PHYSICAL REVIEW C

VOLUME 27, NUMBER 1

Exit doorway states in nuclear reactions

Sadhan K. Adhikari
Departamento de Fisica, Universidade Federal de Pernambuco, 50.000 Recife, PE, Brazil
(Received 29 March 1982)

Compound nuclear processes should in fact exhibit all the resonances of the underlying
compound nucleus. In intermediate resolution experiments where the energy resolution AE
is considerably large compared to the width and spacing of compound nuclear states but
small compared to those of optical model shape resonances, one observes the well-known
intermediate structure. In the case of compound elastic processes a dynamically reasonable
account of intermediate structure resonances was developed by various authors, where one
assumes the existence of a doorway state through which the incident (or the final) state
couples to the compound nuclear states. An energy average of the resultant ampiitude ex-
hibits intermediate structure. In the case of compound inelastic reactions the incident and
the final states are different and the doorway states that relate the final state to the com-
pound nuclear states will in general be different from the doorway states which relate the
incident state to the compound nuclear states. The former doorway states will be referred
to as the exit doorway states and the latter as the entrance doorway states. A dynamical
theory is developed acknowledging the notion of these two kinds of doorway states. The
energy averaged transition amplitude shows two sets of intermediate structure resonances
corresponding to these two kinds of doorway states. It is expected that one of these sets of
resonances will usually dominate a reaction in an energy domain. The present formulation
can possibly explain the different sets of intermediate structure resonances observed in dif-
ferent exit channels of a nuclear reaction, for example, those observed in various exit chan-
nels of the 12C+ %0 system.

NUCLEAR REACTIONS Intermediate structure resonances, entrance
and exit doorway states, inelastic compound nuclear processes.
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I. INTRODUCTION

The resonancelike bumps in the average cross sec-
tion for a nuclear reaction are called intermediate
structure resonances and have been a topic of dis-
cussion in reaction theory for the last two decades.
The appearance of intermediate structure can be ex-
plained by assuming the existence of doorway states
which couple the incident state to the compound
nuclear states of the system.!~’ The hypothesis of
doorway states has been a powerful tool in explain-
ing intermediate structure in compound elastic pro-
cesses. Many authors have discussed the theory of
intermediate structure and doorway states in nu-
clear reactions.! =’

But in compound inelastic processes, experiment
has revealed that in certain systems the intermediate
structure in various exit channels are not consistent
with each other.® This is true, for example, in the
2C 410 system. This work may illuminate the
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understanding of the appearance of intermediate
structure in such cases where various exit channels
exhibit different intermediate structure resonances.
The formation of the compound nucleus explains
sharp peaks in the energy dependence of the cross
section of a nuclear reaction.! Such compound nu-
clear resonances usually have very narrow spacing
and a small width (~T'). On the energy scale "
can be as low as a few keV. The optical potential
on the other hand, deals with average features of
the cross section over an energy interval I'o,~1—2
MeV. In order to observe the compound nuclear
resonances one needs to perform a very high resolu-
tion experiment where energy resolution AE <<T.
In poor resolution experiments where AE is large
one observes only the optical potential peaks. Usual
experiments will have an energy resolution AE
which is intermediate, where o, >>AE >>T'. Such
an experiment will exhibit intermediate structure
resonances with characteristic widths and spacings
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much larger than those of compound nuclear reso-
nances and much smaller than those of optical
model shape resonances.!

Intermediate structure in compound elastic pro-
cesses is explained by the doorway state hypothesis
which assumes that the system has simple modes of
excitation called doorway states which are the only
states having strong coupling with the entrance (or
the exit) channel."> Hence the incident state passes
through the doorway state to the complicated com-
pound nuclear states. The compound nuclear reso-
nances arising from compound nuclear states hav-
ing a strong coupling with the doorway states will
be more strongly excited than those having a weak
coupling with the doorway states. If the compound
nuclear states which couple strongly with a door-
way state are located in a relatively narrow region
one observes a smooth peak whose width 'y will be
intermediate, i.e., [y, >>T'y >>T". Such a resonance
will be called an intermediate structure resonance.
If the energy resolution AE of the experiment is
large compared to the spacing of doorway states one
will have the poor resolution of the optical model.

Now let us consider the compound inelastic pro-
cess where the incident and the final states are dif-
ferent. Then one can generalize the concept of usu-
al doorway states and introduce two types of door-
way states—the entrance and the exit doorway
states. The entrance doorway states are the only
states which are strongly coupled to the entrance
channel. Analogously the exit doorway states are
the only states which are strongly coupled to the
exit channel. In the case of the compound elastic
process these doorway states are the same. Both
doorway states also couple to the complicated com-
pound nuclear states. The entrance and the exit
states, on the other hand, do not couple with the
compound nuclear states. So in the time develop-
ment of the nuclear process the system will pass
through the entrance doorway states before forming
the complicated compound nuclear states. Subse-
quently such compound nuclear states have to pass
through the exit doorway state before decaying to
the exit channel state. In this paper, using the con-
cept of entrance and exit doorway states, we develop
a dynamical formalism in order to explain the inter-
mediate structure resonances observed in various
exit channels of a nuclear reaction.

