the graphs (c) and (d), but we will not need
the exact values of these for our estimate. Note, that
the value of B is restricted: In the case (a) we have
B= fy; in all other cases B can have only the values
B=1+1, Iy, I,;—1. Note also that the different graphs
in Fig. 6 represent transitions to different coupling
schemes of the final states. The difference between (a)
and (b), for example, is that in (a) the value for l4= f,
and in (b) the value for lz= fs.

The width of the particle-hole state ¥, is given by

T=#4T, @17

where the transition probability 7" for the transition
from ¥,® to all ¥,® can be calculated by perturba-
tion theory. (See Appendix A.)

Yo/ 2w

=2 2 [(T.O|V|¥,?D)| e (18)
v (E—E»)*+v.*/4
Here E is the energy of the giant resonance, E, and v,
are the energy and width of the two-particle-two-hole
state ¥,®, The sum goes over all two-particle-two-hole
states with the same energy and total angular momen-
tum as the particle-hole configuration, i.e., 1. Equa-
tion (18) could be calculated numerically exactly in an
actual model for the single-particle states (for example,
the oscillator model). Instead, we wish to obtain a
formula which exhibits, at least approximately, the
energy dependence of (18). We do this by replacing the
summation in (18) by an integration and by introducing
suitable average values and obtain

I‘= 27l'(| (\I’u(l) ] Vl ‘I’v(z)> | 2)&VP(E) b (19)
where p(E) is the density of two-particle-two-hole con-
figurations at the energy E which can be reached from
the particular particle-hole state by a two-body
collision.

Strictly speaking, (19) together with (18) is the de-
fining equation for the averaged squared matrix ele-
ment. However, with the usual assumption of ran-
domness the mean value can be calculated separately.
We expect that the average matrix element should be a
very weak function of the energy; it may decrease very
slowly with increasing energy. The energy dependence
of I' thus is given by p(E). We now proceed to evaluate it.

B 881

IV. THE DENSITY OF TWO-PARTICLE-
TWO-HOLE STATES

We choose for the model, in which we calculate the
wave functions and the number of final states, the
infinite square-well model. If the radius of the square-well
potential is R, then the solutions of the Schrédinger
equation in this potential are of the form

Clmy= jl(kvr) Ylm (20)

and the above numbers %, are given by the boundary
condition

Ju(k,R)=0. 1)

For a given upper bound of the energy (i.e., of &) the
condition (21) can be satisfied only for angular momenta
1<, where I, is given by the condition that the first
zero of the spherical Bessel function j;, (kR) lies at the
boundary R. We replace the j;,(k7) by their asympto-
tic expressions

Ji(kr) o< (kr)1 cos[kr—3(+1)7] (22)
and find for the first zero the equation
kr—3(+Dr=1mr,
which gives (K is the Fermi momentum)
ln=(2KR/7)—2. (23)

This estimate is numerically very accurate. Thus the
number of states for a given / and given fixed energy is

m=(KR/x)—3l. (24)

Since the (2/41) different states of the magnetic quan-
tum number in (20) are degenerate, the total number of
possible single-particle states in our system up to an
energy K is

n(E) =§ w(2I+-1) = (4/3) (KR/z)?
+(KR/x)*—(11/6)(KR/m)+%. (25)

Using this expression one can determine the Fermi mo-
mentum from the equation

n(K)=34Z, 4N (26)
for protons and neutrons. The factor ¥ comes from the
spin. The function #(KR) is plotted in Fig. 7.

We introduce the density of states of given angular
momentum by

pi(K)=dm(K)/dK=R/w. (27)

Note, that we do not count the m degeneracy of the
state K, I, m in (27), because conservation of the z
component of angular momentum allows only definite
values of it in the matrix elements of (18).

Let us now count the number of states which con-
tribute to the processes of graph (a) of Fig. 6 taking




B 882

1
N

I
]

140|

i
1

120

100]

n(Kf)
80| Fie. 7. Averaged
number of states in

a square well.

[ B T |

€0

T T

40

4|

0 | 1
o] 2 4 [
K¢R
T

into account angular momentum and energy conserva-
tion. For the other graphs the considerations are similar
and we will estimate the number of contributing states
to the other four graphs later.

Because of /4= fs and B= fi, the angular momenta
l1lolsf1 have to fulfill the triangular rule

A(lllzlaf 1)
=11if Iy, ls, I3, f1 can be coupled to zero

=0 if Iy, Iy, s, f1 cannot be coupled to zero. (28)
Energy conservation gives the condition
kil tk?—ki=x2, (29)

where #%2/2M is the energy of the particle-hole state,
i.e., the giant-resonance energy. It is therefore fixed.
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The number of final states fulfilling the conservation
conditions (38), (29) is therefore

lm I Im
N@?)=22 22 A(hlalsf1)

u s
kr pP3 pP)

X / / [ on (k1) piy(k2)ory(ks)dk1dkadks. (30)
p2 Yp3 Ym

The upper limit of the momentum integrals is given by
the condition (29) and the fact that the hole momentum
k2 can be maximally the Fermi momentum K:

Pr=(2+kd+k2—E)V?2; Py=(+k2+RH)Y2. (31)
The lower limits are

pr=_m/2R) 1

=K if

Pe= (lw/2R) i

=K if

pa=(Usr/2R) if
=K if

=

(ur/2R)>K
(r/2R)<K;
(lar/2R)<K
(lar/2R)>K;
(law/2R)2 K
(lsm/2R)<K.

