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The complex poles and widths of the transition T matrix are determined by the
trajectory equations which consist of a set of first order nonlinear differential equations.
A hierarchy of approximate solutions to the trajectory equations is developed by iterative
methods. The results of this formalism are compared with exact solutions for the case
of some strongly interacting pairs of resonances in two iron isotopes. In the presence of
intermediate structure the average neutron reaction cross section is interpreted in terms
of a resonant strength function which exhibits peaks at neutron energies corresponding to

“doorways” levels.

[ NUCLEAR REACTIONS Complex poles and widths, intermediate structure. ]

1. INTRODUCTION

The study of nuclear structure from neutron
cross section information is performed by suitable
parametrizations of the cross section data interms
of either R-matrix parameters (Wigner and Eisen-
bud’) or the poles and residues of the collision ma-
trix (Kapur and Peierls,”? Humblet and Rosenfeld®).
In the first approach, one goes from the R matrix,
via Wigner’s level matrix, to the calculation of the
collision matrix, and then the cross section. In
the latter formalism the collision matrix itself is
expanded in partial fractions with residues and
poles which are related to the R-matrix parame-
ters.*

The R-matrix parameter set is of a more funda-
mental nature than the collision matrix parame-
ters, because the former set is directly related to
general properties of the nuclear Hamiltonian. In
contrast the Kapur-Peierls and Humblet-Rosenfeld
formalisms lead directly to the cross section ex-
pression, dispensing with the inversion of large
level matrices.?

Clearly there are two ways by which one can pro-
ceed. That is, one can perform the level matrix
inversion by some approximation technique to ar-
rive at the collision matrix, or alternatively one
works out approximate relations between the R-
matrix parameters and the poles and residues of
the collision matrix. In either instance the con-
vergence of the perturbation method depends on the
value of the degree of level interference 6, defined
as the ratio of level coupling to level spacing. For
nuclei in the actinide region, 6y is rarely over 0.1.
In this region the level interference effects are

well described by the addition of a level interfer-
ence correction to the Breit-Wigner resonance
formula.® Application of the Bethe approxima-
tions to the calculation of the neutron 23%¥U

total cross section has been discussed by de Saus-
sure, Olsen, and Perez.” Perturbative calcula-
tions of the collision matrix parameters from the
corresponding set of R-matrix parameters have
been performed by Harris® in the actinide region.

However, recent total neutron cross section
measurements in iron by Pandey et al.,® have
brought up evidence as to the existence of highly
interfering resonances (6~ 1), hence providing
incentive for the development of improved pertur-
bation approaches for the calculation of the colli-
sion matrix parameters.

As will be shown later in this work, the main
idea is to improve the convergence of the pertur-
bation series expansion by starting from a per-
turbed system which already contains the diagonal
elements of the interaction matrix, rather than
from the usual unperturbed configuration. In this
manner the convergence criterion is determined by
the ratio of the off-diagonal interaction matrix ele-
ments to the spacing of the complex poles of the
“diagonal” initial system. One acquires in this
way a damping factor proportional to the difference
of the level widths of the interacting levels. In the
language of the propagator formalism, this is
equivalent to a partial summation of the perturba-
tion series.

We shall also consider the application of the pre-
sent formalism to the study of intermediate struc-
ture phenomena of Robson,'® Weigmann,* Lynn,'?
and Lane’ and derive formulas for average reac-
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tion cross sections especially geared towards the
interpretation of intermediate structure in both the
fission and capture cross sections of the heavy nu-
clides (see Difilippo et al.,'* Perez and de Saus-
sure’s).

Finally a word about nomenclature: in this work
we shall use the concept of the transition T matrix
rather than the collision matrix (U matrix) because
the former matrix is devoid of inconvenient factors
arising from the hard sphere scattering functions.
The complex poles in both matrices are of course
the same, and the widths (or their combinations
thereof to form the U-matrix residues) are easily
related to one another.

II. GENERAL THEORY

In this section we shall use a formalism previ-
ously developed by Perez and de Saussure,'® to ob-
tain expressions for the partial widths and complex
poles of the transition T matrix.

Let {¢,.} be an eigenset of R-matrix states which
satisfy real, momentum independent boundary con-
ditions at the nuclear surface, i.e.,

90)|, = 0o/2)0,000), 1)

where a, is the channel radius and b, the boundary
condition numbers of R-matrix theory.” Interms
of these R-matrix states one defines, in the usual
manner, the reduced level widths, partial widths,
and level shift factors as follows:

Yve = (Ac/acllz)(l)vc(ac) ’ (2)

rw c= ZPcyucyv = (rvcrv ’c)l/z ’ (3)

Aw’c = _(Sc - bc)yvcyv ‘c» (4)

rw’ = Z rvu'c ’ (5)
¢

Aw' = Z Aw ‘c (6)
c

with
A =m2/2M )2, (7

where the channel subindex c¢ includes the pertinent
set of quantum numbers, M, is the channel mass,
P_ the channel penetration factor, and S, the chan-
nel shift factors and where v is the level subindex.

The transition matrix is given in terms of the
complex widths and poles of the collision matrix by
the expansion

ch'=i ZDv-lgvcguc' (8)
14

with
D,=¢,-E, 9)
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€v=E|:“%ir1:7 (10)

where E_ and 3T, are the real and imaginary com-
ponents of the complex poles €,. The complex
widths are given in terms of the R-matrix states
by

8vc= ncZ 'evv'd)v'c(ac) ’ (11)
"
where 3,,, are modal amplitudes, to be computed
later, and
n.=A 2P, /a,)"?. (12)

The modal amplitudes 8,,, and complex poles
satisfy the following set of first-order differential
equations’®:

d

EBw':' Z Wv"v'-IPv'v“ By s (13)
v’
d
=P (14)

where 7 indicates any parameter in the Hamilton-
ian or boundary conditions describing the nuclear
system. We have also defined

valr‘év— €vl (15)
and the matrix P

By= 2. BuwQumBouy (16)

ey

where we have introduced the interaction matrix _Q:

