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We present theoretical calculations for the production of the long-lived isomers
93mNb (l/2-,16yr), 121mSn (11/2-, 55 yr), 166rnHo (7-, 1200 yr), 184mRe (8+, 165 d),
186mRe (8+, 2 x 105 yr), 178mHf (16+, 31 yr), 179mHf (25/2-, 25 d), and 192mIr (9+,
241 yr), all of which pose potential radiation activation problems in nuclear fusion re-
actors if produced in 14-MeV neutron-induced reactions. We consider (n, 2n), (n, n'),
and (n, 7) production modes and compare our results both with experimental data
(where available) and systematics. We also investigate the dependence of the isomeric
cross section ratio on incident neutron energy for the isomers under consideration.
The statistical Hauser-Feshbach plus preequilibrium code GNASH was used for the
calculations. Where discrete state experimental information was lacking, rotational
band members above the isomeric state, which can be justified theoretically but have
not been experimentally resolved, were reconstructed.

I. INTRODUCTION

Fusion systems operating on the deuterium-tritium reaction give rise to intense
neutron fluxes that cause structural components to be activated. The first wall, in
particular, is subjected to neutron damage that could require its replacement every
few years. Disposal or reuse of the material would be facilitated if the activation could
be kept to low limits, and therefore there is a search for materials that will give rise to
the minimum activation. The neutron fluxes in fusion systems are expected to be so
high that multiple reactions will be possible in which a given nucleus interacts with
a succession of neutrons. As a result, it is often important to have activation cross
sections for unstable as well as stable nuclides. As there is often a lack of experimen-
tal data on activation cross sections of interest, it is important to be able to assess
these cross sections theoretically. In this paper we shall present calculations of acti-
vation cross sections for a number of long-lived isomeric states which are considered
important for fusion reactor design.

The isomeric state production cross sections that we have considered were calcu-
lated at the request of the United Kingdom and United States fusion programs, which
are in the process of establishing nuclear data libraries and inventory code packages
to enable activation in virtually any material to be estimated. In a recent paper
[1] we presented theoretical calculations of the production cross sections of hafnium
isomers in 14 MeV reactions, using the GNASH [2] code. These calculations were
performed prior to the release of experimental measurements [3] of the cross sections
for hafnium isomer production, and agreement to within a factor of 2-3 was found.
Because the cross sections under consideration were rather small and the isomer spins
very large, the agreement obtained was encouraging, and suggested that our theoret-
ical approach can be extended for use in other isomer-production calculations. We
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have, therefore, now determined production cross sections for long-lived isomers in
Nb, Sn, Ho, Re and Ir at 14 MeV. In addition, we have determined the variation
of the production cross section with incident neutron energy, since neutron energies
below 14 MeV are produced in fusion reactors in inelastic collisions. As the energy
variation of the hafnium isomer production was not shown in Ref.l we summarize our
previous results for hafnium and give this variation.

The systematics of neutron-induced isomeric cross section ratios at 14.5 MeV
have been been studied by Kopecky and Gruppelaar [4]. They used a simplified
version of the GNASH code to determine the ratio of the cross section to the isomeric
state and ground state in (n, n'), (n,p), (n, t), (n, a), and (n, 2n) reactions, replacing
the realistic nuclear level structure by two discrete states (the ground state and the
isomeric state) plus a continuum of statistically described states. Their approach is,
therefore, considerably simpler than our calculations and so we have compared our
results with the Kopecky systematics. We shall show that while such systematics are
very useful, in many cases a full calculation (with a realistic description of the nuclear
structure) is important in accurately determining isomer ratios. Also, Kopecky and
Gruppelaar point out that their calculation is particularly sensitive to the simple
model parameters that they adopt for the (n, 2n) reaction. Our investigations into
an analogous simple model confirm this, and indicate that for certain reactions one
should be wary about using simple systematic predictions. Finally, our calculations
also include isomeric ratios for states formed in (n, 7) reactions, which are particularly
resistant to simple systematics-based descriptions.

In Section II we give a brief description of the theoretical models that we use to
describe the nuclear reactions, and in section III we show our results, and compare
them with the Kopecky systematics and experimental data where available. We shall
use the hafnium isomer calculations as a detailed example of our approach, and then
indicate the isomer ratios, and their energy dependences, that we obtain for other
nuclei. We give some conclusions concerning our general approach in Section IV.