-n

(32)

They exhibit the fact that the particle momentum has to
be above the Fermi surface and the hole momentum has
to be below the Fermi surface. Further, a given angular
momentum can occur only above a certain minimum
momentum given by (Ir/2R) [see (24)] and by the
Fermi angular momentum for the hole.

Equation (30) is exact within our approximations.
The integrals can be easily performed and we obtain

N ()= (RY/7%) X 1ty Allnlals 1) { (m/4) (K +ka®) (K= p2)+ (m/12) (K*— ps?)

ky Ps
—3(k2+kq2) / arc sin:
» (

1 ks b3
S — 2 —— ks? arc sin
K2Ry -ko?)t/?

————————dks
2/),, (k2 B2+ Ea2)12

+p1p3s(K— p2) — (paK/4) (k¥ k¥ — pi+ K1) 2 (papa/4) (k24 ka2 — ps>+ pa?) /2
K(¢hi—pat K11

— (p3/D)(*+ks’— ps?) In

%PK(K2+k42+K2) 1/2

prt-(Hhd—pat-tpa) 2

F3p1pa(k+ ka2 — ps?) 12— L (k2 + k) py In

The expression in the braces depends via the pipspsin a
complicated way on the Uy, Iy, 5, Eq. (32). It is obvious
that one cannot perform this sum exactly. We can pro-
ceed and we will obtain a good approximation, if we re-
place the p, by suitable mean values: The momenta
p1,ps lie above the Fermi surface and_below (K2-4x?)1/2

K+ (K2+K2+k42)”2} (33)
prrt (K2R

Suitable mean values for these are therefore
D1=Ps=(K2+ax?)'2, (34)
where a is a coefficient of the order a~+%. We will show

later that the result does depend only very weakly on
the choice of a. The momentum p; lies between 0 and K.
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We expect physically that the largest contributions of
holes in the two-particle-two-hole state will come from
the region near the Fermi surface. We replace therefore

:ﬁzzl«n . (35)

Now the expression in the braces is independent of Iy, s,
I3 and the sum can be performed. Before we do this,
however, we simplify the complicated expression in the
braces in the following way: When the particle-hole
energy is zero (k?=0) then k24=K. On the other hand,
as the particle-hole energy increases, the holes lie pro-
gressively deeper below the Fermi surface. We therefore
make the ansatz

ke=k'— P, (36)
and 8 will be a coefficient of the order B~+%. It can be
determined accurately from the experimental positions
of the hole in the giant resonance (remember, #2k2/2M
=hole energy of the p-k state). Inserting (34), (35),
and (36) into the complicated expression (33) for the
braces and developing this expression in the small
parameter «?/K?~% up to quadratic terms, we obtain
after a straightforward, but lengthy calculation

N(k?)=(KR/m)*[P(x/K)*+Q(x/K)*+---] |
+lelzls A(l1lal3f1) ) (37)

where

P=0.228+0.031c,

(0=0.213—0.089a4-0.04503—0.09632+40.04902 . (38)
P and Q are pure numbers depending only on the param-
eters o and 8. We see however, that they depend mostly
on B and weakly (especially P) on «. Therefore our
averaging method is quite justified and the number of
states we obtain with (37) should be a very good
approximation.

We now determine the number of states compatible
with angular-momentum conservation. That means, we
count the number of nonvanishing A’s in (37). We do it

TaBLE L. 2l>1l,. The number N gives the number of non-
vanishing A’s in (39b) for given /, Iy, l5. The sum of all these values
N gives Fy(mfil).

I3 Is N

0 ] 1

1 141,18, 1—1 3

2 142 -1—2 5
In—1 I+ -+ (2Um—1) 2(—1)+1

! I+ -0 @+1) = (Gm—1)
I4+1 I+ +1 @+1)— (bn—1)—1

I+ (1) I+ (bn—D) @+1)-1

B 883

TaBLE II. 2/<!/,,. The same as in Table I, but
with the assumption that 2/ <l.

I Iy N
0 ] 1
1 41,0, 1—1 3
! 2.0 2A+1
141 204+1.--1 20+1
Il Ine + lm—21 A+t
Lu—l+1 Ie - <l 20+1 2
In I+ lm—1 I+1

in the following way. We first introduce partial sums by

Z A(l1l2l3fl) = f Fv(lmfll), v= 1, 2 y (398,)

Uilal3
where

Fo(lmfil)=2"115 A(hlalsf1),

with the constraint of triangularity between /s, f1, and
I, i.e., I=ls+1;. Thus 7 can have the value | fi—I| <!
<|fit+l]|. For a given ! we have therefore to count the
number of possible configurations which fulfill 1=1;-+1;.