== 3 [ f 000 - 0000000 5:5.)

x¢p'c:(a¢')-;—TVﬁLc"(T)]- (17

The first term in the right-hand side of Eq. (17)
corresponds to the variation in the boundary con-
ditions and the second term describes the effect of
switching on of the interaction channel potential’s
matrix elements. The matrix P itself satisfies

a differential equation,*® i.e.,

d -
E_FP‘,V; = Z anu lpuvqunvl
v
+ Z Wvuv:-IP‘,vnP‘,nv: 5 (18)

v’
which turns out to be very convenient for the cal-
culation of the modal amplitudes B8,, and the com-
plex poles ¢,. In Ref. 16 it was shown that the
complex widths g, also satisfy a set of differential
equations

d -
'a'.,‘,gvc= Z Wv'v 1})w'gu'c' (19)
vl
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Hence the complex widths of the transition matrix
can be obtained, either by solving Eq. (13) for the

modal amplitudes B,,. followed by utilization of Eg.

(11) or by direct solution of the trajectory Egs.
(19).

Let us now examine the physical meaning of the
previous developments. The initial set of R-ma-
trix states satisfies the boundary conditions (1),
whereas the appropriate eigenset for the collision
matrix {¢,.} must satisfy the complex momentum
dependent boundary conditions

"?—révc(r) ¢c= - (B;c/ac)i)uc(a;) ’ (20)

where the eigenfunctions d;u(ac) are related to the
complex widths by the relation

8o =TePrcla,) (21)
and

B,,=-(A2/a)L,, (22)

L =S, +iP,. (23)

The change from the boundary conditions (1) to the
U-matrix boundary conditions (20) is carried out
by the use of the boundary condition function B,(T)
defined as

B (Ty,T,) = [T,(Byc = Boe) + Boo 6+ T26y) (24)

where 6, and 6, are operators such that

[ar P18, 118,0,=0 2v),  (29)

fdr F(#)$,,(r)8y0,(¥)=0 (v=v), (26)

where F(r) is an arbitrary function.
In analogous fashion one introduces the channel
interaction potentials

Vadr, )= [ dr 8,V (1,7, 70, o)

27
with
Ve (r, Ty, T) =T, VO (r)(6,+ T,0,) - (28)
For 7,=0, one identifies 7, with 7 in the trajec-
tory equations where now only the diagonal ele-
ments of the interaction matrix Q will be present

in the equations. The initial condition in this case
will correspond to 7,=7=0, in which case the

function B,(0,0) reduces to B,,, and V=¢0,0,7)=0.

This situation corresponds to a configuration of
uncoupled R-matrix states. Now while one keeps
7,=0, the change of 7, =7 between 0 and unity de-
fines a family of intermediate configurations be-
tween the initial set of uncoupled R-matrix states

and the final configuration of still uncoupled 7-
matrix states (only the diagonal elements of Q are
considered) satisfying the correct boundary con-
ditions (20). In the next step one keeps 7,=1 and
one identifies 7, with 7. In this instance the pa-
rameter 7 turns on the off-diagonal elements. By
the time that 7 reaches unity, one obtains the
final coupled T-matrix states. By means of the
introduction of the two arbitrary parameters 7,
and 7, we have defined two initial value problems
which we shall study now in detail.

Trajectory equations for the diagonal case

In this instance, 7,=0 and 7,=1. Upon taking
derivatives with respect to 7 in Eds. (24) and (28),
one obtains

d

E;BC(T,O)=(31C—BOC)0D 1) (29)
d ¢ o

EV (r,7,0)=V5%(r)0,. (30)

The results (29) and (30) are then introduced in
Eq. (17) for the interaction matrix. After use is
made of Egs. (22) and (23) and the relations (2) up
to (6), one obtains

viz ww=°'(Avv+ V1w)+i/21",,,,, (31)
Q=0 (v#v'). (32)

Equations (31) and (32) determine the interaction
matrix. The initial conditions correspond to un-
coupled R-matrix states. Hence, the complex
widths and poles become real and equal to the
square root of the partial channel widths and the
R-matrix poles, respectively, i.e.,

&2 0)=1,"?, (33)
&P (0)=E,. (34)
14 v

Next from Eqgs. (33) and (11) one concludes that
the initial values of the modal amplitudes 8,,. are

Bl(rf')(o)= va' ’ (35)

which after utilization of Eq. (16) shows that the
initial values for the matrix elements P{P}(0) are

P22(0)= w,,5,,:. (36)

Now inspection of Eq. (18) for the evolution of the
P matrix reveals that for the present diagonal
case, all the successive derivatives of the P ma-
trix vanish; hence, this matrix remains invariant
and equal to its initial value. As for the modal
amplitudes B,,., the lack of level coupling keeps
them invariant and equal to their initial values.

In view of these results for 7, =7=1, the solution
of the “diagonal” problem yields (1,=1,7,=0)
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gpc(l)o):‘_rucl/z b (37)
ﬁuv '(1’ 0) = 5uv‘ ’ (38)

6(1,00=0) = [ a7 P (1) =P(0) - @y
(39)

where in obtaining the result (39) use was made
of the trajectory Eq. (14). Clearly, the results
(37) and (39) reproduce the single-level Breit-
Wigner approximation.

Trajectory equations for the nondiagonal case

In this instance we have 7,=1 and 7,=7. From
Egs. (17), (24), (27), and (28) the interaction ma-
trix is now given by

vi’ =- (Z ¢uc(ac)Blc¢u’c(ac)+ Vvu '> (V¢ V’) ’

(40)

Q,,=0, (41)
with

Vuu = Z Vﬁm (42)

¢ c'

Next after use is made of Egs. (22) and (23) and
the set of results (2) up to (6) one obtains

Q1 ==V, +S,,0 +3il,,. (43)
with
S = SeVuctvre (44)
c

The initial value of the P matrix is obtained from
its definition [Eq. (16)], the values (41) and (43) of
the interaction matrix , and the initial values of
the modal amplitudes given by Eq. (35). One ob-
tains
P,,.00)=9,. (v+v'), (45)
P, (0)=0. (46)

In summary, after identification is made of the

parameter 7, with 7 while keeping 7, =1, one has
to solve the trajectory Eqgs. (14), (18), and (19)
subject to the initial conditions (37), (39), (45),
and (46).