II. DESCRIPTION OF THE CALCULATIONS

A. General Description

The GNASH nuclear theory code [2] is based on the Hauser-Feshbach statistical
theory with full angular momentum conservation, and with width fluctuation correc-
tions obtained from the COMNUC code [5] using the Moldauer approach. Preequi-
librium emission processes, which are important for incident energies above about 10
MeV, are calculated using the exciton model of Kalbach [6]. Transmission coefficients
for neutrons and charged particles are calculated using an optical model, and gamma-
ray transmission coefficiens are obtained from giant dipole resonance approximations
[7,8],making use of detailed balance. The level structure for each residual nucleus in a
calculation is divided into discrete and continuum regions, with the former obtained
from experimental complilations and the latter from phenomenological level density
representations.

B. Optical Model

Both the Hauser-Feshbach theory and the exciton model require optical potentials
to calculate transmission coefficients and inverse reaction cross sections. The coupled
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channels code ECIS [9] was used for deformed nuclei, and the code SCAT2 [10] for
spherical nuclei. Before using an optical potential to generate transmission coefficients
and reaction cross sections, the potentials were checked by comparing their predictions
of elastic and total cross sections with experimental data, where available.

C. Gamma-Ray Transmission Coefficients

Transmission coefficients for gamma-ray emission coefficients were obtained using
detailed balance, exploiting the inverse photoabsorption process. The Brink-Axel
hypothesis is used, permitting the cross section for photoabsorption by an excited
state to be equated with that of the ground state. The gamma-ray transmission
coefficients were obtained from the expression

Txt{^) = 2-nfxt^)^1 , (1)

where Cy denotes gamma-ray energy, X£ indicates the multipolarity of the gamma-
ray, and fxe is the energy-dependent gamma-ray strength function. The strength
functions for El decay were calculated either from standard Lorentzian expressions
[7], given by

Sm fo) = KEl ̂ _ g 5 2 _ _ _ (2)

or from the generalized Lorentzian of Kopecky and Uhl [8] (which actually represents
a partial breakdown of the Brink-Axel hypothesis),

,T) = KEl
E5

where

4TT2T2

a

(3)

(4)

(5)

and KEX = 8.68 x 10 8mb l MeV 2 (nominally) but was usually determined empir-
ically by matching the theoretical gamma-ray strength function for s-wave neutrons
to experimental values compiled by Mughabghab [11]. The quantities Bn and a are
the neutron binding energy and Fermi gas level density parameter, respectively. The
Lorentzian parameters of the giant-dipole resonance, E and F, are taken from the
tables of Dietrich and Berman [12].

In addition to El radiation, Ml and E2 components are also included. For Ml, a
standard Lorentzian expression was used for the gamma-ray strength function. When
the Kopecky-Uhl formulation was employed, a giant resonance formulation was also
used to calculate the E2 strength function [8]; otherwise, a Weisskopf expression {jE2

= constant) was incorporated.
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D. Nuclear Structure and Level Densities

The level density model of Gilbert and Cameron [13] was used in the Hauser-
Feshbach calculations. At high energies the Fermi gas model is used along with a
constant temperature form for lower energies. A gaussian distribution of spin states
is taken to describe the angular momenta of levels at a certain excitation energy

p(E,J,7r) =
2\/2irc rexp- -p(U) (6)

where U — E- A (A is the pairing energy) and a2 is the spin cut-off parameter which
is determined via a2 = O.l46\/aUA3 for the Fermi gas region. The spin cut-off factor
is also determined from the spin distribution of observed low lying discrete levels and
in the constant temperature region a2 is linearly interpolated between this value and
the value of a2 where the Fermi gas region begins. In the high energy region the
Fermi gas expression for p(U) is

tm -P{U) ~ 12
(7)

and at lower energies the constant temperature form is given by

(8)

The pairing energy used to determine U is obtained from the Cook parameter set [14]
and the level density parameters were calculated from the slow neutron resonance
parameters of Mughabghab. The constant temperature p{E) is chosen to match
(both in value and in first derivative) the Fermi gas p{U) at an energy Ematch and to
fit the known discrete levels at the lowest excitation energies. The parameters Eo, T
and Ematch are varied to achieve this.

Discrete states
embedded in <
continuum

y///////.

Matching point.
Above this energy
discrete state info,
is lacking

(31y)

Continuum region
of statistical states

Observed discrete
states

178Hf
Fig. 1. A schematic representation of the combination of discrete, statistical and
discrete levels embedded in the statistical continuum region used to describe the
nuclear structure of 178Hf.
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The production cross section of a certain isomeric state is often particularly sen-
sitive to the discrete nuclear level structure, since the gamma cascade of discrete
states into the isomeric state will enhance its production. In many cases, the iso-
meric state of interest is a band-head, with a rotational band built upon it, though
often the rotational band members have not been experimentally resolved and lie
in a high-excitation energy region. Accordingly, the energies of the rotational levels
were assessed theoretically (obtaining the moment of inertia from observed rotational
bands at lower excitation energies) and GNASH was modified to allow these discrete
levels to be embedded within the continuum of statistically described levels. In the
case of our calculation of Hf isomers [1], this procedure was particularly important;
we found that over 40% of the production of the 178Hf(16+) in an (n, 2n) reaction
came from the decay of the 14- level and the inferred discrete rotational band states
above the 14- and 16+ levels. In Fig. 1 we show schematically the combination of
discrete and statistical levels for the case of the 178Hf nucleus.