In Table I we have listed this number &V for different
values /; and /3. Here we have assumed that 2/>>1/,,. The
sum of all values gives

(39b)

Fallnfi)= 5 (A1) = 5 @ 1)(In1)

A=0 A=l
1

- 2

A=(lm—~1)~1

A= —§24-31+14+0.(2041).  (40)

In Table II we have listed similarly all possibilities
for I, and /3 for the case 2/</,,. Again we can sum up all
values and get

! 2
FrQlnfid)=2 A D+ Q41020+ X A,

A=0 A=l+1
which gives the same results as (40). Therefore we do
not have to distinguish between these two cases. How-
ever, we have assumed in both cases that [</,,. This is
not true for all combinations 1=I,+1f;; the angular mo-
mentum / can be larger than /,, even though /; cannot be
greater than /; and fy not greater than /.

In Table III we have listed all possibilities for /; and
I3 in this case. We find

2l y—I+1

Fo(lmfil) = ?1 A=2ln2+3lm— w512 —3+1. (41)

We now can explain the index v in the sum (39): If we
sum over / we have to introduce either F, or F; depend-
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TasLE IIL The combinations /1, /s which fulfill the triangular rule
in the case 2> /,. The sum of all the values is called Fy (I, f,}).

Iy 13 N

0

1 0

. 0

I—ln In 1

I—lmt1 Ly b1 2
In e+ Il b= () +1

ing on whether /</,, or I>1,,. Having explicitly estab-
lished the quantities /', and Fs, we can now proceed to
calculate the double sum in (39). We have to distinguish
two cases: l;> f1 and I;<fy; i.e., the particle of the
particle-hole configuration can have an angular mo-
mentum larger or smaller than the Fermi angular mo-
mentum. We study here the second case, but note later
the results for the first case.

In Table IV the possible values of / are listed for
0<1:<l;. The sum (39) can now be performed over the
values ! of the left area in Table IV and yields

2 AQdalsf1)

l1lal3

Iy In il T
=23 X Flafd+ X X Fullufd)

v=0 l=f1—v T=Im+1 l=lm+1

ln—(f1=17)  Im

- X 2 F(lnfil)— Z Fy(lnfid) .

v=1 l=lm—v+1 I=f1—ls

(42)

It is straightforward to perform this double summation
using (40) and (41) and the following relations

(43)
P=1N4HINHIN,

M=z =Mx

The result for the number of states is [See Eq. (37) and

the remarks after Eq. (7). We add a factor %
pensate for having counted the states twice.]

N(E)=(KR/7)* 3{P(E/Ef)+Q(E/Ep)*+- - -]
XLAa(fil)ln+As(fp)lnP+ Ao fil)lm?
FAs(filp)lntAo(fids) ],

where the 4,(fiy) are complicated expressions. They
are listed in Appendix C. The case I;> f; leads to a
similar result; only the coefficients 4, are somewhat
changed. They are also given in Appendix C.

to com-

(44)
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If we apply (44) to the special case of Pb208 where
ly=~4, f1=5 we obtain

N(E)=(1/48)(KR/x)'[P(E/E;)+Q(E/Ep)*+- - -]
X [4ln*— 13603+ 220402 — 7727004201177, (45)

With KR/r~3, E/E;=1%, l.=35 and multiplying (45)
with a factor 2% coming from the spin, a factor 2 coming
from isospin, and a factor 3 coming from conservation of
parity, we find with 8=~+%; a=~g8

N(E)=N(E)X28=55X8, (45a)

for the number of states contributing to process (a)
and (b). For the processes (c) and (d) the number of
final states is smaller, at least for not too high excita-
tion energies, because there are two holes and one par-
ticle in the final configuration. Compared to processes
(a) and (b), the two holes below the Fermi surface have
fewer possibilities to combine to the right energy and
angular momentum. In order to obtain the density of
states we have to divide N(E) by the energy interval
over which the states are distributed. This interval in
our model is the distance between the shells, AE.
Putting AE~10 MeV we thus have

o(E)=N(E)/AE=~45 states/MeV,

i.e., a total of about 200 states is available from the proc-
esses (a) and (b) within the narrowest observed giant-
resonance peak whose width is I'~2.3 MeV.13

V. CALCULATION OF THE AVERAGED
SQUARED MATRIX ELEMENT

We determine the averaged squared matrix element
by explicit calculation. We again employ the simplified
infinite square-well model used in the previous section.
The formula for the level density was general within
the accuracy of the model. Now we shall specify to the
case Z=282, and furthermore, shall only calculate the
matrix elements for the protons and for process (a). By
calculating all matrix elements of this process we believe

TaBLE IV. If fi>1I; the index ! of the sum (39) runs over the
values listed below to the left of the vertical dividing line after
la=l;. The area to the right of the dividing line is added and
subtracted again in the summation procedure for reasons of
simplicity.