With this introduction to the entrance and exit
doorway states we now discuss the associated modi-
fication that one would expect in the observed inter-
mediate structure resonances in a compound inelas-
tic process. The compound nuclear states which
strongly couple with an entrance doorway state will

be easily excited. If such states are located in a nar-
row region one again observes the intermediate
structure resonance corresponding to the entrance
doorway state. Similarly an exit doorway state will
also couple strongly with some of the compound
nuclear states. If such states are located in a nar-
row interval of energy, one will again observe an in-
termediate structure that now corresponds to the
exit doorway state. When there are many doorway
states of both types one may observe intermediate
structure resonances corresponding to both types of
doorway states. Of course, both of these types of
intermediate structure resonances may not be simul-
taneously observed in a reaction. Depending on the
nature of couplings of these doorway states with the
compound nuclear states on one hand and with the
entrance and exit channel states on the other hand,
one type of intermediate structure resonance may
dominate over the other type.

The importance of such exit doorway states can
be made more explicit if we look at the reaction in a
time reversed way. As the transition amplitude is
time reversal invariant we can also study the time
reversed process. In a time reversed picture the exit
doorway state becomes the entrance doorway state.
The importance of the entrance doorway state or
the “first collision” in nuclear reaction has been em-
phasized by various workers.” The exit doorway
state corresponds to the “last collision” of the sys-
tem and should be equally important as is obvious
from the time reversed picture. Of course one
should remember that the existence of doorway
states does not necessarily imply the appearance of
intermediate structure resonances. For the inter-
mediate structure resonances to appear, the cou-
pling of the entrance (exit) doorway states with the
entrance (exit) channel should be strong and the
coupling of the doorway states to the compound nu-
clear resonances should not be spread out.

In this work we particularly emphasize the im-
portance of exit doorway states and develop a
dynamical formalism including the effect of such
states. Since the transition matrix is time reversal
invariant, one can easily write a formulation for the
entrance doorway state. The transition matrix for
the compound inelastic process is written as a sum
of three terms. The first one is a nonresonant term
which varies with energy on the same scale as opti-
cal model shape resonances. The second term varies
with energy on the same scale as the doorway states
and is called the doorway state term. The third
term is a rapidly varying term and varies with ener-
gy on the time scale as the compound nuclear reso-
nances. The last term after energy averaging varies
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with energy on the same scale as the doorway states,
and when combined with the second term, will lead
to the intermediate structure resonances of the pro-
cess. In cases of compound inelastic processes we
develop the formalism for the exit doorway state
and using the time reversal invariance one can easi-
ly write the result where the effect of the entrance
doorway state is important. The formalism of the
exit doorway state is particularly important because
it can possibly explain the inconsistency in the ob-
served intermediate structures in the various exit
channels of a nuclear reaction.?

A striking example of this phenomena is the nu-
clear reaction involving >C and 'O in the initial
state, where the observed intermediate structures in
various exit channels are found to be inconsistent
with each other.® We would like to suggest an ex-
planation of this inconsistency in terms of the exit
doorway states. As for various exit channels the
exit doorway states may be different, the observed
intermediate structure can also be different in vari-
ous exit channels. The importance of exit doorway
states in explaining this inconsistency has been sug-
gested in a recent letter.® If on the other hand the
entrance doorway state is the dominant reaction
mechanism, the intermediate structures in various
exit channels are supposed to be the same and this
is true in most of the reactions studied so far.

In this work we shall show how the entrance and
exit doorway states provide two competing mecha-
nisms for the formation of intermediate structure
resonances. We shall be mainly concerned with
compound inelastic processes. Our main
mathematical tool will be the rearrangement
scattering theory and we present a brief summary of
the same in Sec. II, which is appropriate to the
present formulation.” In Sec. III we explain the ap-
pearance of intermediate structure resonances using
the idea of entrance and exit doorway states. Final-
ly in Sec. IV we present a brief discussion.

II. SCATTERING FORMALISM

Let us consider the transition of a system from
an initial state b to a final state a. Both of these
states are assumed to be two-fragment states. The
full Hamiltonian is usually broken into two parts

H=H,+V°=H,+Vb=--- , 2.1

where V¢ and V? are the interactions external to the
channels a and b, respectively. The Hamiltonians
H, and H, contain the full kinetic energy and in-

teractions internal to channels a and b, respectively.
The transition operator T for a transition from
channel b to channel a is defined by'°

T=v*+veGy?®, (2.2)
and can be easily shown to satisfy

T=v*+v°G,T, 2.3)
where G is the full resolvent operator defined by

G=(E+ie—H)™!

and G, is the resolvent operator for channel a de-
fined by

G,=(E+ie—H,)"!

with E the center of mass energy of the system.

Now we introduce the projection operators P,
and Q, such that P, projects onto the open channel
part of the channel a and Q, projects on the
remainder of the space. Thus P, has the following
structure:

P,= [ dB| PP, (@B, (2.4)

where @, is the product of the bound state of the
two fragments comprising the channel a and P is a
plane wave of relative motion between them. The
operator Q, is defined by

Q,=1-P, .

