
STUDY OF C'' STATES USING THE B''(He', d)C" REACTION

*Work supported in part by the U. S. Atomic Energy
Commis ion.

)Present address: Gulf General Atomic, San Diego,
California.

R. K. Sheline and K. Wildermuth, Nucl. Phys. 21,
196 (1960).

K. Wildermuth and W. McClure, in Springe~ 'Exacts in
Modem Physics, Exgebnisse de~ exakten Naturzeissen-
schaften, edited by G. Hohler (Springer-Verlag, Berlin,
Germany, 1966), Vol. 41.

H. Morinaga, Phys. Letters ~21 78 (1966).
V. R. Johnson, Phys. Rev. ~86 302 (1952).

5C. P. Browne, W. E. Dorenbusch, and J. R. Erskine,
Phys. Rev. 125, 992 (1962).

6F. Ajzenberg-Selove and T. Lauritsen, Nucl. Phys.
A114, 1 (1968).

YS. Hinds and R. Middleton, Proc. Phys. Soc. (London)
78 81 (1961).

V. Gillet and N. Vinh Mau, Nucl. Phys. 54, 321 (1964).
~W. Feldman, M. Suffert, and S. S. Hanna, BuO. Am.

Phys. Soc. 13, 882 (1968).
OJ. C. Hiebert, E. Newman, and R. H. Bassel, Phys.

Rev. 154, 898 (1967).
~'R. H. Bassel, Phys. Rev. 149, 791 (1966).

PHYSICA L RE VIEW C VOLUME 8, NUMBER 2 FEBRUARY 1971

Isomer Ratio for (b, xn, yp, y) Reactions

G. Liggett and D. Sperber*
Rensselaex Polytechnic Institute, Fvoy, Net York 1218l

(Received 6 July 1970)

A method for the calculation of isomer ratios in reactions in which the compound nucleus
decays by the emission of a few particles followed by p emission is presented. It is shown
that the calculated value of the isomer ratio is sensitive to the spin cutoff parameter, the
amount of quadrupole admixture in the p-ray cascade, and the presence of discrete levels.
In most cases good agreement between experimentally measured and calculated values of iso-
mer ratios is obtained.

I, INTRODUCTION

In this paper a new method for the calculation of
isomer ratios for reactions in which a compound
nucleus decays emitting several particles and y
rays is presented. The method allows for more
accurate evaluation of isomer ratios and a more
meaningful interpretation of these ratios.

Huizenga and Vandenbosch" were the first to
realize that the isomer ratio depends not only on
the properties of the initial state, the ground state,
and isomeric state, but also on the properties of
the intermediate states. Consequently they sug-
gested a method for the calculation of isomer ra-
tios. To simplify the computation, Huizenga and
Vandenbosch" suggested an approximate method
for the calculation of isomer ratios. The Huizenga-
Vandenbosch approximation is based on the follow-
ing assumptions: (i) The isomeric and ground
state are populated only in the last state of the @-
ray cascade. (ii) In this final step, transitions
with smaller spin change predominate. (iii) The
number of y rays in the cascade is introduced as a
free parameter. (iv) In the y-ray cascade only di-

pole radiation is considered except in the final
transition. (v) The energy dependence of the densi-
ty of levels is neglected. (vi) The effects of all dis-
crete states, except the isomeric and ground state,
are not considered. (vii) For each step in the
evaporation, only the dominant decay is considered
and competing decays are neglected. Yet despite
its limitations the Huizenga-Vandenbosch method
serves as a very good approximation.

Recently studies of isomer ratios were re-
ported' ' which exclude some of the limitations im-
posed by the Huizenga-Vandenboseh" approxima-
tion. In particular, one of the present authors' de-
veloped a method for the evaluation of isomer ra-
tios for (n, y) reactions which eliminates most of
these assumptions. This method was successfully
applied' to the analysis of isomer ratios in such
reactions. The method discussed in this paper is
a generalization of the previous work. ' The pres-
ent method avoids all the limitations implied by
the Huizenga-Vandenbosch" approximation and is
applicable to the most complex reactions. First,
the cross section for the formation of the com-
pound nucleus as a function of spin and energy is
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calculated. Second, the cross section for the for-
mation of the isomeric and ground state are evalu-
Rted. All possible decRy routes which link the
states of the originally formed compound nucleus
with the isomeric or ground state are included.
All decay rates are calculated as rigorously and
as accurately as present information about nuclear
structure allows.

