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Spreading width and branching ratios of isolated doorway resonances
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A lower limit for the spreading width of doorway resonances is derived as a function of absorption coefficients
and of the branching ratio of the doorway to channels that are not directly coupled to it. Equations are
obtained that provide a means of experimental determination of the fluctuating part of the cross sections
without measurement of the fine structure.

NUCLEAR REACTIONS Doorway states, fluctuation cross section, spreading
width, and branching ratios discussed.

I. INTRODUCTION

Isobaric analog states (IAS) have become a stand-
ard tool for the study of nuclear structure. Due
to the fact that IAS are doorway states that couple
to the more complicated T, states of the compound
nucleus, cross sections may contain an appreci-
able amount of fluctuation cross section, This
fluctuating part is neglected in nearly all analyses
of experimental data on heavy nuclei. One reason
is that it is difficult to calculate except in simple
cases;, the other is that from theoretical argu-
ments using the Hauser-Feshbach theory one ex-
pects it to be small if the number of open neu-
tron channels is big. [See Eqs. (13.9.12) and
(13.9.14) of Bef. 1.] However the use of the con-
ventional Hauser-Feshbach theory is not exactly
justified and one would like a more direct experi-
mental criterion. The fact that no fine structure
of isobaric analogs (IAB) has been observed for
nuclei above the Mo region' can be due to the ab-
sence of fine structure or insufficient experimen-
tal energy resolution. We want to derive here
some relations that can be used to get an experi-
mental determination of the fluctuating part of
the cross section without measurement of the
fine structure. Of course, the formulas derived
here do not apply only to IAR, but more generally

to doorway resonances. In the following we shall
omit all geometrical factors associated with the
cross section.

II. S MATRIX AND BRANCHING RATIOS

Following Ref. 1 we can write the energy aver-
aged part of the S matrix for a single doorway
resonance

I &/&Z &/2

CC' C CC' g g 1 ~
with

Z' =I' e»ec
C C

(3)I' =I ~++ cos20, I',2

where I'~ is the total width, I" ~ is the spreading
width Ep ls the resonance energy, 8, is the reso-
nance mixing phase, and &, and v, are the optical
model phase shift and absorption coefficient, re-
spectively. One can define I'i =Z, I', . The sum

P
in Eq. (3) is over all channels c~ that are directly
coupled to the doorway (for IAR all proton chan-
nels).

From Eq. (1) it follows

Re(S„)=r,cos25, +( „', , [sin2(&, +8,)(E E„)—-', I'rcos-2(5, +8,)] . (4)

From unitarity it follows for the total reaction cross section in a channel c, emitting an eventual infinite
contribution from elastic Coulomb scattering,

o, „„,=2(1 —ReS„)

and therefore(, )=2(l —R (S )) .

(5a)

(5b)

In the following we will suppose that the energy dependence of 6„8„and v, is slow as compared with the
resonant part of S. Then we can split (o, „«) into an energy independent part and a resonating part:
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c,total& ( c,total&res ( c,total)off

For the resonating part at E =E, we have

(o, „„,&„,~

= 41',cos2(5, + 8,)/I'

The energy averaged cross section (o, , & can be written, using S„=(S„)+Sft,
&...,&= 5.„-&S,,&l" &IS".., '& (8)

CC2( c c c f (E E )2 (tIs )2 ccP (E B )2+ (—"F )2

x(v, [sin28, (E —E,) ——,'I' cos28,]- (E —E,)sin2(8, + 5,}+-,'I'rcos2(8, +5,)] +(~S,", ~'& .

Splitting as before (o„,) into a resonant part (a~.&„, and a background term (o,~&,«one has for E =Ec

(0'„&„,)s. = ', +5„'[cos2(5,+ 8,) —T,cos28, ]+ ()Sf', )'&„,(s.s

We can now define a branching ratio to the channel c~
s

(O ca cc&I as IEastt
Cp (y

I', + 5,„I' [cos2(6,+8,) —2,cos28,]+(I' /41', }((S,', I )„,(
I'rcos2(5, + 8,}

The branching ratio B, can be directly measured
by (p, np) or ('He, dp) reactions. The values of
F, , 1"~, 5, , v, , and 8, canbe obtained from
analysis of (p, p) and (p, p') data. Most convenient
are elastic scattering data, since this channel is
dominated by the interference between the Cou-
lomb amplitude and (S„&, and where thus

~
S,",)

can be neglected in nearly all practical cases.
Then Eq. (10) can be used to determine ( S,t2'&„..
If one uses the resonance integral J (o„&„dE in-
stead of the on-resonance cross section it is easy
to see (see also Ref. 3) that the same relation (10)
for the branching ratio is obtained except that the
term I'r'(, S", , ~'&„,

~ s,/(41', ) mus"; be substituted
by J (~ScIc ~2&„,dE I'z/(2tfl", ). The branching ratio
B~ to channels that are directly coupled to the
doorway (proton channels) is given by B2=Z, B, .
This implies for the branching ratio to neutron
channels that B„=1—B2. If now, (~S,", ~2&„, is
positive, Eq. (10) can be used to obtain some in-
equalities. In Ref. 4 the following approximate
relation is given for the resonating part of the
fluctuating cross sections

X' I"
(~c cfsiree .