III. APPROXIMATE SOLUTIONS FOR THE TRAJECTORY
EQUATIONS FOR THE COMPLEX WIDTHS AND POLES
OF THE TRANSITION MATRIX

The initial value problem posed in the previous
section can be solved numerically by any of the
various techniques currently available, such as
the Runge-Kutta technique'® and the Lie series
method,'® among others. However, for either low
or even moderately strong level interference, it
is both convenient and instructive to develop ap-
proximate perturbation formulas for the complex
poles and widths of the T matrix.

Starting from Egs. (14), (18), and (19) one ex-
pands the poles and widths in Taylor series around
an arbitrary 7=71,, i.e.,

€v(T) = iv(‘ro) - (T - To)Pw(T o)

-%(T - TO)ZPUP(TO) ’ (47)
gvc(T) =gve(To) + (T - To)guc(‘ro)
+ %(T - To)zé:ac(.ro) ’ (48)

where the Taylor series was truncated at the
second-order terms and where the dot notation in-
dicates the operator d/dr. Also from Eq. (19)

gyc(To) z { v I(T ) gv c(To)Puu (To)
v'#
+ Pw ’ (To)é’v ‘ c(To)]
- Wv ‘ V-Z(TO)PW ‘ (To)gv ’ c(To)euv . (To)}
(49)
with
ew’(To)=Pw(T ) Pu' '(T ) (50)

For the calculation of €,(7,), £,.(T,), and P,,.(7,),
we convert Egs. (14), (18), and (19) into a set of
coupled Volterra equations:

€,(T)=¢,(0) —deT’Pw(T')’ (51)
SZ)— vc(O) dT{ owvt dT'GW (T”) w (T,) v'c(T')} ’ (52)
122500+ 3 [V [0 00] e

Ppir)=E - [ar %[ f @"68,,.(7")] P (r’)ew.(r'>}

"#V v’

T -1 T -1
f ar Pw"(T )Pv”v'(T ){[ ov vt f dT”ew"(T”):] + [WOP"V' +f dT"Gv'u" (T”)] },
0 0 )

(53)
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where
WOV'U=€V'(0) -— €l‘(0) (54)

and where ¢,(0), g,.(0), and P,,.(0) are given by the initial conditions (37), (39), (45), and (46).
The first-order approximation is obtained by setting 7'=0 in the integrands of Egs. (52) and (53). In this
case we have, in view of the initial conditions of the problem,

Pl(lt)'(T)=QVU‘+T Z vi"Qu"v‘(Wov"v-l'l'Wov'u'-l)y (55)
vii, v’

g =T, M2+7Y. Q,.T,. }?W,.,*. (56)
vt

Next, from Eq. (55) for v=v’, one obtains

PR(1)=2T ) Q,,.2W,,., . (57)

vi#v

Finally, introduction of the result (57) into (51) yields
M) =¢,(0) =72 Y W, 0,29, 7. (58)
v

In order to obtain the second-order approximation for the complex widths, one introduces the results (55)
and (56) into the Volterra equation (52). One obtains

T
gl‘,ﬁ’(‘r)=l“,,c”2+ Zf dT’{(vi'rv'cllz'*'T,Av'v+T'ZBv'u)[W(w'v(l+T'2av'u)rl}s (59)

vi# 70

where

- - -1 - -
A=W M0y, 2T, V24 D0 Wopuy 2,0 Q0 a Tyw 24 T2 30 (Woyw, 4 Wiy ™) 0 s

v¥tu,p’ Tk N
(60)
B, =T, 2 3 Qi Qyw Qe Wy MWy, 4 Wy ™)
v #,0’
Y Qe Dy Qg Woumy e MWy, 4 Wy )T, w2
v¥s,p’
+ Qe Dy Qs Woy s ™ (Woy ™ + Wy s )T, 22 (61)
vt v vy
with
au'u=eovv‘/Wov'u9 (62)
Oouw = 3 Woun, Qyu®= D0 Woyuys 2Ry y?. (63)
i S
The final expression for g2’ is obtained from Eq. (59):
Q,, T, L2 1/ A,
2(1)=T, 2+ (—Ur——"” pe —tan™ (7a,.,!?)+5(—2%Lt—)In(1+a,.,7
gl(m( ) ve V'Z#; Qe Wov'v ( Qvrv ) 2 aV'VWOV'V ( Ml )
B,. . - -
+Wu—[au'u IT" av'v B/Zta'n l(au'vllzT)]}‘ (64)
ov'v

For the calculation of the poles one needs to obtain an expression for P{2)(7) to be inserted in Eq. (51) for
the complex poles. We have from Eq. (53) for v=v’

PRm=2 Y [ arwEpE ), (65)

where in the integrand of (53) we introduced the pertinent first-order approximations. Upon integration in
Eq. (65) one obtains
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PR(T)=2 ) {(ﬁ) tan“(a,.yl/z-r)+(

v'#

M
WOv’vav'v

+ p'y [1_ _ av'v.l/ztan.l(av’vllzT)]} ,

where

Z vi' Qv' v Qv" v( Wv()v"u-1 + Wo::"v'-l) ’

vy,

-] -1\2
= D R (W™ 4 Wy ™)

v# vt

D>

v E vt pM E VY

Lu'v

o vQyry

Qw" Qv" v Qv’ [t Qv"' v( Wov" v-l + Wo»“ v -1)( WOv" v-

) In(l1+a,.,7%)

(66)

+ Woymye ™) . (68)

Next insertion of the result (66) into Eq. (51) yields the second-order approximation to the complex poles