II. THEORY

In this section the theory for calculating isomer
ratios is outlined. It has been shown, in a previ-
ous paper, that isomer ratios for 'tlM (n, y') reac-
tion depend on a function closely related to the
function representing the population of states. Al-
so, it has been showns that for (o., xn) reactions
all observable quantities can be evaluated from the
knowledge of functions closely related to the popu-
lation of states after the emission of a specified
number of neutrons. In a similar way it can be

seen that the isomer ratios for complex reactions
can be determined from the knowledge of a func-
tion closely related to the population of states of
all intermediate nuclei leading to the isomeric and
ground state. The present method is general Rnd

allows all possible decays. However, since for
the reactions under consideration, neutron, pro-
ton RIld p decRy Rre the doDllnRQt decays other
decays such as n decay are neglected. In the pres-
ent study, only neutron decay, proton decay, and

y decay are considered. Let)I(A, Z, E, j„f)be the
population of states of a nucleus with A nucleons,
Z protons at an excitation E with a spin 4 at time
f after the formation of the compound nucleus. Let
the original compound nucleus have Ao nucleons
and Zo protons and let x be the maximum allowed
number of neutrons in the cascade and y the maxi-
mum allowed number of protons in this cascade;
then the function q(A, Z, E, j; t) satisfies the follow-
ing integrodiff erential equation:

' ' }=(I-O )(I-V )[g (A+1 Z E' j'f)S"(E' j'E j)dE
gt

gfq (A ( Z ( Z' C" t)Z'(Z C' Z C)CZ )

(I f)A —,, A)(I —()s, s))I(A, Z, E,j; f)Q j[S"(E, j;E', j')+S~(E,j;E'„j')]dE'
()

+ g 7i(A, Z, E', j'; t)S&(E', j'; E, j)dE' -g(A, Z, E, j; f)g S&(E,j;E', j'}dE&
gl J.l

All integrals in Eq. (1) a,re finite, the limits of in-
tegration depend on the various binding energies
for simplicity; the limits are not written explicit-
ly. In Eq. (1) S"(E, j;E' j'} S~(E j E' j'), and
S&(E,j;E', j') are the neutron decay rate, the pro-
ton decay rate, and the y-ray decay rates, respec-
tively. The function X(A, Z, E, j), closely related
to the occupation of levels 7i(A, Z, E, j; f}, is de-
fined by

z(A, z, zc) =f q (A, z, ,zc) t)I'(A, z, z, c)ch,

In Eq. (2), I"(A, Z, E, j) is the total width of a nu-
cleus with A nucleons, Z protons characterized by
an energy E and a spin j. Integrating Eq. (1) over
time, one obtains integral equations for the func-
tions X(A, Z, E, j). Similar equations were de-
rived for more special cases where y emission
only is allowed' or where y and neutron emission
only are allowed. ' There is a basic difference be-
tween the two previous cases and the present case,
For the two previous cases, after integration over
time, uncoupled integral equations were obtained.

It can be seen by inspection that integration of Eq.
(1) over time yields coupled integral equations.
The solution of such coupled integral equations re-
quires more sophisticated methods than the meth-
ods which were used for the solution of the uncou-
pled equations. Numerical methods for the solu-
tion of these equations were developed.

Following the Dletllod suggested pl ev1ously fox'

the calculation of isomer ratios in (n, y} reactions,
the isomer ratio is written as the ratio between
two functions P(Eoc jo) and P(Ecosoc jrso) represent
ing the probability of populating the ground state
and the isomeric state, respectively. However,
under the present circumstances the express1ons
for these functions take more complicated forms.
These functions include terms which are due to
contributions in which neutrons, protons, and y
rays are emitted in different order. Some of the
terms contribute little to the evaluation of the fuIIc-
tions P(Eo, jo) and P(E, so, j,so). To indicate the
structure of these terms the leading term,
P(xn; yf); y, Eo, j~), for a reaction in which pre-
doDllnently neutron 6Dllsslon 18 followed by proton
emission which in turn is followed by y emission,
is written explicitly as
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P(x, ;xXE XE xd)x= g J X(A, Z„'E, „d, ,) n E" (EZ, „„E„,„d„,,)dE, ,)
3!-1

&& g S (E„„J„„E„,+„J,,+,)dE„, S~(E„,J„;Eo, Jo)dE„
s=p

(3)

In Eq. (3), E~, and J~, refer to the energy and
spin of a nucleus after the emission of p neutrons
and q neutrons.