The operators P, and @, are defined similarly for
channel b.

In Eq. (2.3) the intermediate state propagation in-
cludes both P and Q spaces. We can separate the
intermediate propagations in P and Q spaces by
breaking up Eq. (2.3) into the following two sets of
equations

T=M+NPG,T , (2.5)

M=V’+VQG,M , (2.6)
and

N=V°+VQG,N . 2.7)

In Egs. (2.5)—(2.7) and in the following, we
suppress the suffix ¢ on P, and Q, and represent
them simply by P and Q. The suffix b on the pro-
jection operators P, and Q, will, however, be expli-
citly shown. Equations (2.6) and (2.7) have the fol-
lowing formal solutions:

1

M=yvb4yiQ———
E—Hgyy

ov? (2.8)

and
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1

N=V'+V QE_—TIEQV ’ (2.9)
where
Hpo=0,HQ, =QHQ . (2.10)

In Egs. (2.8) and (2.9) and in the following the ener-
gy parameter E of all the resolvent operators is as-
sumed to have an infinitesimally small positive ima-
ginary part.

Next we break up the transition amplitude T into
two parts. One of the parts represents the scatter-
ing by an average field and is expected to vary slow-
ly with energy and the second part varies rapidly
with energy and resonates if the energy is appropri-
ate. From Egs. (2.8) and (2.9) it is obvious that
such resonances appear as E passes through one of
the eigenvalues Eg of Hyg

(Es—Hgg)$s =0 . 2.11)

Before writing a formal solution of Eq. (2.5) we
separate the group of states Eg in the neighborhood
of E, which contribute to rapid fluctuations in E
from the distant states which contribute to smooth
variations in E. Specifically we rewrite Egs. (2.8)
and (2.9) as:

1

M=Vb' Vio——m— b 12
VOV (2.12)
and
, 1
=V% 4+ Vi Q——QV°. .13
N + QE_HQQ o (2.13)

In Eq. (2.12) ¥* includes ¥ and the nonresonant
part of the last term of Eq. (2.8). The second term
on the right hand side of Eq. (2.12) projects onto
the resonant part of M. In Egs. (2.12) and (2.13)
and in the following Q has been redefined so that it
projects onto the group of resonant states around E.
The same comment applies to Eq. (2.13) where V'
contains the nonresonant part of N and the last
term contains the group of resonant states around
E.

Substituting Eqgs. (2.12) and (2.13) in Eq. (2.5)
and inverting the nonresonant part of the kernel
corresponding to the term V* of Eq. (2.13) we get
|

T=(1—-V*PG,)"'PM
+(1—V*PG,)"'PV°Q(E—Hgg)™!
X QV°PG,T . (2.14)

Equation (2.14) has the following formal solution
(see Appendix A for details):

T=(1—V°PG,)"'PV*
+(1—V*PG,)"'PV°Q(E —Hgg — Wpo) ™!
X QV°Pep~ PV
+(1—-V°PG,)~'PVeQ

X(E—Hpp—Wgoo)~'QV?, (2.15)
where

ep=E—Hpp=E—P(H,+V*)P (2.16)
and

Woo =0V Pep'PV°Q=Hgpep~'Hpg .

(2.17)
The channel states ¢, and @, satisfy
(E—H,)$,=0
and (2.18)
(E—Hy)¢p=0.

As P and Q are projection operators for two orthog-
onal spaces and as they commute with the channel
Hamiltonian H,, we have

PQ=QP=0
and

PH,Q=QH,P=0.
Hence,

Hpg=PHQ =PV*Q
and

Hop=QHP=QV°P

and the transition matrix element for transition
from channel b to channel a is given by

($a | T185) =<~ | V¥ [¢s)+ (¢ | Hpg (E—Hgg — W)~ (QV*+Hopep™'V*) |45 ) , (2.19)

where 9~ is the distorted state defined by
()| =(s | 1=V PG,)™!

and satisfies
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(E—Hpp)py =

(2.20)

where Hpp is defined by Eq. (2.16). Equation (2.19) provides the desired separation of the transition matrix
element into its nonresonant and resonant parts. The first term on the right hand side of Eq. (2.19) varies
slowly with energy whereas the last term varies rapidly with energy. In a compound elastic process the exit
channel a is identical to the entrance channel b and in this case Eq. (2.19) reduces to'

(8a | T |65)=C0s7" |V |¢a) + ¥ | Hpo(E —Hog —Wog) ~'Hgp | ;")) , 2.21)
|
where N=V*4+V*Q,(E—H$)~'Q,V*, (2.29)
|¢r§+)> (1+e5 V) |¢a) where
and satisfies =QpHQ, .
(E—Hpp),'=0 (2.22) As in Egs. (2.8) and (2.9) M and N of Egs. (2.28)

Equation (2.21) is the well known separation of the
transition amplitude for the compound elastic pro-
cess into its resonant and nonresonant parts and was
first derived by Feshbach.” Equation (2.19) is the
generalization of Eq. (2.21) for the case of com-
pound inelastic scattering. _

We have derived Eq. (2.19) from Egs. (2.2) and
(2.3) for the transition operator. But we could have
started with the equivalent definition'®

