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Calculations of Long-Lived Isomer Production in Neutron Reactions

M.B. Chadwick and P.G. Young

Theoretical Division, Los Alamos National Laboratory, Los Alamos, New Mexico 87545

We present theoretic _! calculations for the production of the long-lived isomers:
121mSn(11/2-, 55 yr), leemHo (7-, 1200 yr), lS4mRe (8+, 165 d), lsemRe (8+, 2× l0 s
)rr), 1TSmHf(16+, 31 y-'), lZgmHf(25/2-, 25 d) tg2mIr (9+, 241 yr), all which pose po-
tential radiation activation problems in nuclear fusion reaztors if produced in 14-MEV
neutron-induced reactions. We consider mainly (n, 2n) production modes, but also

' (n, n') and (n, 7) where necessary, and compare our results both with expermental
data (where available) and systematics. We also investigate the dependence of the
isomeric cross section ratio on incident neutron energy for the isomers under consid-
eration. The statistical Hauser-Feshbach plus preequilibrium code GNASH was used
for the calculations. Where discrete state experimental information was lacking, ro-
tational band members above the isot_eric 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, in designs envisaged at present, could
require its replacement every few years. Disposal or reuse of the material would be
facilitated ff 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
filsion systems are expected to be so high that multiple reactions will be possible in
which a given nucleus interacts with a succe_sion 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 experimental data on activation cross sections of interest,
it is important to be able to assess these cross sections theoretically. In this paper
_e shall present calculations of activation cross sections for a number of long-lived
Lsomeric states which are considered important for fusion reactor design.
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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 r_ease 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
have, therefore, now determined production cross sections for long-lived isomers in
Sn, It, Ho and Re 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.1 we summarize our previous
results for hafnium and give this variation.

The systematics of neutr0n-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, 0, (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 sytematic predictions. Finally, our calculations
also include isomeric ratios for states formed in (n, -y) 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 whet _.available. We shall
use the ha_um 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
¢,I °

[7,_},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-Feshbachtheory and the exciton model require optical potentials
to calculate transmission coefficients and inverse reaction cross sections. The coupled

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,-ltay 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
coeificients were obtained from the expression

TXt (e_) - 2_r/xt( e.y)e_+1 , (1)

where ev denotes gamma-ray energy, X£ indicates the multipolarity of the gamma-
ray, and fxt is the energy-dependent gamma-ray strength function. The strength
functions for E1 decay were calculated either from standard Lorentzian expressions

[7], given by

a°e'r2 (2)
fE,(e'T) -- gE, (e_- E2) a + e_F 2

or from the generalized Lorentzian of Kopecky and Uhl [8]



e_F(e,) 0.7 F 47r2T2fs,(e_,T) = KEl (e_- E2) 2 + e2F(e_) 2 + E s a0F, (3)

where

2 + 41r2T2
r(e,) = r e, E2 (4)

T = , (5)
a

and K_I = 8.68 × 10-Stub -1 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 talon from the
tables of Dietrich and Berman [12].

In addition to E1 radiation, MI 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 (fm
- constant) was incorporated.

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

(2J + 1) -(J . _)2p(V)
p(E, J, 11")- 2 v/2"_a2 exp 2a 2

(0)

where U = E- A (A is the pairing energy) and a 2 is the spin cut-off parameter which

is determined via a 2 - 0.146_A] 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 a 2 is linearly interpolated between this value and
the value of a 2 where the Fermi gas region begins. In the high energy region the
Fermi gas expression for p(U) is

p(v) = 1 exp2v
12 2v/'_a a¼U_ (7)

and at lower energies the constant temperature form is given by



1 (E-E,,) (8)p(E) = _exp T

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 E,,_h and to
fit the known discrete levels at the lowest excitation energies. The parameters Eo, T
and E,_,_ are varied to achieve this.

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 imo 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 Z_Hf(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 17SHfnucleus.
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Fig. 1. A schematic representation of the combination of discrete, statistical and
discrete levels embedded in the statistical continnum region used to describe the
nuclear structure of l_SHf.