At this point it is appropriate to briefly discuss
the forms for the decay rates appearing as ker-
nels in Eq. (I) and the population of state in the
original compound nucleus at t = 0. Both quantities,
of physical significance, are required for the solu-
tion of the above integral equation and the deter-
mination of the isomer ratio.

First, an expression is obtained for the nucleon
decay rate or probability of nucleon emission per
unit energy per unit time. This nucleon decay
rate is evaluated by breaking it into a sum of
terms, ' each term S"(E,J;E ', J'; l, j) (here the
superscript n stands for a nucleon and may be ei-
ther a proton or a neutron) corresponding to the
emission of a nucleon with a specified orbital angu-
lar momentum / and total angular momentum j:

J+J' j+I
S"(E,J;E', J') = g Q S"(E, J;E',J';l j) .

~=I J-J'l ~-~-k

(4)

The expression for S"(E, J;E', J'; l, j) is obtained
by applying the reciprocity theorem for nuclear
reactions. In the present treatment, the reciproc-
ity theorem is applied to each channel with speci-
fied l and j, so that each S"(E,J;E', J'; l, j) is treat-
ed individually instead of applying the theorem to
S" (E,J; E', J') as a whole; this is in the spirit of
the reciprocity theorem. This approach yields

E' J'ES"(E J E'J'I )=
8hR g

2 /3 I + /

state with an energy E and spin J by the absorp-
tion of a projectile of an energy E -E', orbital
angular momentum l, and total angular momen-
tum j. This cross section for the inverse process
is written as

o(E —E ', l,j;E', J', E, J) = (2j + 1))tX T„(E—E ') .

In Eq. (7) the transmission coefficients T„(E E'). -
calculated using an optical potential depend on the
nucleon energy (E E'), the-orbital momentum l,
and the total angular momentum j.

The y decay rates are written as a sum of two
terms: the first corresponds to electric transi-
tion, the second corresponds to magnetic transi-
tions. Each of these two terms is written as a
sum of terms corresponding to a radiation of a
specified multipolarity l. Thus for electric transi-
tions one obtainsa

J+J'
S'(Ex J) E'x J') = g SJ(E,J) E', J') l). (S)

Here
(l+I) E-E "+'

Sdz(Ex J) E'x J') l) =
[l(2l + 1)!!] hc

p(E'x J')

~g!(JZVS!q„' „,!Jl!f )!' .
MM'

As stated previously the integral equations can
be solved only when the population of states for
the original compound nucleus is known. This pop-
ulation for a specified energy E' and spin J' is pro-
portional to the cross section o(e; E, J;E„J,) of
forming a nucleus with an energy Ep and spin J, by
bombarding a target with an energy E and spin J
by particles of energy e. This cross section is

a (e = Eo —E; E, J; Eo, JE)

In Eq. (5), E is the nuclear radius and the critical
angular momentum lo is

lo=RO[2m(E —E')]'d /f)

In Eq. (6), p(E, J) represents the nuclear density
of levels. Also, in the same equation cr(E E', l,j;—
E', J'; E,J) is the inverse cross section for ex-
citing a nucleus at an energy E' and spin J' to a

JO+J j+ I

Z (2j+I)T„(.).
(10)p

So far, the population to the ground state and
the isomeric state by states in the continuum have
been considered. However, both states are also
populated by discrete higher states, these latter
states themselves are fed by states in the continu-
um or by other discrete states. These discrete
states have spins which are closer either to the