L=0 1 D e fo e by | e e
i A+1 fid2 Im Sitis
i A1 In+1 :
f=1 fi :
: .
: .
Fimly | fimlgbl oo I

B E. G. Fuller and E. Hayward, Nucl. Phys. 30, 613 (1962).
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that we do not prejudice our result towards the “most
important contribution” but obtain a good average
value. From Fig. 7 we find the Fermi momentum
KpR/m=~3. From Eq. (23) we find the “angular momen-
tum of the Fermi surface” to be /=4. The Fermi
energy is

WK 2/2M ~ 36.8 MeV.

In Fig. 8 we give the level scheme for the proton states
of Pb?%® in our square-well model. The giant resonance is
created by lifting particles from the closed shell with
l=4 to the level /=35 above the Fermi surface. The shell
separation is here AE~13.2 MeV.

In Table V we have listed all configurations con-
tributing to process (a), i.e., matrix element (13). The
allowed configurations are given by the angular-mo-
mentum and parity selection rules contained in the
vector coupling coefficients of (13) which fulfill the
energy conservation law, i.e., for this process

(72/2M) (k2 + ka2 —ko?— k)= E=13.2 MeV
or (46)
(72/2M) (k>4 ks> —ke?) = E+ (52/2M)k2=50.0 MeV.

Note that we have not included the collective energy
shift in (46). We are here interested solely in finding
explicitly the radial integrals. For this the energy shift
is unessential. ,

It is worth noting, that we obtain from Table V 59
as the number of levels contributing to process (a) while
formula (45) gives about 55 (without spin factors). So
we find with both counting methods essentially the same
numbers.

In the same way as in Table V one can count the
numbers of states contributing to process (c) and (d)
where the one hole fo=4 is fixed for the matrix element
and the holes /4, /; and the particle /3 can vary. The

E kR
(MeV) s
90—
. — — —
70—
L4 — — —
60—}
50— — — —
40—
Er — 5 —_— —_— R
30—
20—
-) — ———
10— -

=0

Fic. 8. Level scheme of the asymptotic square-well model.
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TaBLE V. States contributing to matrix element (g). It is
assumed that the degenerate 36.8-MeV states (Table V) are not
completely filled, so that two particles can still be there. Further-
more, states with (K3R/x)=3, (K2R/x)=2.5, (KiR/x)=3 fulfill
Eq. (46) only approximately. 4, listed below, gives 96 states.
However, when one subtracts the number of states which appear
a second time, albeit in a different coupling scheme, one obtains
59 for the number of final states (without spin factors) contribut-
ing to process (a).

N Is I N A KsR/r K:R/w KiR/w
5 5 4 4 8642 1 3 3
5 5 4 2 4, 4 3 3
5 5 4 0 4 % 3 3
5 5 2 4 6,4,2 7 3 3
5 5 2 2 ) 4 3 3
5 5 2 0 2 % 3 3
5 5 0 4 4 z 3 3
5 5 0 2 2 i 3 3
5 4 4 5 97541 3 3 1
5 4 4 3 %7531 3 3 :
5 4 4 1 53 3 3 1
5 4 3 0 3 3 3 3
5 4 2 5 75,3 3 3 1
5 4 2 3 531 3 3 i
5 4 1 1 53 3 3 3
5 4 1 2 31 3 H 3
5 4 1 0 1 3 3 3
5 4 0 5 5 3 3 i
5 4 0 3 3 3 3 7
5 4 0 1 1 3 3 i
5 3 4 4 8642 I 3 3
5 3 4 2 4 7 3 3
5 3 4 0 4 % 3 3
5 3 2 4 8,6,4,2 % 3 3
5 3 2 2 42 1 3 3
5 3 2 0 2 4 3 3
5 3 0 4 1 7 3 3
5 3 0 2 2 ] 3 3
5 2 4 s 7,5,3 3 3 4
5 2 4 3 753 3 3 H
5 2 4 1 753 3 3 i
5 2 3 4 753 3 H 3
5 2 3 2 3 3 H 3
5 2 3 0 3 3 2 3
5 2 2 1 3 3 3 1
5 2 1 4 53 3 3 3
5 2 1 2 3. 3 3 3
5 2 0 5 5 3 3 %
5 2 0 3 3 3 3 z
5 1 4 4 6,4 1 3 3
5 1 4 2 6, 4 f - 3 3
5 1 4 0 4 % 3 3
55 1 2 4 6,4 H 3 3
5 1 2 2 4 4 3 3
5 1 0 4 4 % 3 3
5 0 4 5 5 3 3 4
5 0 4 3 5 3 3 7
5 0 4 1 5 3 3 3
5 0 3 2 5 3 H 3
5 0 2 5 5 3 3 3
5 0 2 3 5 3 3 1
5 0 1 4 5 3 E 3
50 0 5 5 3 3 %
analog relation to (46) is in this case
() 2M) (k2 — kg2 — k)
=E-+(#/2M)ks?=—36.8 MeV. (47)
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TaBLE VI. The possible configurations contributing to processes
(c) and (d). The assumptions are the same as in Table V. The
number of nonrepeating states is here only 25 compared to 59 in
the former case. There are 37 states when one includes the states
in different coupling schemes.