T=V°4+VGV®, (2.23)
for the transition operator which satisfies
T=V°+TG,V*, (2.24)

where G, =(E +ie—H,)~!. We can break up Eq.
(2.24) into the following sets of equations

T=M+TG,P,N , (2.25)
where

M=V*+MG,Q,V"®, (2.26)
and

N=V*+NG,Q,V*. 2.27)

Again Egs. (2.26) and (2.27) have the followmg for-
mal solutions

M=V*+V°QuE—HZ) 0V, (2.28)
|

($a | T |6 =4 | ¥ |95*") + (44 | (V*Qy+ V7 ep, " HiYNE

where Hi%) =P, HQ,, Hf}=Q,HP,,
ep,=E—Hpy =E—Py(H,+V*)P;

and
Woo=0sV Pyep,~'PyV*°Qy =HGpep, ~ Hyj

In Eq. (2.33) ¢4 is the outgoing scattering state of H,

and (2.29) will resonate as E passes through one of
the eigenvalues Es“’ ) of Hé”Q) given by

(Eéb)—H(QbQ) )¢§b)=0 . (2.30)

Again in Egs. (2.28) and (2.29) we separate the
group of states of energy E'® in the neighborhood
of E, which contribute to rapid fluctuations in ener-
gy, from the distant states which contribute to a
smooth variation in energy. Then we rewrite Egs.
(2.28) and (2.29) as

M=V"4+VQuE—H$) 'Q,V* (2.31)

and
N=V"+V*Q(E—H)~'Q,V". (2.32)

In Egs. (2.31) and (2.32) 7* (or 7*) includes V* (or
7% and the nonresonant part of the second term on
the right hand side of Eq. (2.28) [or Eq. (2.29)]. In
Egs. (2.31) and (2.32) and in the following the
operator Q) has been redefined so that it projects
onto the group of resonant states around E. Now
performing exactly the same algebra needed to
derive Eq. (2.19), we can deduce an expression for
the transition matrix element, where the resonant
and the nonresonant terms are separated. Without
repeating essentially the same steps, we can read off
the final expression in this case by using time rever-
sal symmetry of the transition matrix element.
Then we have

—Hyg—We) ' HG | 94T) ,  (233)

(2.34)

(2.35)

52 satisfying
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(b) )¢(+) (2.36)

In Eq. (2.33) the first term on the right hand side is the nonresonant term and varies smoothly with energy,
whereas the last term is the resonant term and varies rapidly with energy. In the case of a compound elastic
process the entrance channel b is identical to the exit channel a and Eq. (2.33) reduces again to Eq. (2.21).

Following Feshbach® we now study how resonances appear in Egs. (2.19) and (2.33). Let us study Eq.
(2.19) first and assume that Hy, has a single eigenvalue Eg near E such that Eq. (2.11) is satisfied. In order to
keep the algebra and the discussion simple we shall not consider the possibility that Hyy has many eigen-
values near E. This later possibility only increases mathematical complication and can be treated as in the
formulation by Feshbach. Then the transition matrix element of Eq. (2.19) can be written as

(B | T |$6)=Ca | V*' | $p)+ (¥ | Hpg | $5)
1
E—Eg—Ag+5iTs

(s | (QV°+Hppep ™' V") | p) , (2.37)

where Ag and —TI'g/2 are the real and the imaginary parts of the diagonal matrix elements of the operator
/4
Q0

(¢s | Woo |¢s>=As—%irs , (2.38)
where 7
As=(¢s IHQP HPQ |¢s) , (2.39)
and
=2m(¢s | Hopd(ep)Hpg | ¢s) , (2.40)

where Z and § represent the principal value and the & function parts of e,~!. We should recall that the
eigenvalue Ey is real and the term Wyg provides a non-negative width I's for the resonance and hence allows
the system to decay from the compound state .

Analogously we could have studied the transition matrix element of Eq. (2.33). Let us assume that H‘Q”Q) has
a single eigenvalue E near E such that H, “’ ) |¢(b) E® | ¢P). Then the transition matrix element of Eq.
(2.33) can be written as

(Ba | T 6)=Cda | V| 5*)) + (B0 | (V°Qp+ V" ep, "' H}{p)
1

(5)y ¢ | HY
X g T I 240
|

where Agb’ and —T'®/2 are matrix elements of the identities but we shall see in the next section that
real and imaginary parts of the operator W(Q'b) de- after introducing the concept of entrance and exit
ﬁned as in Egs. (2.38)—(2.40). Again the term doorway states and after performing the energy
W ) provides a non- negative width T'Y for the res- averaging, Egs. (2.19) and (2.33) or Egs. (2.37) and
onance and hence allows the system to decay. (2.41) will correspond to different intermediate
Both Egs. (2.37) and (2.41) show a typical Breit- structure resonances—one corresponding to en-
Wigner form for the resonance amplitude. In these trance doorway states and the other corresponding
cases the resonance energles are shifted from Ejg to exit doorway states. But depending on the resi-
and ES® by Ag and AL respectlvely The energy due and width of such resonances only one of the
spectrum of Hyy and H, are usually very compli- two sets of intermdiate structure resonances is ex-
cated at moderate excitation energies. The cross pected to dominate a reaction amplitude for a cer-

sections for such processes show a fine structure in tain domain of energy.