450 G. LIGGETT AND D. SPERBER

spin of the ground state or to the spin of the iso-
meric state and therefore decay to one of these
states. Consequently, these states affect the iso-
mer ratio. Ponitz' showed that tbe discrete levels
can not be neglected in evaluating the isomer ratio
for (n, y) reactions. Watson and Medicus~ showed
that these levels affect the isomer ratio for (y, 2n)
reactions. For more complex reactions, as the
one considered in the present paper, the discrete
levels which affect tbe isomer ratio most signifi-
cantly a,re the discrete levels in the final nucleus
following the emission of x neutrons and y protons.
Therefore, only these discrete levels are included
in the present treatment. This inclusion of the dis-
crete levels requires the knowledge of the decay
rate from the states in the continuum to the dis-
crete levels and the knowledge of the decay rates
between the discrete levels themselves. For y de-
cay rates between states in the continuum and dis-
crete states the form suggested by Eqs. (8) and
(9) is used except that the density of final states
is eliminated. In particular the partial width for
a decay from a state in the continuum at an ener-
gy E to a discrete state at an energy F' is given
by

I(I + 1) E Er 21+1
S~(E, J E', 4, I) —

P(2I I) ( )P

The dipole transitions have been calculated assum-
ing a single-particle transition The s. trength of
the quadrupole transition appears as an adjustable
parameter. Experimentally determined values
are used for decay rates between discrete levels.

III. ISOMER-RATIO CALCULATIONS

Before applying the theory to the evaluation of
isomer ratios it is worthwhile to discuss the pa-
rameters which enter the theory and how they are
obtained.

The calculated values of the isomer ratios de-
pend on a number of parameters. It seems natu-
ral that one would like to adopt as many parame-
ters as possible from other sources to reduce the
number of adjustable parameters. Neutron trans-
mission coefficients are calculated as suggested
by Auerbach and Percy" or Mani, Melkanoff, and
Iori. " Proton transmission coefficients are calcu-
lated as suggested by Mani, Melkanoff, and Iori."
e transmission coefficients are obtained from the
work of Huizenga and Iso." Values of binding en-
ergies are taken from the work of Everling et al."

The density of levels p(E, J) appears in the ex
pression for decay rates in the present study.

The following form is used for this density of
levels" ":

p(E, Z) = p(E)(2J+ I)e "' "'" (12)

5.5-

0
I-
IL'

2.5
K
UJ

0
CA

quadrupole radiation

1.5-

I I

6
SPIN CUTOFF PARAMETER

FIG. 1. The isomer ratio for the reaction
Seg, 2n) 'Se as a function of 0.

The energy-dependent part of the density of levels
and the parameters appearing in this part of the
density of levels is obtained from ihe work of
Gilbert and Cameron. "

The two parameters varied in the present calcu-
lation are the spin cutoff parameter 0 and the a-
mount of quadrupole admixture, It is impossible
to gain confidence in the extracted values of these
two parameters by comparing measured and calcu-
lated values of isomer ratios unless one knows the
sensitivity of the calculated values to these param-
eters. The effect of the variation of the spin cut-
off parameter g and amount of quadrupole admix-
ture are studied for the reaction"" 8'Se(n, 2n)"Se
for 14-MeV incidence neutrons. Figure 1 shows
the variation of the isomer ratio as a function of
the spin cutoff parameter o. In Fig. 1 there are
two curves, one for dipole radiation, the other for
quadrupole radiation.

In many calculations of isomer ratios the effect
of all discrete levels except the isomeric and
ground state are neglected. One expects that
other discrete levels affect the isomer ratio. The
effect of the presence of discrete levels on the iso-
mer ratio is demonstrated by studying the reac-
tion" '"In(n, 2n)'"'In. The nucleus" '"In has three
known discrete levels: an isomeric state of spin
4, a ground state of spin 1, and another excited
state with spin 7 decaying to the isomeric state.
The isomer ratio is calculated in two different
ways; one in which the discrete level is consid-
ered and another in which only the isomeric and
ground state are considered. A comparison be-
tween these calculations is shown in Fig. 2. From
Fig. 2 one can see that the isomer ratio is very
sensitive to the presence of the state with spin 7.
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Most reactions discussed in this paper were al-
so studied using the Huizenga-Vandenbosch (HV)"
method. Before analyzing isomer ratios using the
present more rigorous method one would like to
convince oneself of the need of such a more accu-
rate theory. For this purpose results of a calcula-
tion based on the two different models are pre-
sented in Table I. These results indicate the re-
quirement for a more rigorous calculation.