Je Is 1 N A kiR/r kR/w KR/x
4 1 4 4 8642 3 3 3
4 4 4 2 42 3 3 3
4 4 4 0 4 3 3 3
4 4 2 4 642 3 3 3
4 4 2 2 4,2 3 3 3
4 4 2 0 2 3 3 3
4 4 0 4 4 3 3 3
4 4 0 2 2 3 3 3
4 2 4 4 6, 4,2 3 3 3
4 2 4 2 642 3 3 3
4 2 4 2 4 3 3 3
4 2 2 4 642 3 3 3
4 2 2 2 1,2 3 3 3
4 2 2 0 2 3 3 3
4 2 0 4 4 3 3 3
4 2 0 2 2 3 3 3
4 0 4 4 4 3 3 3
4 0 4 2 4 3 3 3
4 0 4 0 4 3 3 3
4 0 2 4 4 3 3 3
4 0 2 2 4 3 3 3
4 0 0 4 4 3 3 3
37

Table VI gives a list of the possible states for the pro-
cesses (c) and (d). Under the same assumptions as for
Table V we find about 25 states (without the spin fac-
tors) contributing to (c) and (d) while 59 states con-
tributed to (a) and (b).

The radial integrals for the different configurations of
Table V were calculated by using the asymptotic ex-
pressions for the spherical Bessel functions, except for
the one with the highest / value, which here is /=S.
The latter we approximated by

Jilkr)=ci(kr){1—(r/R)].
The normalization factor is

BT Q3)@H3) (W)
TRyl o ] - @)

(48)

This leads to elementary integrals of the type
[ r* coskyr coskar cosksrdr .

We have calculated all the squares of the matrix ele-
ments of the states listed in Table V and averaged them.
The result is

(| (¥u| V@ | W) | 2)av=(Vo/4rR?)2X 0.085, (50)

where V, is the strength of the é-force potential.

AND W. GREINER

V1. DISCUSSION AND RESULTS
Inserting (50) and (45) in (19) we find

I'=(1/48)(KR/w)’LP(E/E)+Q(E/Ep)*+ -]
X [4l b — 136034220402 — 7727120117
X0.085(Vo/4mR%)?X 2r X 28X (G/AE). (51)

Really I, is a function of E via the relation (23). So
the energy dependence of the width is contained in the
second and third factor. The factor 2% comes from the
spin while a factor 2 from the isospin and a factor § from
parity cancel each other. The factor G takes into account
the other graphs: If we put the contributions of graphs
(a) and (b) equal and those of graphs (c) and (d)
roughly % of the contributions of (a), we have G=8/3.
The reason for putting the contributions of (c) and (d)
to be 1 of the contributions of (a) is the fact that the
number of states contributing to (c) and (d) is roughly
% of the number of states contributing to (a). (See the
preceding section, especially Tables V and VI.) We thus
imply that the average matrix element is the same for
both classes of graphs. If we write for the energy
dependence

I'=ToE° (52)

as we did in an earlier paper,! formula (51) gives us
for the exponent g the value g=1.8 if E varies between
10 and 15 MeV and /,, is assumed to grow from /,=35
to In=6 in this energy region. This is in reasonable
agreement with experimental observation: gexp=2.0.1%

The absolute value of the width depends strongly on
the strength V, of the potential. In different particle-
hole calculations for light nuclei this strength varies
quite a bit,6:17

Vo 45 1
= { ] MeV a=0.54 F-1 for Ca%, (53)
4xR%  19.2) (aR)?
where R~7.2 F for lead. The best value of the potential
lies close to the highest value of (53), i.e., near 9 MeV.
Choosing again f=+%, E/E;~%, we find

0.42
I'= { } MeV
2.25

for the limiting values of V, given in (53). The largest
uncertainty in this result is due to the strength of the
interactions, V), since it enters quadratically. The un-
certainty in the value of the mean-squared matrix
element Eq. (50) is probably not worse than a factor
1.5; a similar uncertainty is probably associated with
the quantities @ and 8, (34) and (36). These uncer-

(54)

U M. Danos and W. Greiner, Phys. Letters 8, 113 (1964).

15 E. Ambler, E. G. Fuller, and H. Marshak, Phys. Rev. 138,
B117 (1965).

16V, Gillet, Nucl. Phys. 51, 410 (1964).

17 1.. G. Weigert and J. M. Eisenberg (to be published).
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tainties, however, enter only the absolute magnitude of
the width.

To summarize, we have shown that the thermaliza-
tion process indeed is sufficient to give the total width
of the giant resonance. The contribution of the direct
emission of fast particles to the width thus can have a
magnitude consistent with the Courant process'! and
no further damping mechanisms are needed. The com-
puted width has a magnitude and energy dependence in
agreement with the experiment.