III. RESULTS

A. The Hafnium Isomers: A Detailed Example

By way of example, in this subsection we shall give details of the calculations for
the production of hafnium isomers. Full details can be found in Ref. [1] .

The possibility of including small amounts of tungsten and tantalum in the first-
wall material has been suggested, and after a few reactions on these nuclei hafnium
could be produced. The presence of hafnium in a fusion reactor could pose serious
activation problems due to the possible build-up of the isomeric state 178Hf (J* =
16+) with a 31-yr half life. This state, if produced in sufficient quantity, could lead
to the first wall being active for a very long time after its removal from the reactor,
and the high excitation energy of the state (2.447 MeV) results in harmful gamma
radiation on its decay.

The 179Hf(n,2n) and 178Hf(n,n') reactions both give the 178Hf(16+) isomer, with
the (n,2n) reaction expected to be the dominant production mode. There is, however,
also an isomeric state in 179Hf(J7r = ™—) with a 25-day half life that is sufficiently
long-lived for subsequent neutron-induced reactions to occur. Once this 179mHf(y—)
isomer is produced, it would be expected that subsequent (n, 2n) reactions could take
place with a relatively large cross section leading to 178mHf(16+) as the spin difference
between these isomers is small. Thus we calculate the 179mHf(y-) (n, 2n)178mHf(16+)
reaction as well as those for the production of the 179mHf(Y—) state. Fig. 2 indicates
the pathways that have been investigated.

,7em Hf(16+)

178.
'Hf(gs)

Fig. 2. Reaction pathways investigated for the hafnium isomers. Pathways 2, 5 and
6 are (n, 2n) reactions; pathways 1 and 4 are (n,n') reactions, and pathway 3 is a
(n, 7) reaction.
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Both the 16+ state and the ^— state are rotational band heads, though none of
the other members of the rotational bands have been detected. In addition, there is
a 14- band head state above the 16+ state that decays into the latter. Since a siz-
able fraction of the production cross section of these high-spin states comes from the
gamma decay of higher-energy states, the rotational states were included explicitly
into the calculation, their energies being estimated by determining the moment of
inertia from low-lying rotational bands. These rotational levels were then embedded
into the continuum of statistically described states (see Fig. 1 for a schematic illustra-
tion). Because the hafnium isotopes are highly deformed, the coupled channels code
ECIS [9] was used to evaluate the transmission coefficients and the direct scattering
cross sections to low-lying states. The optical potential that we used [15] described
the total elastic and total cross sections fairly well.

In Table I below we show our theoretical results, along with experimental mea-
surements where available. The experimental numbers of Patrick et al. [3] have been
extracted from data assuming that the ratios of our theoretical results for production
of the same isomeric state though different reactions are correct. In the experimental
numbers that are quoted, the natural abundances of Hf have been taken into account.
Reactions 1 through 6 are of importance for the determination of the production of
the 178mHf(16+) state in fusion reactors, and are numbered according to the pathways
in Fig. 2. Reactions 7,8 and 9 are also shown to allow further comparisons of our
calculations with data.

TABLE I
Theoretical Cross Sections for the Production of Isomeric States in Hafnium

Compared with Data Where Available*
Isomer Production Reaction

1. 178Hf(n,n')178rnHf(16+, 31 yr)
2. 179Hf(n,2n)178mHf(16+, 31 yr)
3. 178Hf(n,7)179mHf(25/2-, 25 days)
4. 179Hf(n,n')179mHf(25/2-, 25 days)
5. 18OHf(n,2n)179mHf(25/2-, 25 days)
6. 179mHf(n,2n)178mHf(16+, 31 yr)

7. 18OHf(n,2n)179nHf(l/2-, 18.7 s)

8. 18OHf(n,n')18OnHf(8-, 5.5 h)
9. 179Hf(n,2n)178nHf(8-, 4 s)
+ 178Hf(n,n')178nHf(8-, 4 s)

Theoretical
Cross Section (mb)

4.8 x 10 -2

2.9
1.9 x lO -5

5.7
7.4
158

220

19

1200

Experimental
Cross Section0 (mb)

5.91 ± 0.64

12.8 ±1.5
16.7 ±1.9

598 (Sothras)
690 (Rurarz)
570 (Prasad)