IV. COMPARISON BETWEEN THEORY
AND EXPERIMENT

Calculated values of isomer ratios are com-
pared with experimentally measured values of
these ratios. Isomer ratios were compared for a
14-MeV-neutron-induced reaction and for a
charged-particle -induced reaction with variable
energy. In the calculated values of isomer ratios
two parameters are varied: (a) the spin cutoff
parameter o and (b) the percentage of quadrupole
radiation.

Isomer ratios were calculated for over 20 reac-
tions induced by 14-MeV neutrons. For all but
three reactions good agreement between theory
and experiment is obtained. The uncertainty in

l4—

K
LLj

0
V)

the measured value of the isomer ratio allows for
the existence of a range of spin cutoff parameters
and a range of quadrupole admixture which yields
agreement between theory and experiment. It
should be noted that in some previous papers
claims have been made to determine the spin cut-
off parameter exactly by fitting isomer ratios.
These claims, however, are based on the assump-
tion that one disregards the uncertainty in the
measured values of the isomer ratio and neglects
quadrupole radiation. In the present paper the op-
posite point of view is adopted; both the uncertain-
ty in the measured value of the isomer ratio and
quadrupole admixture are included. This, how-
ever, does not allow an exact determination of the
spin cutoff parameters or of the amount of quadru-
pole admixture. Only ranges for the values for
both parameters can be obtained for which agree-
ment between theory and experiment exists.

The present analysis shows that the calculated
values of isomer ratios can, to a good approxima-
tion, be divided into two groups. The first group
consists of the isomer ratios which are less sensi-
tive to the amount of quadrupole admixture. The
second group contains the isomer ratios which are
more sensitive to the amount of quadrupole ad-
mixture. To demonstrate this division into dis-
tinct groups, extreme cases of the two groups are
considered. An example of the first group is the
reaction" ""Zr(n, 2n)"Zr. The experimental val-
ue of the isomer ratio is" between 0.24 and 0.36.
This experimental result can be fitted with a value
of o such that 3.7&o &4.6 independent of quadru-
pole admixture. Therefore, for this group of
cases a more accurately measured value of the
isomer ratio holds the promise for an accurate de-
termination of the spin cutoff parameter regard-
less of the amount of quadrupole admixture. For
the residual nucleus "Zr the discrete levels have
been determined. " The levels at 1.11 and 1.64
MeV have the biggest influence on the calculated
isomer ratio. An example of the second group is
the reaction" ""'In(n, 2n)'"In. For this reaction
the experimentally measured value for the isomer
ratio is between 3.8 and 5.8. This isomer ratio
can be fitted by 4.2 &0 & 5.4 for pure dipole radia-

TABLE I. Comparison of theoretical isomer ratios.

Sr(n, 2n) Sr
a HV ~ paper b

Ag{g, 2g) 6Ag

paper b

I

4
I

6

SPIN CUT OFF PARAMETER

3.0 0.50
4.0 0.28
5.0 0.20

0.31
0.25
0.17

3.0 1.25
4.0 3.3
5.0 3.8

0.80
0.95
1.35

FIG. 2. The isomer ratio for the reaction
3In(n, 2n) In as a function of 0.

~See Ref. 24.
Present calculation.
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TABLE II. Values of spin cutoff parameters as de-
termined from isomer ratios in {n,2n) reactions.