(s@ B )2 tls 2
o +& r

where 7 is the mean absorption in the channels
c2. Even if (11) is approximate, it should supply
a good criterion under what conditions (~S,", ~2&„,
is positive. As one sees from Eq. (11) this is
always the case for 7» I"~/I'r. For analog states
one has typically I'~/I'r &0.5. This means the

condition for a positive value of (o,",p„, is 2.) 0.5.
This condition of moderate absorption holds for
most experimental cases. With the assumption
(~Sft, 2&„,»0 one obtains from Eq. (10)

Z, I', + I'r[cos2(5, +8,) —7ccos28, ]
I'r cos2(6c+ 8,)

Equation (12) is the same if resonance integrals
are used instead of the on-resonance cross sec-
tion. With B„=1 82 one g—ets from Eq. (12)

~1'Tc cos28c
I"rcos2(5, +8,)

' (13)

Using Eq. (3}one can write Eq. (13) in another
form

r, cos28, —B„cos2(8,+5 )

xQ r.,( tts"—costa„cosa(a, sa, )
2B„

C ~+~C

+ v', cos28, cos28, . 142

CP

This establishes a lower limit for I'~. We will
discuss Eq. (14) with some simplifying assumptions.
Let's suppose cos28, -1, cos2(8, + 5,)-1, and

7, -~, which is justified when the phase shifts
Cp

are small and the absorption coefficients do not
vary much in the different channels c2. Then (14)
simplifies to
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Nucleus l Reaction
En

(MeV)

"Tc
"Tc
9?T

112In

'"Sb
'"Sb
||SSb
125I

208Bi

2 1.0+0.03
10'

2 0.09 +0.02
0 0.32 + 0.05
0 10'
0 0.31 4 0.05
0 0.38 +0.05
0 0.30 + 0.05
1 1.P4 g0.3 a

1.9+0.2 ~

0.6 —2 "

('He, dp)
(p np)
(p np)
(p, np)
(p np)
(p,
'.

p)
(p. np)
(p np)
(p'.p)
(p, np)
(p np)

0.05'
0.03
0.08
0.40
0.21'
0.38'
0.34'
0.27'
0.61+0.05

-3.42
-0.1

1.7
3.45

-0.73
1.50
2.74
3.48
8.36
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For weak absorption ~-1, an even simpler ex-
pression is obtained

(15)

TABLE I. The nucleus is the compound nucleus of the
IAR. l is the multipolarity of the transition of the proton
to the ground state of the final nucleus. 8& is the branch-
ing ratio to proton channels as determined by (p, np) or
( He, dp). B&& is the ratio+1"&/I"r as determined by
analysis of (p,p') data. E„ is the energy of the IAR above
neutron threshoM.

We note here, that in the Etls. (12)-(16)the
equality is valid when and only when the fluctuat-
ing part of the cross section is zero. Therefore
all these equations can be used to determine
whether or not the fluctuating part of the cross
sections can be neglected. However, Eg. (10)
seems best suited to determine the fluctuating
cross section because the values that enter in .

(10) are more easily. determined experimentally.
If the fluctuating part of the cross section can

be neglected, experimental data can be analyzed
using the S matrix of Etl. (1) only, and the analy-
sis of (p, p') data will give B» =Z, I', /I' = I' /I'
In Etis. (12)-(16) the equality holds in this case,
and for weak absorption and small phase shifts
Eq. (16)gives I' t = B„I'r, or I' t/I'r=B~. Therefore,
for small absorption and small phase shifts, a
necessary condition for neglecting of the fluctuat-
ing part of the cross section is B»=B~. In Table
I some experimental values for B» and B~ are
given. %within experimental errors, the equality
seems to hold, as soon as the IAB is above neu-
tron threshold, with perhaps the exception of' 'Bi, where the difference between B» and B~
is somewhat out of error bars. It would be bet-
ter to use Eq. (14) or Eci. (15) instead of Eq. (16),
because they involve less assumptions [Eq. (15)
gives B~ —(1 —vg =I' t /I'r =B»] but the low experi-
mental precision does not seem to justify the
extra effort implied. Better precision measure-
ments would be necessary.

III. CONCLUSION

For moderate absorption (r ~ I' "/r, ) lower limits
have been derived for the spreading width. Equa-
tions have been obtained that permit the experi-
mental determination of the fluctuating part of
the cross section without measurement of the fine
structure. Available experimental information is
not precise enough to provide a good test of the
etluations derived. Good tluality ('He, dp) and

(p, np) measurements of branching ratios would
be welcome.

Note added in proof. Since completion of the
manuscript, good ('He, dp) data have been pub-
lished by S. Gales et al. Analysis of these data
is ln course.

Bn
1 —B„ (16)
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