12.4 (Hillman)
1452 ±116 (Salaita)
749 ± 75 (Sothras)

*The reactions are numbered according to the pathways shown in Fig. 2.
aAll Experimental Data are taken from the Brookhaven National Laboratory SCISRS
file, except those of Patrick et al. [3j.
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B. The (n,2n) Isomeric Cross Section Ratios

We have concentrated on the (n, 2n) reaction mechanism for isomer production
since, at 14 MeV, this is the dominant process through which most of the reaction
flux goes. The following isomeric states, in addition to the hafnium states, have been
considered in detail: 121mSn (11/2-, 55 yr) , 166mHo (7-, 1200 yr), 184mRe (8+, 165
d), 186mRe (8+, 2 x 105 yr), and 192mIr (9+, 241 yr). In all cases the experimentally
measured discrete states have been examined and a matching point above which ex-
perimental data is missing has been determined. Rotational bands above the isomers
were determined theoretically and included in the calculation, as discussed above.
Optical potentials were found and checked against elastic and total scattering data,
where available. In Table II below we show our results for the isomeric cross section
ratio (the ratio of cross section to the isomeric state to the sum of the cross sections
to ground state and isomeric state), for neutron energies between 8 and 14 MeV.

TABLE Ha
Isomeric Cross Section Ratios in

Neutron
Energy (MeV)

8
9
10
11
12
13
14

122Sn (n,2n)
121mSn (11/2-)

0.
0.61
0.61
0.67
0.68
0.70
0.72

167Ho (n,2n)
166m H o (7_)

0.52
0.42
0.41

0.43
0.45
0.47

0.49

(n,2n) Reactions
179Hf (n,2n)

178mHf (16+)

0.
3.8 x 10"6

1.2 x 10"4

3.0 x 10~4

5.7 x 10~4

8.9 x 10 -4

1.4 x 10"3

180Hf (n,2n)
179mHf (25/2.)

0.
5.1 x 10~6

1.6 x 10-4

5.3 x 10"4

1.1 x 10"3

2.4 x 10 - 3

3.6 x 10"3

TABLE lib
Isomeric Cross Section Ratios in (n,2n)
Neutron

Energy (MeV)

8
9
10
11

12
13
14

185Re (n,2n)
184mRe (8+)

0.06
0.15
0.20
0.24
0.28
0.31
0.33

187Re (n,2n)
186mRe (8+)

0.13
0.19
0.22
0.25
0.28
0.31
0.33

Reactions
192Ir (n,2n)
192mIr ( 9 + )

0.016
0.11
0.19
0.24
0.28
0.31
0.31

The isomer ratios above can be compared with the Kopecky systematics for (n, 2n)
reactions. Kopecky and Gruppelaar [4] showed that a simplified version of GNASH
predicted 14-MeV isomer cross-section ratios that have a 'parabolic, dependence on
the isomer spin, with a peak at isomer spins between 3 and 5. Their calculated
isomeric ratio described the library of experimental ratios reasonably well, though
they commented that for the case of the (n, 2n) calculation their results were partic-
ularly sensitive to the model parameters describing the simplified nuclear structure.
In Fig. 3 we show the 14 MeV isomer ratios from Tables Ila and lib, compared with
the Kopecky systematics. The differences between the line (the Kopecky prediction)
and our theoretical results (triangles) can be understood as a measure of the need to

91



perform full GNASH calculations with realistic nuclear structure and optical models.
In the case of the hafnium isomers (25/2- and 16+) we have shown the experimental
isomer ratio, from Patrick et al. In most cases the Kopecky systematica yield isomer
ratios that are close to our detailed GNASH calculations. Our GNASH calculations
for the isomer production cross section ratios of the 25/2- and 16+ levels in hafnium
are seen to lie below the experimental numbers by about a factor of 2. The Kopecky
systematics overestimate the isomeric ratio for the 25/2- by about a factor of 4-5,
and interpolating their curve to an isomer spin of 16 suggests that their systematics
agree with the experimental measurement reasonably well.

(n,2n) reactions

IΓ

o

CD

£
o

— .01 :

.001

Chadwick & Young i 79m

Experiment (Patrick) I

Kopecky et al systematics A

178m
Hf

0 1 2 3 4 5 6 7 8 9 10 1 I 12 13 14 15 16 17

J-isomer
Fig. 3. The (n, 2n) isomeric cross section ratio as a function of isomer spin, for 14
MeV incident neutrons. The Kopecky systematics are compared with our GNASH
calculations, and a comparison with data is made for the 25/2- and 16+ Hf isomers.