N -
6‘('2)(7) = €V(O) -2 Z W()y'll 1{<CYV. 1/ 2) [Tta’n 1(av' vllzT) - %au‘v-’./z ln(l + Olv'u‘rz)]
s v

V#EY

L ’
+=2(7In(1+ a,,,7) - 27+ 20, 2 tan (@, M/ 27)]
vy
Mw’ 12 -1/2
— _[5T% .
N L Ttan"(a,,, 2 *1) + o, In(1 + a,,.,,‘rz)]}. (69)
The calculation of the off-diagonal matrix elements P2 to second order is carried out in similar fashion
to obtain
PENT)=Q,,.[1 -In(1+a,,,7)]-2X,,.[7 - a,, M ?tana,,,1/7)]
+ Z (R oy [0y, 2 Wy, AN @, M 2T) + Gy ™ 2 W tan™ (w2 27)]
veE v’
+%Yu' v[W/Ov"v-lo”v”u-1 ]'n(]' + av + Wou" v’ av" v‘-l 11'1(1 + C"v"u"r 2)]
+ Z0 A (Wop @y )Y T = oz,,.,,,'”z tan™(@,.,'/271)]
+ (Wopo s yor )T = @y ™ 2 tan™ (@, 20 ) (70)
where
Xy =0 O Qs (W, W), (71)
v’ v’
YU =Q,,. Qe Ly (Wogpmyor™ + Wogopg ™) 4 Ry 2 Lo Ry oo Wy, ™ + W™ (72)
vl”*u"'vl ul'*vll'v
Z0= 20 D QR Qo Ry (Wopan,™ + Wopam ™) (W ina™ 4 W) (73)
P £y, ¥ ivv "y
The result (70) gives an expression for P{2) which o= ve | oq (74)
coincides as expected with Eq. (66) for v=v"’, R Wy

Introduction of the results (64), (66), (69), and
(70) evaluated at 7=7, are then inserted in Egs.
(47), (48), and (49) for the calculation of the com-
plex widths and poles. We obtain in this manner
a hierarchy of perturbation formulas for the com-
plex widths g,. and complex poles ¢,,.

The convergence of the present perturbation
method depends on the condition

for the ratio of the off-diagonal elements of the
interaction matrix to the spacing of the poles in
the complex plane.

IV. COMPLEX POLES AND WIDTHS OF THE T MATRIX
IN THE PRESENCE OF INTERMEDIATE STRUCTURE

In this section we shall derive expressions for
the complex widths and poles of the T matrix for
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the special case of two subsets of interacting
states, a case which represents the common fea-
ture of all the intermediate structure phenomena.
In accordance with the current physical interpre-
tation'®?° of the intermediate structure, this ef-
fect appears whenever there are two subsets of
eigenstates which are coupled via a residual
force. In the spirit of this hypothesis, starting
with a v-level set, one considers it being split
into two subsets: (i) the A-level subset which in-
cludes the “normal” compound nucleus levels and
(ii) the p-level subsét which includes those states
characterized by Lane'® as “special” eigenstates.

These special states are endowed with the fol-
lowing properties (Lane!®): (a) Their level widths
T', are larger than the average level width of the
compound nucleus states; (b) the levels in the
u subset are not eigenfunctions of the total nuclear
Hamiltonian but of a slightly different Hamiltonian,
which deviates from the former by a residual in-
teraction, which couples the levels belonging to
different subsets; (c) the “special” levels satisfy
the boundary conditions of R-matrix theory, Eq.
(1).

One faces then a situation in which both the
boundary conditions and the Hamiltonian have
been perturbed. In consequence one can apply the
formalism developed in the previous section.

Under the assumption that both the residual
interaction and the level interference effects are
weak, it suffices to utilize the first-order ex-
pressions (56) and (58) for the complex widths and
poles, respectively. To this end after setting
7=1 in both Egs. (56) and (58), one splits the
summations involved in the above expressions
into the two level subsets to obtain

= ru1/z+ Z Wan™ Qxx'rx'c”z
#EL
+Z Woulqnuxrucllz ’ (75)

nEX

= /2 -1 /
8uc=Tuct %+ Z Wour " Qe Ty M2

wi#Ep

"‘Z Wor ™2, T2, (76)

A

= -1 2
€ =€py — 2 Worra™ Sy
AEL

- 2 Wouh.lﬂulz ’ (77)
u#

€, =€py— Z IVOu'u-l‘Quu'2 - E Wow.ln).uz ’ (78)
u#n M

where from Eq. (39) we made

€Dv=€v(1,0)=€e(o)-wm; (V=X, ﬂ-). (79)

Next we write the complex widths and poles in the
form

&re=8rrct e 5 (80)
i
e,_=E{—-2—I'; (81)

with similar expressions for the widths and poles
of the u-level subset. By separation of real and
imaginary parts in Eq. (76) up to (78) one obtains

Erre=81R2e _;rucl/z [Vur(E, - E)) =T,

X(T, =T Woun| 2, (82)
Enc=8inet %;Fu:’z [Lu(Ey =B =V

X(Fy =TI Woun| 2, (83)

8Ruc=81Ruc ‘Zr)«cl/ ZI[V). u FM(EA - Eu.)
A
=D Wo |2, (84)

&1uc=8ituct %2; T/2 [0 (B, = E,) = Vi
X(Cy=T)]| War |2, (85)

where

Vir=Vau=Vi =S, (86)

g!.RM:= rlcllz - 2 rllcl/ 2 [S)y (El' - El) + %rn,
MEXL
X (I‘l, - rx)” Woxx' ' N ’
(87)
1
Eine= '2’2 rx'cllz [T (Ey - Ey)
A#EL
=S (T = rx)] | Woan l 2, (88)

with similar expressions to Egs. (87) and (88) for
&1ruc @nd g ;.. by just replacing the X subindices
by u subindices. For the poles one obtains