a good resolution experiment. As pointed out in the

Introduction the observed intermediate structure IIl. DOORWAY STATES
corresponds to certain energy averaging of the AND INTERMEDIATE RESONANCES
scattering amplitude to be carried out in the next The projection operator P projects onto the exit
section. We recall that Egs. (2.19) and (2.33) are channel part of the nuclear wave function. Now we
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introduce the projection operator corresponding to
the exit doorway state by d. The operator d is con-
sidered to be orthogonal to P and hence it belongs
to Q. The rest of the Q space is denoted by g such
that

and

The projection operators P, d, and g are mutually

orthogonal to each other. Now the essence of theI

doorway state hypothesis is that the more compli-
cated states corresponding to the projection opera-
tor g do not couple directly to the exit channel by
the Hamiltonian, i.e.,

Hpy=0, Hp#0, Hy#0, (3.3)
so that
Hpg=Hpg, Hop=Hgyp . (3.4)

Introducing the concept of exit doorway states to
Eq. (2.19) we have

1

(Ba | T 100) =™ | V¥ | 60) + {0 | Hpa g3 ((d +)V*+Hopep™ 'V} | 45) .
00 dd
(3.5)
Now using the following identities (see Appendix B for details)
1 1
d d=d d 3.6
E—HQQ—de E—Hdd—de—queq_lqu (3.6
and
J 1 = 1
E—'HQQ-de E—Hdd——de——queq‘lqu
X Hye, g, 3.7
where ¢, =E —qHq=E —H_,, and
Waa=Hgapep™'Hpy - (3.8)
Equation (3.5) reduces to
($a | T 650 =Cea™ | V| 65)
- 1 .
+{(57 | H (dV+Hypep'V¥ +Hye,~'qV?) :
Yo | PdE—Hdd—de—queq—lan +Hgpep +Hige,"'qV?) | ¢p)
(3.9
Now using a second identity'
1 1 1 1 1
= + H H :
E—Hy—Wy—Hye, 'Hy E—Hy—Wi E—Hy—Wi “E—Hy—Wy, “E—Hy— Wy
(3.10)
where
1
Wy=Hg43————"""
qq qu_Hdd_de qu ’ (311)
Eq. (3.9) reduces to
(6o | T 165) =<7 | VY [ 6)+Tu+T, , (3.12)
where
Ty =0 | Hpg——— (VP Hypep= V" + Hye,~'qV?) | 6y ) (3.13)
¢ E—Hiy—Wi daa
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and
T,=(¢,” |H L H L
e UM E _Hy—Wa “E—Hy,—W,
Xqu—l—(dVb+HdPep“‘ VY +Hye,~'qV?) [ ¢ ) (3.14)
E—Hy—Wau
|
It should be noted that Eq. (3.12) is an exact identi- Q(E E’)
Ay= dE , 3.16

ty, where T, gives the resonant contribution from e % f l¢“ ) <¢“ | (3.16)

the doorway states and 7, is the resonant contribu-
tion from the compound nuclear processes. Equa-
tion (3.12) reduces to similar amplitudes discussed
by Feshbach, Kerman, and Lemmer! in the case of
compound elastic processes. The doorway state
term T, varies on an energy scale many times that
of the widths of compound nuclear resonances
which appear in T,. The first two terms on the
right hand side of Eq. (3.12) are nonresonant ampli-
tudes on the energy scale of compound nuclear reso-
nances.

As has been explained in the Introduction, the in-
termediate structure will correspond to an energy
averaged transition amplitude. This averaging pro-
cedure has essentially been carried through in many
places! and we quote the essential results here. We
write the g space propagator in T, as

T H w =2y wl s

9 1

(3.15)

where ¢, and ¢ﬁ are the biorthogonal set of eigen-
states of the operator (Hy, + W,,) corresponding to
the complex eigenvalue €,. Following Ref. 1 we de-
fine the energy averaged propagator corresponding
to Eq. (3.15) as

where the weight function p is only appreciably dif-
ferent from zero in a region AE surrounding E and
is normalized to unity over AE. We consider in this
paper the Lorentz weight function defined by

I 1

—, (3.17)
2T (E—E')+ 517

p(E,E')=

with
I~2AE /7. : (3.18)

This function is employed mainly because of its an-
alytic convenience.! If it is used to average a func-
tion F(E) which is regular in the upper half com-
plex E plane and decreases rapidly enough for large
| E |, then the energy averaging of F(E) yields

F(E+il/2) .
Hence the energy average of the operator
(E—Hp— W)™}

is Agy and that of (E —Hy) ™" is (Ag ~ '+ W,,)™!
which has been established in detail by Feshbach,
Kerman, and Lemmer' and by de Toledo Piza and
Kerman.’ Then after energy averaging, the terms
T; and T, of Eq. (3.12) can be combined and we ar-
rive at

]
(Ba | T ) =407 | V"' | )
_ 1 b —1y -1 —1, b
+( 7 | H ~—{dV°+Hypep™ ' Vi +Hyy(Ayy ™'+ W)~ 'qV )
¢a I PdE—Hdd—de—de{ dpep b dg\{lqq qq q }l¢b
(3.19)
where
Waa=Hgy(Agy ™'+ W, )" 'H, (3.20)

The main resonance feature of the amplitude given by Eq. (3.19) is contained in the energy denomlnator
(E —Hyq— Waa— Wa), which is similar to the energy denominator (E —Hgy— W) of T4 of Eq. (3.13).