As well as (n, 2n)isomeric cross section ratios for 14 MeV incident neutron ener-
gies, Table II contains the ratios for lower neutron energies, down to the threshold
of about 8 MeV for (n, 2n) reactions. The energy dependence of the isomeric ratio
is of importance when assessing activation in a reactor induced by neutrons with de-
graded energies, after inelastic scattering processes have occurred. In Fig. 4 we show
the variation of the isomer ratio with isomer spin for three different incident neutron
energies: 14, 11 and 9 MeV.

It is seen that, for a given incident neutron energy, the (n, 2n) isomer ratio de-
creases with increasing isomer spin (at least for isomer spins above 4). This feature,
which is also seen in experimental data and in the Kopecky calculations [4], can be
simply understood in the following way. In (n, 2n) reactions both outgoing neutrons
generally have low energies and are dominated by s-wave transitions. However, in
order to produce a high-spin isomer, the intermediate nuclear states also have to be
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(n,2n) Energy Dependence

. 1 '•

O -01 i

.001

CO
CC

CD

Q.0001
CO

.00001 i

.000001
4 5 6 7 8 9 10 11 12 13 14 15 16 17

J-isomer
Fig. 4. The (n, 2n) isomeric cross section ratio as a function of isomer spin, for three
different incident neutron energies. The lines connect GNASH calculations for the
same isomers that are shown in Fig. 3.

of high spin, and since the transmission coefficients at 14 MeV decrease with increas-
ing I for large I, it would be expected that the isomer ratio would decrease strongly
with increasing isomer spin. This same explanation accounts for another feature of
our results. It is clear from our GNASH calculations that the variation of the isomer
ratio with isomer spin is much stronger for lower incident neutron energies. At lower
energies the decrease of the transmission coefficients with increasing / is even greater,
resulting in a drastically reduced population of high-spin isomers in (n, 2n) reactions.

C. The (n, n') Isomeric Cross Section Ratios

The ground states of 178Hf and 179Hf are stable and are naturally occuring in
hafnium, and natural niobium is monoisotopic in 93Nb. Therefore we have considered
the (n, n') reactions to the isomeric states for these nuclei. In addition we have also
calculated the (n,n') reaction on 166Ho to the isomeric state, the ground state of
166Ho having a 1.1 day lifetime. We have determined the isomeric cross section ratio
as a function of incident neutron energies between 1 and 14 MeV, and our results are
shown in Table III.

For the high-spin isomers [all except 93mNb (1/2-)], the isomer ratio is seen to be
a strongly-decreasing function of incident energy, and the higher isomer spins have
stronger energy dependences. This is because the angular momentum brought in by
the projectile neutron decreases with decreasing energy, and therefore results in a
reduction in the high-spin isomer population. It is interesting to note that the energy
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TABLE III
Isomeric Cross Section Ratios in (n, n') Reactions

Neutron
Energy (MeV)

1
2
3
4

5
6
7
8
9
10
11

12

13
14

93Nb (n,n')
93mNb (1/2-)

9.7 x 10"2
8.9 x 10-2
8.5 x 10-2
8.8 x 10-2
8.9 x 10"2
8.8 x 10"2

8.7 x 10"2

8.6 x 10"2

8.6 x 10"2
8.6 x 10-2
8.6 x 10"2
8.6 x 10-2
8.7 x 10-2
8.8 x 10-2

166Ho (n,n')
166mHo (7_)

8.3 x 10 -3

2.8 x 10"2
5.5 x 10-2
8.7 x 10"2

0.12
0.15
0.19
0.24
0.28
0.30
0.32
0.34
0.34
0.36

178Hf (n,n')
178mHf (16+)

0.0
0.0

2.2 x 10"15

4.4 x 10 -11

1.5 x 10"9

1.5 x 10~8

8.6 x 10"8

3.9 x 10-7

2.3 x 10-6

1.2 x 10 -4

3.3 x 10~5

7.2 x 10"5

1.4 x 10~4

2.8 x 10"4

179Hf (n,n')
179mHf ( 2 5 / 2 _)

0.0

4.5 x 10 - 5

3.8 x 10~4

1.1 x 10 -3

2.8 x 10 - 3

4.3 x 10 - 3

7.1 x 10 - 3

1.7 x 10_2
3.2 x 10-2
3.5 x 10"2
3.4 x 10-2
3.9 x 10-2
3.7 x 10-2
4.3 x 10-2

(n;n') reactions

O 1
-4—>

CO

cc
CD 0 1 "

£
o

.001 -

.0001

78m
Hf

179m
Hf

Chadwick &. Young
Experiment (Patrick)
Kopecky et al systematic

178m
Hf
•

0 I 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

J-isomer
Fig. 5. The (n, n') isomeric cross-section ratio as a function of isomer spin for 14-MeV
incident neutrons. The Kopecky systematics for one-step reactions are compared with
GNASH calculations and with experimental data.
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dependence of the (n, n') isomer cross-section ratio is weaker than that of the (n, 2n)
reaction for the very-high spin isomers (i.e. those in hafnium). In the case of the
(n,n') reaction on 93Nb, the fact that the long-lived isomer is of low spin results in
an isomeric cross section ratio which is approximately energy-independent.