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 m_clei hahnum
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 1TSHf (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 l_Hf(n, 2n) and 1TSHf(n, n') reactions both give the _TSHf(16+) isomer, with
the (n,2n) reaction expected to be the dominant production mode. There is, however,
also an isomeric state in l_Hf(J= = _-) with a 25-day half life that is sufficiently
long-lived for subsequent neutron-induced reactions to occur. Once this 1Tg"_Hf(_-)
isomer is produced, it would be expected that subsequent (n, 2n) reactions could take
place with a relatively large cross section leading to 1TS'Hf(16+) as the spin difference
between these isomers is small. Thus we calculate the _7°'_Hf(_-) (n, 2n)178"_Hf(16+)



reaction as well as those for the production of the 17_Hf(_-) state. Fig. 2 indicates
the pathways that have been investigated.

17eraHf (16+) _-,-"6 179mHf(25/2-)

l SNf (gs) 79Nf (gs) (gs)

Fig. 2. Reaction pathways investigated fo 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, "r)
reaction.

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 coefficents and the direct scattering
cross sections to low-lying states. The optical potential _hat 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 17S,_Hf(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.
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TABLE I
Theoretical Cross Sections for the Production of Isomeric States in Hafnium

Compared with Data Where Available*

Isomer Production Reaction Theoretical Experimental
Cross Section (mb) Cross Section a (mb)....

1. 1TSHf(n,n_)lTSmHf(16+, 31 yr) 4.8 x 10-2
2. 179Hf(n,2n)l_SrnHf(16+, 31 yr) 2.9 5.91 4- 0.64
3. 17SHf(n,'y)179mHf(25/2-, 25 days) 1.9 x 10-5
4. 179Hf(n,n_)lTgmHf(25/2-, 25 days) 5.7 12.8 4- 1.5
5. 1S°Hf(n,2n)l_gmHf(25/2-, 25 days) 7.4 16.7'4- 1.9
6. 179mHf(n,2n)lTSmHf(16+, 31 yr) 158 ....

7. lS°Hf(n,2n)lTgnHf(1/2-, 18.7 s) 220 598 (Sothras)
690 (Rurarz)
5To(Prasaa)

8. 18°Hf(n,n')la°"Hf(8-., 5.5 h) 19 12.4 (Hillm_n)
9. 179I-[f(n,2n)lTs"Hf(8-, 4 s) 1200 1452 4- 116 (Salaits)
+ 17SHf(n,n')lTS"Hf(8-, 4 s) 749 4-75 (Sothras)

*The reactions are uumbered according to the pathways shown in Fig. 2.
_All Experimental Data are taken from the Brookhaven National Laboratory SCISRS

file, except those of Patrick et al. [3][?].

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: 121man (11/2-, 55 yr), l_'_Ho (7-, 1200 yr), xsa'_Re (8+, 165
d), 'se'_Re (8+, 2 x 105 yr), and _92mIr(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 IIa

Isomeric Cross Section Ratios in (n,2n) Reactions

Neutron 122Sn(n,2n) 1BTHo(n,2n) 179Hf(n,2n) IS°Hf (n,2n)

Energy (MEV) 121mSn(11/2-) 16enHo (7-) 178mHf(16+) 17_n_Hf(25/2-)
,=

8 0. 0.52 0. 0.
9 0.61 0.42 3.8 x i0 -_ 5.1 × 10-_
10 0.61 0.41 1.2 x 10-4 1.6 x 10-4
11 0.67 0.43 3.0 x 10-4 5.3 x 10-4
12 0.68 0.45 5 7 × 10-4 1.1 x 10-3
13 0.70 0.47 8.9 x 10-4 2.4 x 10-3
14 0.72 0.49 1.4 x 10-3 3.6 x 10-3

TABLE IIb

Isomeric Cross Section Ratios in (n,2n) Reactions

Neutron lSSRe (n,2n) 187Re(n,2n) lg_Ir (n,2n)

Energy (MEV) 184'nRe(8+) lSemRe (8+) 192"Ir (9+)
8 0.06 0.13 0.016
9 0.15 0.19 0.11
10 0.20 0.22 0.19
11 0.24 0.25 0.24

12 0.28 0.28 0.28
13 0.31 0.31 0.31
14 0.33 0.33 0.31

The isomer ratios obove 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 iso-
meric ratio described the library of experimental ratios reasonably weil, though they
commented that for the case of the (n, 2n) calculation their results were particularly
sensitive to the model parameters describing the simpRfied nuclear structure. In Fig.
3a, we show the 14 MeV isomer ratios from Tables IIa and IIb, compared with the
Kopecky systematics. The differences between the line (the Kopecky prediction) and
out theoretical results (triangles) can be understood as a measure of the need to per-
form 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 systematics 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

sytematics 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
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with the experimental measurement reasonably well.