E)t= Eu —Z [IuA(Eu"Eh)"'% Jul (ru - rx)] ‘ Woux‘ - ’
M

(89)
I[=T,+ ;[In(ru -T)) = 2J,,(Ey=E)]| W,,| 2,

(90)
E,=E,, “Z[Ixu(Ex'Eu)*%un(rx =T Wou |2,

(91)

ru’n = qu+z [Iu(l"x - ru) - 2Jhu(El "E“)] I Woru l =,
x

(92)
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where
- rx =Z(rucru)l/2 ’ (93)
3
Iuh.:I)«u:‘;uxz_:lfruxz ’ (94)
JML:JM.)c: Vuxru). k) (95)
lWou).P:(Eu_Ek)z"'%(ru"'PL)Z’ (96)

Ep=Ev+ 80 =Y [ (Ey - E)+3 dp(Ty = T))]

X #EL

X | Wora (97)

’

Tp=Th+ Z [ (Ty = T,) = 245, (B, - Ex)]l Wox’xl N

A#EXL
(98)
with similar expressions for E,, and I';, and
where we defined
Ly =Su®—1T%, (99)
Iae= =S T (100)

Inspection of Eq. (82) up to (92) reveals some
interesting features. For example, let us rewrite
Eq. (82) for the real part of the complex widths,
belonging to the compound nucleus states. We
have (after neglecting level interference effects)

(E ~-E )— T I‘
gR).c—I 1z 2:[ “)‘E E52+ 4ru; ]Iucllz’
(101)

where we neglected I', versus I',. In a similar
manner the imaginary part will be given accord-
ing to Eq. (83) by

T \NE,-E)-V,I Jr, 2
Ene= Z‘[ MX( E x;l)z 11—\:3 uc )L' (102)

Clearly the coupling between the two subset of
levels results from an interplay between “internal
mixing” due to the residual force and the “exter-
nal mixing” which arises from level interference
terms between the two level subsets.!?

The former is proportional to the matrix ele-
ments V,, while the latter depends on the “off-
diagonal” level widths I' , and the factors S, .

The maxima exhibited by the reduced widths at
E,=E, are damped by the quantity (I',/4)? in the
denominator, an effect already discussed by Lane'?
as a reduction in effective mixing power. The
mixing between the two subsets of levels results
[Eq. (76)] in the generation of a partial decay width
for the special levels to channels where I',, was
initially zero.

Within the same approximations used above for
the complex widths, the complex poles can be
written from Eqs. (89) and (90) in the form

E{=E,+4,,, (103)
[/=T,+0,. (104)

These results indicate that the R-matrix poles of
the compound nucleus levels are shifted by a reso-
nant shift factor

A=y - Z[ JEF ;f)zk(f Ex):l . (105)

The level widths in turn acquire an extra term,

= Iulrj-z"] X(Eu—E )
¢‘_;[ (B, —B) *il,? }’ (106)
which will also peak at E, =E,.

The terms proportional to the factor (E,— E,)
introduce an asymmetry in both the resonant shift
factor A,, and level width ¢,. Finally the following
sum rules for the complex poles and widths are
direct results of Eq. (75) up to (78):

ngc+2guc=erc!/2+2ruc”2 ’ (107)
Y T m
;€x+;€u=z:ebx+;€pu . (108)

V. REACTION CROSS SECTION IN THE PRESENCE
OF INTERMEDIATE STRUCTURE

In this section we shall derive expressions for
the reaction cross section in the presence of in-
termediate structure. The reaction cross section
between channels ¢ and ¢’ is given for a particular
spin and parity by

oéJ'.z)=;_zg lT(J'.x)Iz (109)
with
h—zEc 1/2
= 11
() o
where M., E_, and g; are the channel mass energy

and the statistical spin factor, respectively, and
where for clarity sake we shall drop the superin-
dices (J7,1) in the developments that follow. In the
present instance the transition T matrix can be
written from Eq. (8) in the form

, =i <Z g“g“' + Z g—-—"—‘“g °'> . (111)
Introduction of Eq. (111) into Eq. (109) yields,
after some manipulations, the result

_Tgy [Z 3G+ H{' (E{ - E)
(E{ - EP+3(T})7

LG“’F'*—H”'(E .—E)
2VYu [ [ [
D i ]

The symmetric and asymmetric parts of the U-

(112)
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matrix residues R,,R, are represented by G,, (Gu)
and H,,(H,), respectively.* They are given in the
present formulation by the expressions

R{® =H{*' - iG5*’
=2 Z g).cg)w'g{'cg{'c'/(e;r' - 61)
Al
+2ngchc'g:cg:c'/(€:—€x), (113)
°
RS = HE - iGS®
=2 Z gucguc'g:'cg:'c'/(et’ - €u)
ul

+2) . 8ucBucrll 8t /(€F =€) (114)
A

It is apparent from Eq. (112) that the reaction
cross section splits into two components arising
from contributions by the compound levels and by
the special states. The line shapes are asymmet-
ric by virtue of the terms in Hy®" and HS®'. Also
the coupling between the two subsets of levels in-
troduces resonant terms in the residues R, and R
as expressed by Egs. (113) and (114). We shall
now look in more detail into the structure of the
complex residues R, and R, .

For this purpose, we again neglect level inter-
ference terms within each subset of levels and as-
sume I',,'/2=0, i.e., only exit channel doorways
are considered. Then from the general Egs. (75)
and (76) one obtains

3

&e=T."2%, (115)

Gro =Thaer' /24 Y Wo,,72Q,,T, 02 (116)
1

Z Wors 2, T /2 (117)

Guer =T yert’ Z o 2 /2 (118)

Further, we assume g, . to be negligible and obtain
after introduction of the above equations into the
relations (113) and (114) for the residues the result

, T
Gy = I‘l'c {rlc' -2 Z (rhc'ruc") L2
X [‘-/u. MEu=E))+ H‘ T J(Wou)®
+y (Wou )T, (7,2 + 4T, 2 } (119)
I3
He' =0, (120)
RS =0, (121)

where we used the expressions (43) and (86).