The Kopecky-Gruppelaar systematic calculations for the (n,nr) isomeric cross
section ratio again show a peak at an isomer spin Jm = 3-5, and are compared in
Fig. 5 with our calculations at 14 MeV. As well as showing our results from Ta-
ble III in this figure, we include isomeric ratios at 14 MeV for the production of
the 178mHf(8-), 179mHf(l/2-) and 18OmHf(8-) states which we have also determined.
In general the Kopecky-Gruppelaar systematics agree fairly well with our detailed
GNASH calculations (to within a factor of 2-3). One notable exception is the isomer
cross section ratio for the production of the 179mHf(25/2-), for which our calculation
exceeds the systematics by more than an order of magnitude (and the experimental
result of Patrick et al exceeds the systematics by an even greater factor). This is
probably due to the fact that Kopecky et al adopt a ground-state spin of 0.5 in their
model calculation, whereas in this case the ground-state spin is 4.5. Hence they over-
estimate the spin change in the reaction and consequently underestimate the isomeric
cross section ratio.

In Fig. 6. we show our theoretical calculations for the 93Nb(n,n')93mNb isomer
production compared with experimental data, for incident energies between 0 and 20
MeV. We stress that this calculation was performed with a standard set of input pa-
rameters, and no parameter adjustment has been done to improve the agreement. The
experimental value for the isomer production cross section at 14 MeV was combined
with a value of 0.44 b for the total 93Nb(n, n') cross section (taken from ENDF/B-
VI), to obtain the experimental isomer ratio plotted in Fig. 5. It is evident that
our theoretical calculation for the 93mNb isomer ratio in Fig. 5 agrees well with this
experimental number, though the Kopecky-Gruppelaar systematics overestimate the
ratio by a factor of about 3. This is an interesting comparison to make because the

Nb(n.n') "Nb Isomer Cross Section

2 a
c b
O
U o
• CM

CO d

2E
Ub

o
b

+ Goyth»r «t al .1988
x Wogn.r •! ol..l988
o Ryv.t and Kolkowtki.1981
^ Sakurai and Kondo.1981
- GNASH

0.0 2.0 4.0 60 8.0 10.0 12.0 M0 16 0 18.0 20.0
Neutron Energy (MeV)

Fig. 6. Our theoretical calculations for the production of 93mNb (l/2-,16yr) via (n, n')
reactions as a function of incident neutron energy, compared with experimental data.
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systematics of Kopecky and Gruppelaar, for low spin isomers, were based on a model
in which: (a) the nucleus 93Nb was chosen; (b) a ground state spin of [4 + the isomeric
spin] (i.e. 4.5 here) was adopted; (c) no nuclear structure other than the ground and
isomeric state was included. Therefore, apart from the neglect of nuclear structure,
their model corresponds to the 93Nb physical situation. Since their systematics over-
estimate the experimental value, whilst our calculation describes the data well, this
comparison demonstrates the need to perform detailed calculations with a realistic
description of the nuclear structure.

D. Isomeric Cross Section Ratios for (n, 7) Reactions

A limited amount of cross-section data for total (n, 7) radiative capture reactions
is available at neutron energies in the MeV region, and simple systematic behavior
with atomic number A has been noted for 14-MeV neutrons [16]. In the case of
(n, 7) reaction to isomeric states, however, experimental data are much more limited
and consist mostly of data for thermal incident neutrons. Thermal (71,7) isomer
ratios for an assortment of heavy nuclei are plotted versus the spins of the isomeric
states in Fig. 7. Clearly, simple systematic behavior is much less evident for thermal
neutron capture data than for 14-MeV particle-production cross sections, especially
for isomeric states with spins greater than 5. This situation, coupled with the almost
complete lack of experimental data at higher energies, results in a pressing need for
reliable theoretical estimates of (n, 7) isomer ratios.

(n.7) Isomer Ratios at 0.0253 eV

0 0 2.0 4.0 6.0 8.0
Isomer Spin

to 0 12.0

Fig. 7. Experimental isomer ratios for (n>7) reactions with thermal neutrons, plotted
as a function of spin of the isomeric states.