(n,2n) reacti0ns

1 i. _ 84m
R e

o
. i.III

4.a 1

(D

E
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& Chadw]Ck&Young 179m r I
mi Experiment (Patrick) Hf

----" Ko_eckyet al systematics &

178mHf [ &
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Fig.3. The (n,2n) isomericcrosssectionratioas a functionofisomerspin,for14
MeV incidentneutrons.The Kopecky systematicscalculationiscompared withour
GNASH calculations,and a comparisonwithdata ismade forthe25/2-and 16+
hafnium isomers.

As well as (n, 2n)_omeric 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 8 MeV.
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Fig.4.The (n,2n) isomericcrosssectionratioasa functionofisomerspin,forthree
differentincidentneutronenergies.The linesconnectGNASH calculationsforthe
same isomersthatareshown inFig.3.

Itisseenthat,fora givenincidentneutronenergy,the (n,2n) isomerratiode-

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
of high spin, and since the transmission coefficients at 14 MeV decrease with increas-
ing l for large l, 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 I is even greater,
resulting in a drastically reduced population of high-spin isomers in (n, 2n) reactions.
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C. The (n, n I) Isomeric Cross Section Ratios

The ground states of 17SHf and l_°Hf are stable and are naturally occuring in
hafnium, and natural niobium is monoisotopic in 9SNb. 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 l_Ho to the isomeric state, the ground state of
lOSHohaving a 1.1 day lifetime. We ha-/e 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.

TABLE III

Isomeric Cross Section Ratios in (n, n') Reactions

Neutron 93N_)(n, n') l_Ho (n, n') 17SHf(n, n') t79I-If(n, n')
Energy (MEV) 9Z'*Nb(1/2-) l_'nHo (7-) lVSmHf(16+) lrgmHf (25/2-)

1 9.7-2 x 10-2 8.3 x 10-s 0.0 0.0
2 8.9-2 x 10-2 2.8 x 10-2 0.0 4.5 × 10-5
3 8.5-2 × 10...2 5.5 × 10-2 2.2 x 10-15 3.8 × 10-4
4 8.8 x 10-2 8.7 x 10-2 4.4 x 10-11 1.1 × 10-s
5 8.9 x I0-2 O,12 1.5 x I0 -9 2.8 x I0 -s
6 8.8 x i0"2 0.15 1.5 x I0 -s 4.3 x I0 -s
7 8.7x I0''2' 0.i9 8.6x I0-s 7.1x I0-3

8 8.6x 10"-2 0.24 3.9x 10-7 1.7x I0-2

9 8.6 x 10-2 0.28 2.3 x 10-e 3.2 x 10":2
10 8.6 × 10-2 0.30 1.2 x 10-4 3.5 x 10-2
11 8.6 × 10-2 0.32 3.3 x i0-5 3.4 x 10-2
12 8.6 × 10-2 0.34 7.2 × I0 -s 3.9 x 10-2
13 8.7 x 10-_ 0.34 1.4 x 10-4 3.7 × 10-2

14 8.8 × 10-2 0.36 2.8 × 10-4 4.3 x 10-2

For the high-spin isomers (all except 9S'_Nb (1/2-)), the isomer ratio is seen to be
a strongly-decreasing function of incident energy, and the higher isomer spins have
the stronger the energy dependences. This is because the angular momentum brought
in by the projectile neutron decrease "_th decreasing energy, and therefore results
in a reduction in the high-spin isomer population. It is interesting to note that the
energy dependence of the (n, n') isomer cross-section ratio is weaker than that of the
(n, 2n) reaction. If the two rati_ are compared over the energy range 14-8 MeV, it is
clear from Tables II and III that the isomer cross section ratio decreases less rapidly

for the (n, n') reaction. This can be understood as follows: for an (n, n') reaction to
occur at these energies, rather than an (n, 2n) reaction, the primary-emitted ne,:tron
has to be emitted with a relatively high energy, so that gamma decay then occurs. A
high-energy emitted neutron is able to carry off a large angular momentum, and hence
can result in the population of high-spin residual nucleus states. (n, 2n) processes, on
the other hand, will be dominated by low-energy equilibrium-emission neutrons with

12



small angular momenta, with a small probability of exciting the high-spin state. In the
case of the (n, n') reaction on 93Nb, the fact that the long-lived isomer is of low spin
results in an isometlc cross section ratio which is approximately energy-independent.