In view of these results and Egs. (103), (104),
and (112) one obtains for the cross section the re-
sult

r, L.

m
Ocet =2 81 2 I EF 4 TTDE 58

Hence, neglecting level interference effects
within each subset of levels, the cross section
given by Eq. (122) exhibits the customary Breit-
Wigner line shape with total level widths I' and
effective R-matrix poles E{ given by Eqgs. (104)
and (103) respectively. The effective partial level
width I‘{c is given from Egs. (119) and (112) by

rhc' =T+ <Dx> O, cr (123)
with
Oror= 3 | Wour| ™, o Ty - 2[E,, (B, - E))
13
+ Yua,c'ru]})
(124)

where (D,) is the average level spacing of the com-
pound nucleus levels and we define the following
parameters:

the spreading level width
= (V,,2+4T,,9/4D,) (125)

the internal mixing partial width

Vur
Eu,).,c= (rxc uc)1/2 <<D‘;> >, (126)
the external mixing partial width
Yu,k,c ( xc uc)llz(r 1/<D )) (127)

The results (123) and (124) indicate that there is an
asymmetry in the magnitude of the effective level
partial widths which is introduced by the location
of the compound nucleus level relative to the en-
ergy eigenvalue of the unperturbed special level
E,. The sign of the asymmetric contribution de-
pends on the combination of signs attached to
I,.*/?and T',..'/2, as well as on the sign of the
factor (E, - E,). The combination of damping and
asymmetry effects could drastically reduce the
size of some of the compound nucleus resonances
interacting with a given “special” level. This ef-
fect could in principle provide an explanation for
the observation'* that some of the subthreshold fis-
sion resonances in the (**¥U +#) compound nucleus,
clustering around 721 eV (which are of the correct
spin and parity to interact with the 721 eV class II
level) exhibit vanishingly small fission widths. We
consider next the case in which the compound nu-
cleus resonances are no longer resolved. In this
instance the information available is the average
cross section defined as
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~

- 87 Daelaee
<E1/20 )= 1/2 24 [de , ]
e 24 BT E Z L E R IO,
(128)
(ar.)

10=7{51 (129)

where the energy interval 4,, given by
8,=N(Dy), (130)

is chosen such that it comprises a large number
N, of compound nucleus levels, but is smaller than
the broad cross section features due to intermedi-
ate structure effects (i.e., A,<I)). The result of
the integration in Eq. (128) with the assumption
that (E]-E)/T'}]>1, when evaluated at the limits
of integration, yields

1/2 =Y _p-1/2 rxcfx ’
E o) =p5E <_r_f_> (131)
k4
with
0,=2mg gy (132)

In order to recast the result (131) in terms of the
averages of the parameters within the bracket in
the right-hand side of (131) we introduce the statis-
tical fluctuation factor (see for example Schmidt?).
One obtains, after use is made of Eqs. (123) and
(104) and of the fact that in the unresolved region
the high density compound levels allow us to re-
place E, by the neutron energy E, the result

(¢
(El/zo'cc:> ='_°-E-l/2

Dy
x [(ch) «rxc'>R1+<Dx><9u'>Rz)jl
(T +{d

(133)
with

(Broe) = Z ‘Wou l -z[ruch' -K,.(E, -E)],

(134)

<¢\) = Z I WOM I -2[<Iu).>ru - 2(Ju).)(Eu —E] 9
* (135)
| W, |2=(E, -EY+iT,2, (136)
Uu-c' =(—r1}2ruc‘ - 2<ruhc'> (eV), (137)
Kuc’ = 2(&;1):') (ev) ’ (138)
L=V -KTuD (eV)?, (139)
(T =V 0Ty (eV). (140)

The statistical fluctuation factors, R, and R,, are
given by

(T +{dn)
R,= dT,dT',,.dT,d
1 <rm><rhc.)f A Ac A (pl
| Y
X[(I'Z;—_',:;;S]Pl(r)tu rxo' ’ r)u ¢x) ’
(141)
ST +(ey T8
Ry J mneiman(p)
XPZ(FM’ okc’rud)x)' (142)

Although the probability distributions P, and P,
are not known, one can arrive at an estimation of
the statistical fluctuation factors by Monte Carlo
techniques via the generation of ladders of reso-
nances.

Upon introduction of the strength functions

Soc= rlc/(DO ’ (143)
Soer=Tags /XDy - (144)

The average cross section in Eq. (133) can be
written in the form

1/2 —_ =1/2 (r ’)
(B %, 3= 0, E [ﬁ]s“w), (145)

where we introduced the generalized strength func-
tion

Seed E) = Soe M. (E) (146)
and where the modulation factor M_.(E) is given by

M,.(E)=M,,.(E)/M,E) (147)
with

ME)=R, + Ry(6,)/Soer s (148)

ME =1+ (p,)/(T,). (149)

The result (145) shows that in the presence of in-
termediate structure one can interpret the aver-
age cross section in terms of a “resonant”
strength function S, .(E), showing local enhance-
ments of the cross section at bombarding energies
in the vicinity of the resonance energy of the un-
perturbed “special” states. The fit of the experi-
mental data to Eq. (145) will yield the parameters
E,, T,, Uy, Koo, (I,), and (J,,,), for each
“special” state. The last four parameters are
related to the internal mixing parameters V,,
and the external mixing parameters S,, and T,
by the relations (137) up to (140). It is to be no-
ticed that the asymmetric terms in the average
cross section are controlled by the factors K.,
and (J,,) which depend in turn on cross terms be-
tween internal and external mixing.