The GNASH code was used to calculate (n, 7) cross sections leading to isomeric
states in 166Ho(7-, 1200 y), 178Hf(16+, 31 y; 8", 4 s), 179Hf (25/2", 25.1 d; 1/2",
18.7 s), 186Re (8+ , 2 x 105 y), and 188Re (6~, 18.6 m). Except as noted below, the
generalized Lorentzian [8] form was utilized for the gamma-ray strength functions.
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The calculations were performed down to an incident energy of at least 1 keV in each
case, at which energy the neutron transmission coefficients are completely dominated
by s-waves, and it is possible to make a crude comparison with the thermal neutron
experimental data. A selection of the isomeric ratios [relative to the total (n, 7) cross
section] that results from the calculations for 165Ho'(n,7)166TnHo, mHf(n,7)178mHf,
and 187Re(n, 7) 188mRe reactions are shown in Fig. 8. The calculated isomer ratios
are given explicitly in Table IV.

A feature of isomer ratios of Fig. 8 is a general trend of increasing ratio with
increasing neutron energy. This behavior reflects the fact that more angular mo-
mentum is brought into the reactions as the neutron energy is increased thus in-
creasing the population of higher spin states. For both the 165Ho(n,7)166mHo, and
187Re(n,7)188mRe reactions, an anomaly is seen in the calculated isomer ratios near
300 keV that interrupts this general trend of increasing isomer ratios with neutron
energy. This effect is thought to result from the fact that thresholds for one or more
high spin states in the target nuclei open in this energy region. The presence of these
open channels to higher spin states permits neutron decays to occur more readily from
higher spin states in the compound nucleus, thus reducing the high-spin population
available for cascading to the isomeric state. As the incident neutron energy is further
increased, more and more channels of all spins are opened, and the anomalous effect
is overwhelmed by the increasing angular momentum brought into the reaction.

The agreement (or lack of agreement) between our calculated isomer ratios at
lower energies and the thermal neutron measurements depends upon the extent to
which the average properties (widths) embodied in our statistical model coincide with
the very few channels involved in the thermal neutron measurements. Clearly, large
differences between the calculations at ~ 1 keV and the thermal measurements are
possible, and such are seen in the case of the 177Hf((n,7)178mHf isomer ratios (~
factor of 20 differences). In the cases of the 165Ho(n,7)166mHo and 187Re(n, 7)I88mRe
reactions, however, the differences between the calculated ratios near 1 keV and the
thermal experimental values are much smaller, of the order of 30%.

To investigate the behavior of isomer ratios with neutron energy and with isomer
' spin, a simple parametric study was performed using the 187Re(n,7)188mRe reaction
as a base case. In this study various values of spin between 0 and 16 were assumed
for the isomeric state in 188Re at Ex = 172 keV, and the isomer ratio was calculated
as a function of incident neutron energy for each isomer spin. The 187Re(n, 7)188mRe
reaction was chosen because the real isomer (J* = 6~,EX = 172 keV) is not fed by
any of the known discrete states, so all the isomer's excitation comes from decays from
the continuum. Additionally, the calculated isomeric state branching ratio for the real
isomer is consistent (within 30%) at the lowest energy of the calculation (0.1 keV) with
the measured ratio for thermal neutrons. The results of these calculations, performed
using a standard Lorentzian [7], are shown in Fig. 9 for incident neutron energies
of 0.001, 1, and 14 MeV. The calculated isomer ratios show strong dependence on
both incident neutron energy and on isomer spin. The calculations for the higher spin
states are thought to depend strongly on details of the gamma-ray strength functions
as well as on the level density in the compound nucleus, since populating the isomeric
states occurs almost exclusively through multiple 7-ray cascades in the compound
nucleus.

While it is attractive to consider using calculations such as those illustrated in
Fig. 9 to search for systematic relationships that might be useful in making sim-
ple predictions of isomer ratios, we found that the calculated results for the various
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Fig. 9. Calculated isomer ratios as functions of incident neutron energy and isomer
spin for the 187Re(n, 7)1 8 8 mRe reaction. The calculations were performed by replacing
the spin of the actual isomer in mRe(j* = 6",Ex = 172 keV) by values from 0 to 20.