Eq. (3.19) de is an additional complex interaction for doorway states. It is obvious that de is nonlocal
complex, and energy dependent. The imaginary part of W, provides the doorway state with a decay channel
back to the exit channel in addition to the imaginary part of de which provides the doorway state with a de-
cay channel down into the compound nuclear states.. A particularly simple form for de results if we recall
that
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1 [ 6g) (o, |
_ , (3.21)
E—Hy—Wy ?E_Eq—<¢q|qu|¢q>

where ¢, are eigenfunctions and E, are real eigem)alues of the Hamiltonian Hgy: (E; —H,, )¢, =0. We know
that the effect of energy averaging with Lorentz weight factor (3.17) is to introduce an imaginary term il /2 to
the energy denominator. Hence

lLoremz 1. )
(E—Hpg—Wo) ' — Agg=(E + il —Hpg—W,)~", (3.22)

average

Lorentz 1
(E—Hgg)'——(Agg ™'+ Wy ) T'=(E +5il —Hy)™'. (3.23)

average

Equation (3.19) for the average transition matrix demonstrates thg\t the exit doorway state resonances are
given by the poles of the complex propagator (E —Hy;— W43 —Wy;)~'. The analysis of the resonance
behavior of this averaged transition operator is similar to the analysis of Sec. II after Eq. (2.37) for the actual ¢
matrix. For the sake of simplicity we consider again the case of an isolated exit doorway state 1, satisfying

(Eq—Hyq)pa=0, (3.24)
where E; is a real energy eigenvalue. In this case Eq. (3,19) becomes

(Ba | T 165 =CP | V" |5+ o | Hpg | ¥a)
1

. _ _ ]<¢ledq!¢q>lz
E—E;— (g | Wa | ¥a) % E—Eq+%il

X

, | 6g) (o, | (3.25)
x( V4 Hype,” WY+ 3 Hyy———qV? | | 4) . :
Yal aPep § qu—-Eq+%iI | $5

As in the usual doorway state formulation' let

(Y| Waa | $a) =Ay— 31T} (3.26)
and
(¢q | H )|?

[ Ya | Hag [902]° _ 51 1ipy (327

e E—E,+~il

I} and T} contribute to the width of the exit doorway state. I'j is the width acquired by the doorway state
because of its coupling to the compound nuclear states and I'} is the width acquired because of its coupling to
the exit channel. The width '; and the energy €, of the resonance are

and

Hence if the exit doorway states are important the transition amplitude is expected to exhibit a resonance at
an energy €; of width I'.

We have deduced Eq. (3.25) starting from Eq. (2.19) and stressing the importance of the exit doorway state.
But we could also have started from Eq. (2.33) and stressed the importance of entrance doorway states and de-
duced another set of intermediate structure resonances similar to those of Eq. (3.25). We do this in the follow-
ing. Unless confusion arise we shall suppress the exit channel index a in the following and represent the en-
trance channel explicitly by the index b.

In place of Egs. (3.1) and (3.2) we now have
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Py+dy+g,=1, (3.30)
Op=dp+4s » (3.31)

for the entrance channel. Again the projection operators Py, dj, and g, are mutually orthogonal to each other.
The doorway state hypothesis amounts to

HE#0, HP'+0, but Hyy'=0. (3.32)
Performing the same steps needed to deduce Egs. (3.19) and (3.20), we have
(8a | T 166y =(a | P |957))+ b | (V205 (Ag ™"+ W)~ 'Hog + Ve~ Hpg + V?d )

1
E — W(b) W(b)

v (b) Y ¢(+)> (3.33)

Equation (3.33) is self-explanatory once one recalls the content of Eq. (3.19). All the variables of Eq. (3.33)
can be defined in a straightforward way once one remembers the definition of the variables associated with
Eq. (3.19). The resonance feature of Eq. (3.33) is contained in the energy denominator of this equation. As in
Eq. (3.19) the imaginary part of W, (") will provide the entrance doorway state with a width because of its cou-
pling to the entrance channel, and the imaginary part of de will provide it with a width because of its cou-
pling to the compound nuclear states.