The Kopecky-Gruppelaar systematic calculations for the (n, n _) isomeric cross
section ratio again show a peak at an isomer spin J'_ - 3- 5, and are compared
in Fig. 3 with our calculations at 14 MeV. As well as showing our results from
Table III in this figure, we include isomeric ratios at 14 MeV for th_ production of
the _TS'_Hf(8-), 1Tg'_Hf(1/2-) and lS°_Hf(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 1_Hf(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 overestimate the spin change in the reaction and consequently underestimate
the isomeric cross section ratio.

(n,n') reactions
1

__. ] 78m-_ Hf

., b i }.o i 79mHf

c_ f
CI2
_" .01(1)

E
0
09 • Chadwick &Young
-- • ExDerlment

.001
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Fig. 5. The (n, n') isomeric cross-section ratio as a fimction of isomer spin for 14-MEV
incident neutrons. The Kopecky systematics for one-step reactions are compared with
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GNASH calculations and with experimental data.
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D. Isomeric Cross Section Ratios for (n, "y)Reactions

A limited amount of cross-section data for total (n, _/) 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,-y) reaction to isomeric states, however, experimental data are much more limited
and consist mostly of data for thermal incident neutrons. Thermal (n,'y) isomer
ratios for an assortment of heavy nuclei are plotted versus the spins of the isomeric
states in Fig. 6. 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, "y) isomer ratios.

Experimental (n,¥) I_,omer Rcdios for 0.0253 eV Incident Neutrons
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Fig. 6. 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 1_Ho(7-, 1200 y), 178Hf(16+, 31 y; 8-, 4 s), _7°Hf (25/2-, 25.1 d; 1/2-,
18.7 s), l_Re (8+, 2 x 105 y), and _88Re (6-, 18.{i m). Except as noted below, the
generalized Lorentzian form was utilized for the gamma-ray strength functions. The
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calculations were performed down to an incident energy of at least 1 keV '.n 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, _) cross
section] that results from the calculations for 1°Silo(n,-y)lee_Ho, ITTHf(n,-y)178mHf;
and 187Re(n,-y)lm"Re reactions are shown in Fig. 7. The calculated isomer ratios
are given explicitly in Table IV.

A feature of isomer ratios of Fig. 7 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 l°SHo(n,-y)l_Ho, and
187Re(n,-y)l_Re 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 nucleus opens 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 en-
ergy 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. Calculated 177Hf(n,¥) 17smHf Isomer R
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Fig. 7. Calculated isomer ratios for l°SHo(n,.v_l°s'_l-In_,...., lrrHf(n,-y)lTSmHf, and
tSrRe(n,-r)tsS"Re reactions from 0.1 keV to 20 MeV. Experimental data from thermal
neutron measurements are included for comparison.

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 arc

possible, and such are seen in the case of the 177Hf((n,_/)178"Hf isomer ratios (_
factor of 20 differences). In the cases of the le_Ho(n, _)lsS'_Ho and lSTRe(n, "_)LSSmRe
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 _87Re(n,-r)_sS'_Re reaction
as a base case. In this study various values of spin between 0 and 16 were assumed
for the isomeric state in _SSRe at E= - 172 keV, and the isomer ratio was calculated
as a function of incident neutron energy for each isomer spin. The 187Re(n, 7)'8SmRe
reaction was chosen because the real isomer (J* = 6-, E= -- 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, are shown in Fig. 8 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 "r-ray cascades in the compound
nucleus.

Theoretical Isomer Ratlo$ as Functions of l$ome_ Spin Based on
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Fig. 8. Calculated isomer ratios as functions of incident neutron energy and isomer
spin for the 1SrRc(n, -r)xss"_Re reaction. The calculations were performed by replacing
the spin of the actual isomer in X_Re(j _ = 6-,E= = 172 keV) by values from 0 to 20.