(n;gamma) reactions
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Kopecky systematics

0 1 2 3 4 5 6 7 8 9 10 1 1 12 13 14 15 16 17

J-lsomer
Fig. 10. The (n, 7) isomeric cross-section ratio as a function of isomer spin for 14-MeV
incident neutrons. The Kopecky systematics for one-step reactions are compared with
GNASH calculations.

cases were strongly dependent on the properties of the nuclei in question. The (n, 7)
reaction is specifically excluded from the "one-step reaction" systematics identified
by Gruppelaar et al. [16], because the validity of those systematics was primarily
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TABLE IVa
Isomeric Cross Section Ratios in (n, 7) Reactions
Neutron

Energy (MeV)

0.001
0.01
0.1
0.2
0.4
0.6
0.8
1.0
2.0
4.0
6.0
8.0

10.0
12.0
14.0

165Ho(n,7)
166mHo (7_)

0.069
0.078
0.11
0.13
0.11
0.14
0.17

0.19
0.25
0.32
0.38
0.43

0.48
0.57
0.66

1 7 8 Hf(n ) 7 )
178mHf (8-)

0.069

0.071
0.081
0.092
0.086
0.087
0.10
0.11
0.17
0.21
0.23
0.25
0.26
0.28
0.30

1 7 8 Hf(n ) 7 )
lramjjf ( 1 6 + )

2.3 x 10-11

2.0 x 10 -10

8.2 x 10~9

1.1 x 10 -7

6.9 x lO-7

1.3 x 10~6

4.5 x 10"6

7.1 x 10 -6

1.1 x 10 - 4

6.3 x lO"4

1.7 x 10~3

3.9 x 10~3

5.9 x lO"3

1.1 x 10 -2

2.5 x 10~2

TABLE IVb
Isomeric Cross Section Ratios in (n,7) Reactions

Neutron
Energy (MeV)

0.001
0.01
0.1
0.2

0.4
0.6
0.8
1.0
2.0
4.0
6.0
8.0
10.0
12.0
14.0

178Hf(n,7)
179Hf (25/2-)

1.9 x 10"13

2.7 x 10-12

1.4 x 10"10

1.5 x 10-9

5.4 x 10~9

2.8 x 10~8

7.6 x 10-6

1.6 x lO-7

5.3 x 10-6

9.8 x 10 -5

5.2 x lO-4

1.8 x 10~3

4.0 x lO-3

9.3 x lO-3

2.2 x 10-2

185Re(n,7)

2.1 x 10~3

2.5 x 10 - 3

8.1 x lO-3

0.014
0.016
0.018
0.022
0.027
0.061
0.13
0.18
0.24
0.29
0.35
0.45

187Re(n,7)
188mRe (6-)

0.048
0.051
0.088
0.114
0.099
0.12
0.14
0.17
0.24
0.33
0.40
0.47
0.52
0.59
0.69

established for {n,n'), {n,p), and (n, a) reactions and was doubtful for (n, 7). How-
ever, it was necessary for those authors to use the one-step reaction systematics for
(71,7) reactions in the REAC-ECN-3 library, due to the lack of other alternatives.
A comparison between the one-step reaction systematics of Gruppelaar et al. and
our calculated (n, 7) isomer ratios at En = 14 MeV is given in Fig. 10. The calcu-
lated ratios are seen to differ significantly from the systematics, thus confirming the
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conclusion of Gruppelaar el al. that the one-step reaction systematics might not be
valid for (n, 7) reactions. This further highlights the need for careful nuclear theory
calculations for important reactions.

IV. CONCLUDING REMARKS

We present calculations of the energy dependence of isomer ratios for long-lived
metastable states in 93Nb, 121Sn, 166Ho, 184Re, 186Re, 178Hf, 179Hf, and 192Ir, populated
by means of (n,n'), (n,2n), and (n,7) reactions. The calculated ratios for (n,2ri) re-
actions generally support predictions from systematics at 14 MeV except for isomer
spins above ~ 12. The agreement with systematics is not as good for (n, n') reactions
as is the case for (n, 2n), but the systematics obviously are good enough to still be
useful in developing large activation libraries. In the case of (n,7) reactions, the the-
oretical values cannot be compared directly with the thermal neutron measurements
but are roughly consistent at the lower energy range of the calculations.

Because of the limited amount of experimental data available on isomer ratios,
nuclear theory codes such as GNASH provide a useful complement to the data base.
The calculations are particularly important for (71,7) reactions, as experimental data
are extremely limited and systematics provide little guidance, as well as for determin-
ing the energy dependence of (n,n') and (n, 2n) isomer ratios, for which there is little
experimental information. In general, we recommend that evaluations of important
long-lived isomers be based on detailed theoretical analyses matched to the available
experimental data. The use of systematics should be limited to providing data for
less important reactions. In cases where systematics are used, particular care should
be exercised with (71,7) isomeric ratios, and the procedure, which is sometimes used,
of setting the isomer ratio to 1/2 of the total (n>7) cross sections should never be
used at low energies, as it can lead to errors of many orders of magnitude.

We would like to thank Robin Forrest and Ed Cheng for guidance concerning
data needs, and Doug Muir for some helpful suggestions.
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