APPENDIX A

We would like to derive formula (19) by two methods.
First, in this Appendix A, we shall use time-dependent
perturbation theory since this method is simple and
transparent, and all the essential points can be illus-
trated in the derivation. In Appendix B, we shall use a
method which is of lowest order in the electromagnetic
interaction, but is formally exact in the nuclear interac-
tions. This will allow to state precisely the random-
phase assumption discussed in the Introduction, i.e.,
the quality of the approximation implicit in the treat-
ment, and elaborated on below. With this method we
will show that Eq. (19) is more generally valid than its
form implies. We will furthermore show that the photon-
absorption cross section is a superposition of Lorentz
lines rather than Breit-Wigner lines; i.e., the line shape
coincides with the classical line shape.

According to the Introduction, our initial conditions
are a collective state which has been generated as the
result of the absorption of a photon. In order to apply
time-dependent perturbation theory we have to define
the two-particle-two-hole states into which the collec-
tive state decays. Let us denote them by ®,?. They are
themselves broadened by continuum states ¢. We de-
scribe this broadening following the treatment of
Fano.!’® We thus write:

V@ (E) = ao( E)P D+ / dEb(E,EYW(E). (Al)

According to the Introduction the continuum states
are mostly rather complicated states and the matrix
element between the collective state ®® and
vanishes. The diverse normalizations and matrix ele-
ments are

(@W, HPW)=E,, (A2)

(8@ HB,®)=Eodora, (A3)

(8, HBD)=T,, (A4)

(@, Hy)=0, (AS)

(@D, HY(E))=Wo(E), (A6)

(Vo O(E), HY O (E))= Eb o oad(E—E'), (A7)
(Vo @ (E), W@ (E))=burad(E—E'),  (AS)

18 . Fano, Phys. Rev. 124, 1866 (1961).
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and, according to Fano!® there holds

[Wo(E)|?

|aa(E)|2= , (A9)
LE—Ea—Fo(E) P+ | Wa(E)|*
with
| Wa(E)|?
Fa(E)=P/dE’—~—-—~,— . (A10)
We now solve the Schrédinger equation
ho
———V¥=H¥ (A11)
idt

by the ansatz
W= A (1) dWe—itEa/m)t

+Z / QB BoE' 1) ¥o® (E )M, (A12)

with the boundary condition
4(0)=1,

B(E,0)=0, (A13)

which yields in the well-known manner,'? using the rela-
tions (A2)-(A8), the set of differential equations

— (/i) Ba(E)e BN t= g, (E)V e—5(FoIPE, (A14)

Thus, we finally obtain for the probability per unit
time of transitions into any of the states ¥, the
equation

T—d/dElB(E)|2~ZZ7r|V 2| ao(Ey) |2
=7 (B)P=2 ~ o] ?| @a(Eo) |

2 'Ya/27r
=Z;|V¢,|2 (A15)

(Bo—ea)?+va2/4

where we have used (A9) and have introduced obvious
abbreviations. Lastly, we assume that the energies ¢,
are distributed at random with a density p®, and that
the matrix elements | V,|? also form a random distribu-
tion. Then one can remove an average matrix element
(| V|?)av from the sum and replace the summation over
a by an integration over e. This way one obtains

I'=#T=2x(|V|Davp(Eo), (A16)

which is Eq. (19) of the text. This formula is valid as
long as yp>>1 and is then independent of 4. In the pres-
ent case, yp= 50-100, since the damping of two-particle-
two-hole states by three-particle-three-hole states will
be of the same order of magnitude as the damping of
particle-hole states by two-particle-two-hole states.

1. I. Schiff, Quantum Mechanics (McGraw-Hill Book Com-
pany, Inc., New York, 1955), Chap. VIII.
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APPENDIX B

In this Appendix we shall use a stationary-state de-
scription to derive Eq. (19) and to discuss the line shape
of the photon-absorption cross sections. The starting
point is the optical theorem

o= (4r/k) Imf(E,0) (B1)

and the scattering amplitude is, except for constants, a
matrix element of the operator

= — &y D[(E— H+in)"'— (E+H+in)"Jesr D, (B2)
7—0.

Here D is the dipole operator and e» and ¢; are the
polarizations of the outgoing and incoming photon, re-
spectively. For elastic forward scattering, e;=¢s; 7 is an
infinitesimal positive number which determines the
boundary conditions.? If, instead, one puts n=1T/2, one
obtains immediately a Lorentz shape. This procedure is,
however, ad hoc, even though practiced quite widely.
The Lorentz, instead of the Breit-Wigner shape results
from the presence of the second energy denominator
which has its origin in the crossed Feynman diagram in
which a photon is emitted before the incoming photon
has been absorbed.

In order to evaluate the matrix elements we have to
define the nuclear states. For reasons of simplicity we
assume that the collective particle-hole state contains
only bound particle states, i.e., states whose wave func-
tion vanishes as r —co. This assumption may even be
fulfilled in heavy nuclei, the shell separation being of
the order of the binding energy. The direct emission
then results from the Auger effect, a process sometimes
called “autoionization.” As stated in the Introduction
we shall neglect this contribution to the damping. It has
been treated, e.g., by Fano.'®* We are going to utilize
Fano’s formulation in our derivations.