Once again we consider one isolated entrance doorway state 1/;&” ) satisfying
(E® —H®W® =0 , (3.34)
where E” is a real energy eigenvalue. Now introducing the entrance doorway state 1/1 in the formulation

and performmg the energy average as in the case of exit doorway state, we have for the transition matrix ele-
ment

1
E —Eq(b)+ _;_iI(b)
1

(8o | T |96)=Aa | V¥ |057) +( | { Vg5 G+ Ve T HE + vedy ) | 9)

X l <¢<b)|H‘(ig)l¢<b>> E

E _‘Et(lb) (b) | W(b) | 1/)(b)> 2
q

XU | Hap' |95%)
where the index b again explicitly refers to the en-
trance channel. As before let
<¢&b) | Wz(is) l ¢&b)> =A(db)t_%irﬁib“ (3.36)
and

5 L 4
1.,
” E_E‘;b)+7d(b)

()1 L)
=4y _?lrd ’

(3.37)

where T'P* is the width acquired by the entrance
doorway state because of its coupling to the com-
pound nuclear states and P! is the width acquired
by it because of its coupling to the entrance chan-
nel. The energy and the width of the resonance are
given by

(h)=E‘;b)+A&b)t+A(db)l (3.38)

E—E{®+5i®

(3.35)

and
T @ L ppn (3.39)

If the entrance doorway states are important the
transition amphtude is expected to show a reso-
nance at energy € and of width F"’) .

Equations (3.25) and (3.35) are the main equa-
tions of this work. If conditions are favorable these
equations will represent intermediate structure reso-
nances corresponding to exit and entrance doorway
states. In the case of a compound elastic process
both Egs. (3.25) and (3.35) reduce to the usual door-
way state formulation of Ref. 1.

Writing Eqgs. (3.25) and (3.35) formally and ex-
ploiting the exit and entrance doorway states does
not guarantee the intermediate structure resonances.
As is well known we must have certain conditions
for the intermediate resonances to be observed. The
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first condition is that the residues at the poles of the
transition amplitudes given by Egs. (3.25) and (3.35)
be large. In Eq. (3.25) the necessary condition for
this to happen is that the exit doorway state should
have strong coupling with the exit channel, i.e., the
term Hp; is reasonable. The second condition is
that the coupling of the doorway state with the
compound nuclear states not be too spread out. In
Egs. (3.25) and (3.26) it means that '} should be
small. If T’} is large and approaches the spacing
and width of exit doorway states, intermediate
structure in the average cross section will not be ob-
servable. In such cases the doorway state will be
shared among compound states which are too far
away in energy for the doorway state strength to be
gathered up without averaging over many doorway
states. Similarly in Egs. (3.35) in order to observe
intermediate structure resonances we must have a
large residue at the pole of the energy denominator
and a small compound nuclear width rye

If conditions are favorable both sets of intermedi-
ate structure resonances given by Egs. (3.25) and
(3.35) will be observed in a reaction. In the case of
a compound elastic process in channel a the inter-
mediate structure resonances are given by’

<¢aIT[¢a)=<¢£z—)| Va"¢a)

4 (Y| Hpg | 0){a | Hap WLJF))’

E —E;—A}—Ay+5i(Ty+T})
(3.40)

where A}, A}, T}, and T} are defined by Eqgs. (3.26)
and (3.27). Hence the resonance energies and the
widths given by Eq. (3.40) are identical to those
given by Egs. (3.25). But the resonance energies
and widths given by Eq. (3.35) are different and are
identical to those of the usual doorway state reso-
nances for a compound elastic process in channel b.

Now let us consider the physical transition from
channel b to channel a, and as a reference, let us
keep in mind the compound elastic process in chan-
nel b. Now it is obvious that if the entrance door-
way state is the dominant reaction mechanism, both
the compound elastic and inelastic processes will
show an intermediate structure resonance at energy
e and of width T'Y) given by Egs. (3.38) and
(3.39). In the case of the compound elastic process
the exit and the entrance doorway states are the
same. But in the inelastic process from channel b
to channel a the exit doorway states are, in general,
different from the entrance doorway states. If the
exit doorway state is the dominant reaction
mechanism the compound inelastic process will

show an intermediate structure resonance at energy
€4 and of width T'; given by Egs. (3.26) and (3.27).
This resonance will not be observed in the com-
pound elastic process in channel b.

In a compound inelastic process in a certain
domain of energy one of the two sets of intermedi-
ate structure resonances may dominate a reaction.
The present formulation is aimed at explaining re-
actions where the intermediate structure resonances
corresponding to the exit doorway states dominate a
reaction. This may be the explanation for the dif-
ferent sets of intermediate structures observed in

“various exit channels of a nuclear reaction, for ex-

ample, in the system '°0 4 2C.

1IV. DISCUSSION

In this paper we developed a formalism for the
compound inelastic process including the effect of
entrance and exit doorway states. The present for-
malism does not depend on the use of a special
model for a nuclear reaction, for example, a shell
model or an alpha particle model, etc.

The doorway states are not eigenstates of the full
Hamiltonian, but they are eigenstates of parts of the
Hamiltonian. The doorway states are, however,
states of definite angular momentum, parity, etc.
Hence the observed intermediate structure corre-
sponding to a doorway state formalism will have
definite angular momentum, parity, etc. The same
will be true, in particular, for the case of exit door-
way states.