The relations (137) up to (140) between the “ob-
servable” parameters U, ., K,.., (I,,), and {J,,,)
and the nuclear parameters of interest can be
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simplified in extreme cases: (i) For pure internal
mixing, {(J,,) vanishes and one obtains

(V)= L), (150)
U ’
Fuc'=ru<'<7‘::'>'><D1>’ (151)

<f’“>=i% m%ﬂ"—f)—l,z)w,&. (152)

(ii) For pure external mixing one obtains the fol-
lowing relations:

(I)==5(T0%, (153)
= =Sl » (154)
Uper = [£(0,,2 = 2T ,(Dype T o)/ D1/¢Dyy,  (155)
K, o= =2, M AT 2(S,,)/D,). (156)

The result (153) shows that for the pure external
mixing case (I,,) should be negative. (iii) For the
case in which the decay of the special level takes
place mostly to a single channel ¢’ one can write
r,=TI,., and the following relations are then de-
rived in the presence of both internal and external
mixing:

Kyoo= 22(Ty, M 5T, %;‘)Z ) (157)
OAVE <f,ulrux) ’ (158)
Uyer= D) (V0 +3(T 02

F 2D, N M AT, M2 (159)

VI. DISCUSSION AND SOME APPLICATIONS
OF THE PRESENT FORMALISM

In order to evaluate the formalism developed in
this work for the complex widths and poles of the
transition matrix we shall compare the results
from the present formalism with exact calcula-
tions for the simple example of two interacting
resonances. Comparison will also be made be-
tween the total neutron cross section computed
from the T-matrix widths and poles, both exact
and approximate, with the calculation of total
cross sections by the Bethe approximation.® The
purpose of this comparative study based on cross
section calculations is twofold: First, one de-
sires to know how well approximate values of the
complex poles and residues will do in predicting
cross sections, and second, one likes to find out
the range of applicability of the Bethe formula-
tion which is a widely utilized approximation in
many cross section calculations.”

The total neutron cross section is given by

Or=g k" gJRe[(l - Urm)] ’ (160)

where U, is the collision matrix, which is re-

lated to the T matrix by
Up=e?°(1+T,), (161)

where for s-wave neutrons the hard sphere scat-
tering factor U, is

¢o=2ka, (162)
with
1/2
k= (%”-;E) (163)

and, a,, the channel radius. In turn the transi-
tion matrix element T,, is given from Eq. (8) by

2
B (164)

Tn=1 €,-E

Introduction of Egs. (164) and (161) into (160)
yields

Or=0p+ O'oTZ[ W,,| (3T, G} +(E, - E)H]] (165)
v

with
op=2¢.E"'g,sin’e, , (166)
Gy =a,cos(2¢,)+B,sin(2¢,) , (167)
HJ =B,cos(29,) - a,sin(2¢,) , (168)
| W, [2= (B, - E)*+1(T})?, (169)

and where the real and imaginary parts of the T-
matrix residues have been defined as

a,=Re(&,,,)=&ur,n> ~8ur,n’ > (170)
By=Im(g,,) =285, n8v1,n- (171)

Exact expressions for the residues «,,3, and the
complex poles ¢,=E/, —3T, have been derived by
Garrison?® for the two level case.

The total cross sections in the Bethe approxima-
tion is written in the form?

TABLE 1. Parameters of the various sets of two inter-
acting resonances examined in the present study.

Ey E, Tin® Ty
No. (kev) (keV) (keV) (keV) 6z° Remarks
317.0 331.2 8.8 0.32 0.11 Spe
356.9 362.0 1.8 3.35 0.48 b

246.8 258.0 19.7 3.36 0.59 Hpe
356.9 362.0 3.6 6.7  0.92 S6pe
326.0 332.0 20.0 24.0 3.46 e

o W

2Neutron capture is negligible.

®The neutron widths in this case are one half of the
neutron widths in case 4.

¢See Eq. (179) in text.
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TABLE II. Comparison between the exact and perturbation calculations for the complex poles of two interacting nu-

clear resonances.

Ej Ey Iy I
No. TO T1 TE TO T1 TE T0 T1 TE T0 T1 TE
1 317.05 317.04 317.04 331.15 331.16 331.16 8.83 8.83 8.83 0.28 0.29 0.29
2 357.2 357.2 357.2 361.71 361.71  361.70 1.71 1.71 1.70 3.41 3.42 3.43
3 248.25 247.73 247.69 256.55  257.07 257.11 21.82 21.15 21.26 1.17 1.84 1.73
4 358.07 358.03 358.07 360.83 360.87 360.83 2.90 2.77 2.31 7.35 7.48 7.94
5 te 328.73  328.73 o 329.27  329.27 0.83 0.83 42.96 42.96

0r=0p+g,E"g;[Acos(2¢,) - Bsin(2¢,)]

+ @ Eg, 9 3T,GS® (B, - EYHP]| W, |2,
14

(172)
where
| Wy, [2= (E, - E)*+3T,2, (173)
A=3) | W,|7r,T,, (174)
v
B=Y)|W,,|"T,(E,-E), (175)
v
G£B)= LZ Pyye -Zr‘u" rv'n(rv+ Fu') ’ (176)
vy’
H®=3"p,,." T, T, (E, - E,), (177)
vy’
with
Py, 2=(E, =E,.)2+%(T,+T,.)2. (178)

Inspection of Eq. (172) reveals that the Bethe ap-
proximation consists of the addition of a level in-
terference term [the third term in the right-hand
side of Eq. (172)] to the usual single level Breit-
Wigner approximation.

For the purpose of the present comparison we
have chosen five pairs of resonance parameters
taken from the total iron cross section measure-
ments of Pandey et al.® The details are given in
Table I where the various sets have been arranged
from low to high level interference. The degree of
level interference is determined by the parameter

0p=Ty,/[(E, = E,)? +3(Ty, - T,)? ]2, (179)
Table II shows the results obtained for the complex

poles, and Table I contains the results for the
real part A, and imaginary part =, of the squared
neutron complex widths, g,,2. In both tables, the
columns labeled “T'0” exhibit the results obtained
from the usual first-order perturbation theory of
Adler and Adler.* The columns labeled “T1” and
“TE” correspond to the present perturbation meth-
od and the exact results, respectively.

Case 1 is an example of relatively low level in-
terference. There is in this instance agreement
between the two perturbation formalisms and the
exact results. The total cross section for this
case is shown in Fig. 1. The Bethe approximation
underestimates the broad peak and overestimates
the narrow peak.