Reaction

Experimental
value of isomer

ratio
Spin cutoff
parameter

~ Se{n,2n)'3Se
"Zr(n, 2n) "Zr
~~Mo{n, 2n)~~Mo

In{n, 2n) In
~~~In{n, 2n) ~~4ln

~"Sb{n,2n)"OSb

0.22 + 0.08 ~

0.30 + 0.06
0 27~0 08c
5.0 + 1.0
4.8 ~1.0'
0.6 + 0.1

3.0+ 0.3
4.2 + 0.6
8.8~ 0.6
4.5+ 0.8
3.8+ 0.4
5.8 + 0.7

'See Ref. 21.
"See Refs. 24, 25, and 26.
'See Refs. 24, 27, and 28.
See Refs. 23 and 28.
See Refs. 27 and 28.
M. Borman, F. I'reyer, V. Seebeck, and %. Voigts,

Z. Naturforsh. 21, 988 {1966).

tion and 3.4&a &4.2 for pure quadrupole radiation.
Therefore, for this reaction an exact experimental
measurement of the isomer ratio is not sufficient
for determination of the spin cutoff parameter.
For this type of reaction the spin cutoff parameter
can be determined only if the amount of quadru-
pole admixture is known exactly or vice versa pro-
vided that the isomer ratio is measured as accu-
rately as possible, However, despite the above
limitations all the spin cutoff parameters fall well
within the expected range. This is best demon-
strated in Table II. The residual nucleus "I has
a discrete level above the isomeric state. " This
level with a spin of 8 affects the isomer ratio very
considerably. The ground state has a spin of 1,
the isomeric state a spin of 5.

In Table II the values of spin cutoff parameters
are listed as extracted from the analysis of isomer

ratios. Cases have been chosen for which the mea-
sured value of the isomer ratio is relatively well
known within a narrow limit. It is obvious that the
narrower the limits of the experimental value of
the isomer ratio the greater the possibility of an
accurate determination of the spin cutoff parameter.

There are a number of charged-particle reac-
tions for which the isomer ratio has been mea-
sured for a wide range of energy. A comparison
between experimental and theoretical results for
these reactions is a better test for the theory than

(n, 2n) reactions since, when the isomer ratio is
measured as a function of energy, there are more
experimental values to compare with theory.

For three reactions which lead to the nucleus
"Co the isomer ratio has been measured" ""Co-
(n, 2n)"Co, 58Ni(n, P)58Co, and "Mn(n, n)"Co A.
comparison of the analysis of such reactions is
especially meaningful, since for all reactions the
isomeric state and ground state are the same.
Furthermore, the amount of quadrupole admixture
in the final residual nucleus is the same for all
cases. Therefore, a comparison between the analy-
sis of isomer ratios for such reactions is a more
severe test for the consistency of the theory. Best
agreement between theory and experiment is ob-
tained with o = 3 and 45% quadrupole admixture. A

comparison between theory and experiment is
shown in Figs. 3 and 4. Very little is known about
the discrete levels other than the isomeric and

ground state in "Co so that in this reaction the dis-
crete levels are not considered. For the reaction
"Co(n, 2n)"Co a comparison between theory and

experiment is difficult, since the experimental
data show basically no systematics. For the (o., n)

1.2-

0
I-
+0.8K

" () ()

()() ~$) ()

K
LL)

0
(f)

I I I I

l5 25
ALPHA PARTICLE ENERGY (MeV)

I

35

I I I

8 12
NEUTRON ENERGY ( MeV )

I

I6

FIG. 3. The isomer ratio for the reaction Ni(n, p) Co
as a function of the energy of the incident neutron. The
isomer ratio was calculated for the parameters 0 =3 with
45% quadrupole radiation. The vertical lines are the ex-
perimental results of Decowski et al. (see Ref. 32).

FIG. 4. The isomer ratio for the reaction 55Mn(n, n)-
Co as a function of the energy of the incident u particle.

The isomer ratio was calculated for the parameters 0.=3
with 45% quadrupole radiation. The experimental re-
sults of Iwata (see Ref. 35), ~T; Wing and Haskin (see
Ref. 41), $; Matsuo et al . (see Ref. 34), g; and Keedy
et al. (see Ref. 36), +; are shown.
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2.0- 10-

0
I-

l.2-

0

K

0.4-

I

22
PROTON

I i I

26 50
ENERGY (MeV)

I I

54
4+

l4
I

I8
I

22
I

26

ALPHA PARTICLE ENERGY t Me V)

FIG. 5. The isomer ratio for the reaction Sr(p, 2n)-
Y as a function of the energy of the incident proton.

The isomer ratio was calculated for the parameters a =5
with 26% quadrupole radiation. The vertical lines are
the experimental results of Sachdev (see Bef. 39).

reaction good agreement is obtained for low-ener-