While it is attractive to consider using calculations such as those illustrated in
Fig. 8 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
cases were strongly dependent on the properties of the nuclei in question. The (n, _)
reaction is specifically excluded from the "one-step reaction" systematics identified
by Gruppelaar et al. [16], because the validity of those systematics was primarily
established for (n,n'), (n,p), and (n,c_) reactions and was doubtful for (n,'y). How-
ever, it was necessary for those authors to use the one-step reaction systematics for
(n,-y) reactions in the REAC-ECN-3 library, due to the lack of other alternatives.
A comparison between the one-step reaction systematics of Gruppelaar it et al. and
our calculated (n,-y) isomer ratios at E_ = 14 MeV is given in Fig. 9. The calcu-
lated ratios are seen to differ significantly from the systematics, thus confirming the
conclusion of Gruppelaar et 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.
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TABLE IVa

Isomeric Cross Section Ratios in (n, ?) Reactions

Neutron le_Ho (n, ?) 178Hf (n, 7) ITRHf (n, 7)

Energy (MEV) leemHo (7-) 178mHf (8-) 17smHf (16+)

0.001 0.069 0.069 2.3 x 10-11

0.01 0.078 0.071 2.0 x l0 -l°

0.1 0.11 0.081 8.2 x 10 -9

0.2 0.13 0.092 1.1 x 10-7

0.4 0.11 0.086 6.9 x 10-7

0.6 0.14 0.087 1.3 × 10-o

0.8 0.17 0.10 4.5 x 10-e

1.0 0.19 0.11 7.1 × 10-8

"-- 2.0 0.25 0.17 1.1 × 10-4

4.0 0132 0.21 6.3 × 10-4

6.0 0.38 0.23 1.7 x 10-3

8.0 0.43 0.25 3.9 x 10-3

10.0 0.48 0.26 5.9 x 10 -_

12.0 0.57 0.28 1.1 × 10 -2

14.0 0.66 0.30 2.5x 10-2

TABLE IVb

Isomeric Cross Section Ratios in (n, 7) Reactions

Neutron l_SHf (n, 7) 1_Re (n, 7) lSTRe (n,7)

Energy (MEV) ITgHf (25/2-) lSemHf (8+) lSS_Re (6-)

0.001 1.9 x 10-13 2.1 x 10-3 0.048
0.01 2.7 x 10-12 2.5 x 10-s 0.051

0.I 1.4 x lO-t° 8.1 x 10 -3 0.088
....

0.2 1.5 x 10-9 0.014 0.114
0.4 5.4 x I0-_ 0.016 0.099

0.6 2.8 x 10-s' 0.018 0'112

0.8 7.6 x 10-a 0.022 0.14
,,,

1.0 1.6 x 10-7 0.027 0.17

2.0 5.3 x 10-e 0.061 0.24

4.0 9.8 x 10 -5 0.13 0.33

6.0 5.2 x 10--4 0.18 0.40

8.0 1.8 x 10-_ 0.24 0.47

10.0 4.0 x 10-_ 0.29 0.52

12.0 9.3 × 10-3 0_35 0.59

14.0 2.2 × 10-2 0.45 0.69
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Fig. 9. The (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.

IV. CONCLUDING REMARKS

We presentcalculationsof the energy dependence of isomer ratiosforlong-lived

metastable states in 93Nb, 121Sn, 166Ho, l_Re, _Re, 17SHf, lZgHf, and 192Ir, populated

by means of (n, n'), (n, 2n), and (n,-y) reactions. The calculated ratios for (n, 2n) 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, W) 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,'y) 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.
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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 (n, _/) 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 (n, At)isomeric ratios, and the procedure, which is sometimes used,
of setting the isomer ratio to 1/2 of the total (n,-r) cross sections should never be
used at low energies, as it can lead to errors of many orders of magnitude.

A detailed description of the present work will be presented at the upcoming IAEA
Research Coordination Meeting on "Activation Cross Sections for the Generation of

Long-Lived Radionuclides of Importance in Fusion Reactor Technology," in Vienna,
11-12 November 1991.
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