The nuclear wave function is expanded in the com-
plete set of states

UE) =T o Aa®(E) puD-+ g Ap®(E) op+ -

+x / By O (B, ) (E)IE!

% / By ®(B,E W@ (E)E'+- -+, (B3)
8

where the states o™, 5@, -+ denote bound particle-
hole, two-particle-two-hole, etc. states while ¢V(E),
YD(E)--- are similar unbound states. According to
Fano’s prescription one has to begin by diagonalizing
the different categories of states, separately. We thus
have to diagonalize, e.g., the particle-hole states sepa-
rately, which is the usual procedure. Let us call the

2 B. A. Lippmann and J. Schwinger, Phys. Rev. 79, 469 (1950)
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diagonalized states ®,(», They thus fulfill

(B ™, H®,™Y=E,™§4q;

B4
IGICOR: S EF S N (B4)

However,

(B ™) HO,M)=H 0" mW5£0, n's£n  (B5)
but, owing to the two-body character of the forces, only
those off-diagonal elements do not vanish where
w'=ntl.

We now turn to the continuum states. According to
Fano!® they also have to be diagonalized. We call them
¥, (W (E). Further, they are to be normalized as

(W (E),HYy ™ (E))=ESE'—E)3yy,  (B6)

(U O (E'), ¥y (E))=6(E'— E)yyBurn.  (BT)
Again, the elements

Vopy o m (B E)= (¥ " (E"),HE,™(E)) (B8)

in general do not vanish for #’=#--1. Finally, the off-
diagonal elements

W@ (E)= (@00, HY,W(E))  (BY)

also exist. However, they also do not vanish only for
n'=n, n4=1. The energy matrix thus now has the form
shown in Fig. 9.

Fano’s procedure would now require the diagonaliza-
tion of all bound states and all continuum states separ-
ately, and then, at the end, the mixing of the discrete
and the continuum states. However, we shall follow a
slightly different procedure. We begin by mixing the
discrete and the continuum states at the highest », and
write

Xt @(E)=3" 4 G o' (E) Py ™
+ / AE' 32 bary™(E,E) T, (E).  (B10)
v

At this point we want to simplify the treatment some-
what. We invoke the random-phase assumption to
separate the different discrete states. The meaning of it
is the following. The Hamiltonian is diagonal in the
states ®,(™. These states can, however, still mix via the
continuum states ¥, . We are going to neglect this
mixing with the justification that the different continua
will contribute with random matrix elements to the
mixing, thus leading mainly to damping of the states.
Then one can separate (B10) into a set of independent
equations

xa(n)(E) =§a(n) (E)(I:'a(n)

+ [ 5 By (B U, W(EVIE . (B11)
Y
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The appearance of several continua in (B11) leads to
to no complications.!® Explicit expressions for & and b
are given in Fano’s paper. We quote

|2 (B |
[Ua™(E)|?
= | , (B12)
[E—Eo™—Go®(E) J+n2| Ua™(E)| ¢

where

lUa(”)(E)l2=Z-,|Wa-,(”'")(E)|2 (B13)
and

[Ua™(E)|?

Ga<">(E)=P/dE'———————,——— (B14)
The functions X, (E’) then are normalized as

K™ (E) Xa™(E))=8(E—E'), (B15)

i.e., they have the character of continuum states.

We now proceed to the next lower #; let us call it for
the time being »—1. We again write the equation
analogous to (B10). It now has the same form except
that in addition to the continua ¥,D there appear
also the continuum states X,. We again invoke the
random-phase argument to separate the equations, i.e.,

go to the form analogous to (B11). At this time, the
random-phase argument has improved in quality: There
are more continuum states available than in the pre-
vious step. Thus the equations have the form

Xa(n—l)(E)=d’a(n—1)(E)¢a(n—l)
-I-/[Zv5ay("'”(E')‘I’7‘"“”(E’)

+2 ot Caar "V(EN X W (E)]AE'. (B16)
The bar on b and ¢ indicates that the necessary di-
agonalization has been performed so that the off-
diagonal elements (B8) cancel. Then again (B12) holds,
except that (B13) and (B14) have to be augmented with
the contributions from x: In (B12) U and G have to be
replaced by U and G which are given by

| ﬁa(n_D(E) [2=20 4 | W oy L D(E) | 2

_|.Za, | Taa,(n—l,n)(E) I 2 , (317)
- |TaD(E) |2
@ V(E)=P / dE———————— | (B18)
E—F'
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and where
T aer 1 (E) = (oD HX o ®W(E)).  (B19)

These equations now allow a recursion in # down to
n=1. They remain unchanged in form since no matrix
elements exist connecting functions with » differing by
more than one. The random-phase argument improves
the further down one proceeds on the 7 ladder. The
errors resulting from the marginal applicability of the
argument at the highest » at the beginning of the pro-
cedure get attenuated: The contributions of the W-
matrix elements in (B17) tend to overshadow the con-
tributions of the 7-matrix elements. This is a cumula-
tive effect in going through the recurrence procedure.