The examples corresponding to case 2 and case
3 in Table I represent situations of relatively high
level interference. The first-order approximation
begins to fail, and there are small deviations be-
tween the exact values for the “residues” A, and
Z, and the results of the present perturbation ap-
proach. Nevertheless, the total cross section is
still quite well represented, Figs. 2 and 3, by our
perturbation method.

For case 4 the interference parameter is close
to unity and the perturbation approach (T'1) reaches
its limit of validity. The residues still have the
correct sign but exhibit substantial deviations from
the exact calculation. One still has a reasonable
description of the cross section, Fig. 4.

For the final example, case 5, the level inter-
ference parameter is larger than unity. In this
instance the perturbation formalisms do not apply
anymore. The results shown in the columns la-

TABLE III. Comparison between the exact and perturbation calculations for the squared neutron complex widths

& of two interacting nuclear resonances.

Ay Ay o Eo
No. T0 T1 TE T0 T1 TE T0 T1 TE T0 T1 TE
1 15.63 15.77 15.77 0.50 0.42 0.42 0.34 0.29 0.29 -0.34 -0.29 -0.29
2 2.69 2.52 2.45 5.39 6.07 6.13 1.96 1.98 2.07 -1.96 -1.98 -2.07
3 38.80 46.67 46.72 1.50 -0.36 —0.45 11.64 4.22 3.79 ~11.64 —4.26 -3.79
4 3.46 -0.033 -1.68 9.75 16.80 18.85 7.86 6.94 5.46 -7.86 -7.45 -5.46
5 ce ~1.44 -1.51 A 78.10 78.19 cee 0.033 0.076 -0.20 -0.076
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| £4=347.0 kev T, =8.8 kev
| £,=331.2 kev T,5=0.32 keV

10+ E
3 B b
g
Y
5 -
° N W S T T S Y N T T O T O T T T
300 305 310 345 320 325 330 335 340

ENERGY (keV)

FIG. 1. The total cross section for two interacting
resonances. The degree of interference is §5=0.11
(continuous line), exact treatment; (+), present pertur-
bation theory; (--°), Bethe approximation.

beled “T'1” were obtained by a first-order Runge-
Kutta solution of the differential Eqs. (14), (19),
and (18). The agreement in regard to the complex
poles is good. The small discrepancies observed
in the residues are due to lack of convergence in
the computational procedure. The results con-
cerning the total cross section calculation are

shown in Fig. 5. Notice the appearance of Lynn’s®

20 R . T T T T T T T T T T T T T T
I £,=356.9 T =18 kev i
L £,=362.0 Tp=3.35keV ]
L i
15 :
E [ -
yor 7
‘é. L : E B
L
5 -
o 1 1 1 1 1 1 . 1 1 1 1 1 1 1 1 1
350 355 360 365

ENERGY (keV)

FIG. 2. The total cross section for two interacting
resonances. The degree of interference is 5=0.48
(continuous line), exact treatment; @), present pertur-
bation theory; (-++), Bethe approximation.

30 TTrTT rT‘lllIY‘l]|lI|llITf] lllllllll TTTrT

[ £,=2468 T, =197 ]

[" £,5258.0 TI,,=3.36 ]

20 | —
s [ ]
~ r 7]
o ]
6 1
mE —
I S PR PR BT T S0 PR ST

230 235 240 245 250 255 260 265 270

ENERGY (keV)

FIG. 3. The total cross section for two interacting
resonances. The degree of interference is §,=0.59
(continuous line), exact treatment; (+), present pertur-
bation theory; (---), Bethe approximation.

“quasiresonance” effects due to the high level of
interference between the two resonances.

One concludes from the previous results that the
present perturbation formalism is applicable with
reasonably good accuracy up to values of 0.9 for
the degree of level interference. First-order per-
turbation theory and the Bethe approximation are
applicable for 6, <0.1.

‘5 T T T T T T T T T T T T T T [ T T T T
£,=356.9 (keV) Ty =3.6 (kev) )
- £2=362.0 (keV) T,p=6.7 (keV) 1
10 — -
z I _
|
g ]
r -
u b
I 7
QL -
350 370

ENERGY (keV)

FIG. 4. The total cross section for two interacting
resonances. The degree of interference is §,=0.92
(continuous line), exact treatment; ), present pertur-
bation theory; (---), Bethe approximation.
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£,=326.0 keV T, =200 keV

25 | £,=332.0 kev T,,=24.0 keV

20

or (£) (b)
llllllllllIllllllllllllllllll

TTrrryrrrryrrrrprrrrprr T

320 325 330 335 340
ENERGY (keV)

FIG. 5. The total cross section for two interacting
resonances. The degree of interference is 6= 3.46
(continuous line), exact treatment; (), present theory;
(*+*), Bethe approximation.

VII. CONCLUSIONS,

On the basis of a previously developed formal-
ism for the transition T matrix, one has con-
structed a perturbation approach for the calcula-
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tion of the complex poles and widths of the T ma-
trix, which takes into account both changes in the
Hamiltonian of the system as well as in the bound-
ary conditions. The new approach applies to cases
of high level interference and correctly predicts
the total cross section for pairs of highly coupled
resonances.

The present formalism has also been applied to
the study of intermediate structure phenomena.
Lane’s!s line strength reduction effect, due to the
finite lifetime of the “special” states, is automat-
ically incorporated in the present theory as a
damping factor. The expressions obtained for the
complex widths and residues explicitly contain the
contributions of “external” and “internal” mixing
effects.

The results obtained for the partial level widths
in the presence of intermediate structure show
asymmetric effects depending on the location of
the compound nucleus resonance relative to the
position of the “special” levels and sign combina-
tions of the R-matrix partial level widths, I,/
It is suggested that the asymmetry effect coupled
to statistical level width fluctuations may account
for a substantial decrease in the strength of the
fission doorway states.!t

It has also been shown that the average cross
section in the unresolved energy region can be
written in terms of a generalized strength function
which exhibits resonant behavior at the poles of
the “special” levels.

*Research sponsored by the Department of Energy under
contract with Union Carbide Corporation.
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