gy a particles; however, the agreement gets
worse for a particles incident with energies about
25 MeV. Direct reactions may be responsible for
the continued rise in the measured isomer ratio. ""

For two reactions "Y is the residual nucleus.
Isomer ratios have been measured" for "Sr(p, 2n)-
"Yand" e5Rb(o, 2n)"Y. Best results for analyz-
ing the isomer ratio for the (p, 2n) reaction are ob-
tained for o =2 and 26/q quadrupole radiation. A

comparison between theory and experiment for
this reaction is seen in Fig. 5. These parameters
are used to calculate the isomer ratio for the
(o, 2n) reaction. Again very little is known about
other discrete levels other than the isomeric and
ground state. Therefore, the effect of the other
discrete levels on the isomer ratio is neglected.
For this case the theoretical results fall between
the experimental results obtained by different
groups as can be seen in Fig. 6.

V. DISCUSSION

The present study shows that a meaningful analy-
sis for the interpretation of isomer ratios requires
rigorous tools, such as developed in this paper.

FIG. 6. The isomer ratio for the reaction ~Bb{u,2n)-
Y as a function of the energy of the incident n particle.

The isomer ratio was calculated for the parameters o =5
with 26% quadrupole radiation. The experimental results
of Iwata (see Ref. 35), +; and Vandenbosch, Haskin, and
Norman (see Ref. 40), $ i are shown.

It is shown that isomer ratios are very sensitive
to the presence of discrete levels, so these levels
have to be included in the evaluation of isomer
ratios.

Exact determination of the spin cutoff parame-
ters from isomer ratios in (n, 2n) reactions is not
possible, mainly because of the large uncertainty
in the measured values of the isomer ratios. In

many cases even exact knowledge of the isomer
ratio is not sufficient to determine the cutoff pa-
rameter. For these latter cases the isomer ratio
is very sensitive to the amount of quadrupole ad-
mixture. For a reaction for which the isomer
ratio is known over a wide range of incident parti-
cle energy both the amount of quadrupole admix-
ture and the spin cutoff parameter a can be better
determined.

The spin cutoff parameters o determined by the
present analysis of isomer ratios is consistent
with a rigid-body moment of inertia for the nucle-
us. It is premature to draw a conclusion about de-
tailed structure of highly excited states from the
amount of quadrupole admixture. A similar con-
clusion was drawn from the analysis of isomer
ratios in (n, y) reactions. '

*Work supported by the United States Atomic Energy
Commission.
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Multiple-Scattering Calculation of ir-Nucleus Scattering near the 3-3 Resonance
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The m-nucleus interaction near the w-nucleon 3-3 resonance 4{1236)is examined by use of
multiple-scattering theory. x-nucleus total cross sections are calculated and are found to be
in agreement with experimental data. Multiple-scattering effects are found to be important
for this agreement.

I. INTRODUCTION

The m-nucleus interaction at low and intermedi-
ate energies (the pion lab energy T„say, less
than 500 MeV) has very different features from
the nucleon-nucleus interaction in the same ener-
gy domain. First, because of the m-nucleon 3-3
resonance 6(1236) at T, = 195 MeV, ' the p-wave
contribution is dominant over the energy range
and is appreciable even near the elastic threshold.
Second, because of pion absorption by constituent
nucleons of the nucleus and because of the three
different charge states of the pion, various inelas-
tic channels are open even at the elastic threshold,

and yield various nuclear final states. '
Some experimental data on intermediate-energy

n-nucleus scattering have been accumulated in the
last decade. They are not, however, extensive
enough to perform detailed phase-shift analyses;
perhaps with exceptions of ~-He' for 20 MeV & T,
& 100 MeV and w-C" for 70 MeV & T, & 280 MeV. '
Among them, the total cross section seems to be
most extensively measured. In Fig. 1 we sum-
marized the total cross sections for w-He', 7i-Be',
w-C', and w-0" scattering below 1.3 BeV together
with the symmetric part of the m-nucleon total
cross section. ' In all cross sections we observe
a large bump near 200 MeV and a rather flat part