We now can return to (B2). Only particle-hole states
have finite dipole matrix elements to the ground state.
Therefore (B2) becomes

OLAEOI0)=F [a0]e-Dix0w)

X[ (E—E'+in)+ (E+E'+in)™]
X (X O(E)|e-D]0). (B20)

Since we are interested in the imaginary part of f
we need only the é-function part of the relation
—(E—E'+ip)'=—P(E—E')"+ind(E— E'). Further-
more, we disregard the nonresonating “direct” transi-
sitions involving the “continuum” contributions to
XV, the integral in (B11), as discussed in the Intro-
duction. We thus obtain

Tm0| /(5,0)|0)=5 / dE'| 0] e-D|8,0)]?

Xr[8(E—E)—8(E-+E)][a.(E)|2. (B21)

According to (B12), | @, |2 has superficially the form of
a Breit-Wigner line. However, firstly even (B12) is not
a Breit-Wigner line since both the “position” and the
“width” of the resonance, i.e., E,M+G,M and [U.® |2,
depend on the energy and are not constants as they are
in a Breit-Wigner line. Secondly, and more importantly,
Imf has poles symmetrical to the imaginary axis in
contrast to the Breit-Wigner line: Imf is time-reversal
invariant.

We now make the above statements explicit. To that
end we perform a meromorphic expansion of |, (E) |2,
the only energy-dependent factor left in the integral.
We thus write

Rcmran
|8.M(E) =2

FFL(E).
n (E’_Eom)z'l' Pan2/4

(B22)

We have explicitly taken into account the reality condi-
tion and have assumed that no pole occurs at E=0, i.e.,
we have assumed that the nucleus is part of a neutral
atom so that no Thompson scattering takes place.
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[Naturally, one observes the nuclear Thompson scat-
tering in elastic photon scattering of photons below the
(y,#) threshold since the highest electronic resonance
lines lie at very much lower energies. However, at E=0
no pole occurs.] In (B22) the residua Ra., and the
positions of the poles, specified by Ea, and T'as, are by
definition independent of energy; F.(E) is an entire
function. We now perform the integration over E'.
Since we are doing nonrelativistic quantum mechanics
the energy E’ is restricted to positive values. However,
the photon energy E must have both positive and nega-
tive values because of the reality of the electromagnetic
field. In other words, the photons must be treated rela-
tivistically under any circumstances. After all, emission
and absorption of photons takes place, and they have
rest mass zero. For £>0 only the first ¢ function con-
tributes because of the region of integration, while for
E<0 only the second & function makes a contribution.
Thus, Im f has as a function of E poles which are sym-
metric with respect to the imaginary axis, namely

Im(0| f]0)=22q| (0] - D[ . D) |23V (E) |2
for E>0
=—2a|(0]e:D[BV)|2|@ (- E)|?
for E<O.

Collecting the contribution from the poles when insert-
ing (B22) in (B23), and writing for the ‘“background”
part the entire function B(E), we obtain

ZWRanPanEEun

(B23)

Im(f)=2_ +B(E), (B24)
<f an (EZ_ Ean2)2+ Fan2E2 ;
where
€an®=Ean?+Tan?/4. (B25)

If we consider that the meromorphic expansion (B22)
contains just one pole, i.e., if we assume that one can
replace the matrix elements (B17) and (B18) in (B12)
by constants, we obtain immediately

2RI EE,

I = , B26
m(f) g (e T (B26)

where
Coa=34|Way @V (Ee) |2+ 2| Taa®P(Ea) [2. (B27)

The matrix elements (B17) and (B18) are definitely not
independent of the energy. They may, however, very
well be rather insensitive functions of the energy over
the important, but limited, energy region.

One obtains Eq. (19), Sec. III, immediately from
(B27) by using (B19), inserting the expression (B12)
for @,®(E), and performing an average over the energy
under the assumption T',p>>1, as in Appendix A.

APPENDIX C

We note here the explicit expressions for the coeffici-
ents A, of Eq. (44). The two cases (1) fi>/; and
(2) f1<l; have to be distinguished. The upper value and
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sign in the following formulas corresponds to the first case, the lower value and sign to the second.
A4= % )

Ay= {;’

1

}  (/6) U f)+ (T ik Dl fi 3,

A2=3({Jlj]+1)+2(lf+f1)(21f+2f1—1):Flf:|=f1—%,

1

o (DR HECESIHI(HD

!
+2(—f12—f1+3)({ff}-I-1)—%(f1+lf+1)3+%(f1+lf)(f1+lf+1)+%(:!:lf:Ff1+1)3

—%(izf¢f1+1>2+(1/18><ﬂf¢f1>+<ﬂ=f1—zf—1>(f1— {;’])—H{f ‘}—7/12,

e U B

3D {Jlf } ( {;’ } +1)+(f12— D(fi— 2)( {;’ +1)+(1/24> (1t fork 1= 3+ it 1)°

30U+ )+ 1129 U+ f1)*+3(ELF it D4=30— ) = H(ELF A+ D H5(ELF 1)

S ) O G R G e