In their discussion of doorway states Feshbach,
Kerman, and Lemmer' also considered the case of
true inelastic reaction. But in such cases they as-
sumed that the exit doorway states are identical to
the entrance doorway states and the observed inter-
mediate structure contains- the intermediate reso-
nances of the entrance channel. In the present for-
malism we include the possibility that the exit door-
way state can be different from the entrance door-
way state. It is not, however, expected that the exit
doorway states will be different for all exit chan-
nels. It is very reasonable to have the same exit
doorway state for more than one exit channel. In
that event the intermediate structure resonances
arising from the exit doorway formalism for these
exit channels are expected to be approximately the
same. The small difference will be due to different
coupling of the exit doorway state with the exit
channel and the compound nuclear states.

We can illustrate this considering the reaction
channels in the system '2C + !°0. Experiments
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show that the intermediate structure resonances for
this system are not consistent with each other for
various exit channels.*!! A rotational bandlike
structure is observed in the elastic scattering of this
system. But the intermediate structure observed in
the reaction '>C(*°0,*Be, , )*°Ne is completely dis-
tinct from the intermediate structure observed in
the elastic channel. For another exit channel, for
example, in the reaction '2C('°0,*He)**Mg, the in-
termediate structure resonances can be different
from both the intermediate structure resonances
mentioned above. It is to explain these discrepan-
cies that we formulate the present hypothesis of exit
doorway states. We hope that the present formal-
ism will be useful in explaining intermediate struc-
ture resonances in various other reactions.

EXIT DOORWAY STATES IN NUCLEAR REACTIONS
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Another example of a recent light ion experimen-
tal work which may illustrate the exit doorway ef-
fects is given in Ref. 12. In this work the authors
measured the decay width of compound nuclear
states to various exit channels and the experimental
results may imply the existence of exit doorway
states. Further experimental works are needed in
order to verify the hypothesis of exit doorway
states.
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couragement. This work was supported in part by
the Conselho Nacional de Pesquisas (CNPq) and the
Financiadora de Estudos e Projetos (FINEP) of
Brasil.

APPENDIX A

In this appendix we present a formal proof of Eq. (2.15) starting from Eq. (2.14). For this purpose we con-
sider the following formal Neumann series solution of Eq. (2.14):

T =(1—VPG,)~'PM+(1— V*PG,)~'PV*Q——

X QV°Pep~'PM +(1—V*¥PG,)"'PV°Q ——I—QV"PeP‘IPV”Q———l—— QV°Pep~'PM
E —Hgyo E—Hgyg
1 1 1
ar -1 a a -1 a a -1 a a
— PV ——FQV°P, PVQ————FQV°P PV°Q——1 |QV°P
+(1—V*PG,) (0] E—HQQQ ep QE—HQQQ ep QE—HQQ Q
Xep 'PM+ -+, (A1)
where
ep=E —Hpp=E —P(H,+V")P . (A2)
Now using the identity
1 1 1 1
O 02=0 + Woo
E—Hgg—Wgo E—Hgy E—Hg E —Hgg
= Woo 1 Woo L ..o, (A3)
E—Hgyy E —Hgp E—Hgg
where
Woo=QV°Pep™'PVQ , (A4)
we can sum up the series (A1) and get
T=(1—V*PG,)"'PM +(1—V*PG, )—‘PV“Q——I——QV"PeP— 'PM . (A5)
E—Hgg—Woo

Now substituting for M in Eq. (A5) from Eq. (2.12) yields
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T=(1—-V*PG,)"'PV* +(1—V¥PG, )—IPV“QEI———QV"PeP‘IPV”'-i-( 1—V*PG,)~"
E—Hog—Wgo
1 1 1
XPV® W, b (A6)
°lE ~Hgo ' E—Hog—Woo % E—Hyg o
or,
. 1
—(1 Ve -1 b —Vep —IP ey - 00000
T=(1-V¥PG,)” PV’ +(1 G,) VQE—HQQ—WQQ
, 1
a —lP b 1— VP —IPVa S S Vb.
XQV®Pep™ PV’ +(1—V¥PG,) QE“‘HQQ_WQQQ (A7)
|
Equation (A7) is the equation we wished to prove. 1 1
e |d—q|—Hgy |g—q |=0 (B6)
APPENDIX B Y o
. . . and
In this appendix we would like to prove Egs. (3.6)
and (3.7). A proof of Eq. (3.6) appears in the Ap-
pendix of Ref. 1. Here we provide a similar proof _ di +e 1 —a. (B7)
of Eq. (3.7). Let us define “ Ve 7|74 eo 774

eq =dE _Hdd — de N (B2)
eq=qE—H,, . (B3)

Then using the definition of d and ¢ spaces and
their associated properties, we have

eQ=e,1 +eq—qu —Hq . (B4)

Now we have

1
Q0 =(egpd) +(egq) q;; ] . (B5)

PR
€9

Now premultiplying and postmultiplying Eq. (BS5)
by operators d and g, we arrive at

Eliminating g(1/eg)q between Egs. (B6) and (B7)
we arrive at

1 1 1 1
—Hy—Hy |d——q |+ey |d——q |=Hy—q
qeq g ‘ eQ eQ 9 eq
(B8)
or,
1 1 1
de—q =d ] deqe—q ,
¢ E—Hyg—Wia—Hig Hea ¢
q
(B9)

which proves Eq. (3.7).
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