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Abstract. The creation of isomeric nuclei by neutron capture in the resonances energy range was studied
with the lead slowing-down assembly CIRENE. The isomeric-ratio measurement of 8 nuclei allows to
determine the spin of the compound nucleus at the binding energy. An experiment on 177Lu underlines
the role of the spin of a resonance on the isomeric-state feeding probability.

PACS. 23.20.Lv γ transitions and level energies – 24.60.Dr Statistical compound-nucleus reactions –
25.40.Ny Resonance reactions – 29.30.Kv X- and γ-ray spectroscopy

1 Introduction

In numerous cases, the compound nucleus following a nu-
clear interaction decays by gamma emission to either an
isomeric or the ground state. The relative feeding proba-
bility of these two states depends strongly on the spins of
the compound nucleus, the isomeric and ground states [1].
It cannot be predicted by theoretical calculations because
of the generally very complex decay paths and in part
because the compound nucleus spin is unknown. We pro-
pose an original method to determine experimentally the
feeding ratio between isomer and ground state in case
where the compound nucleus spin is known (after reso-
nance neutron capture). The isomeric ratio, defined by
IR = σm/(σm + σg), is the relevant observable for at
least two reasons. The compound nucleus formation cross-
section is independent of the following de-excitation and
a cross-section ratio is easier to measure than an ab-
solute cross-section. IR has been measured for several
decades through several production reactions like (p,n),
(d,p), (d,2n), (d,4n),(p,3n), (α,n), (3He,n), (γ,n), (n,2n),
(n,α) or (n,γ) [1–7]. Capture reactions are generally stud-
ied at thermal energy except by Bishop et al. [4] who mea-
sured IR in an epithermal neutron flux.

In this case only s-wave neutrons are captured leading
to a compound nucleus spin of J ± 1/2 where J is the
spin of the target nucleus. Huizenga and Vandenbosch [1]
made some calculations to reproduce the measured IR at
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thermal energy and predict the value at the resonance en-
ergy (not measured). They concluded that the spin gap
between the compound nucleus and the isomeric and fun-
damental states is a dominant parameter on the isomeric
feeding. We propose to confirm this trend by measuring
the IR following the neutron capture at resonance energy
which presents the advantage of forming a compound nu-
clear state of defined spin. In addition, the differences of
IR at a resonance energy and in thermal neutron flux al-
lows to determine the spin of the compound nuclear state
at thermal energy.

Most of the nuclei with large A present capture cross-
section resonances in the 0.1 eV–10 keV range which can
reach several tenth of thousands of barns. A huge gain in
capture rate can be envisaged by capture in a resonance
in comparison to capture at thermal energy which is usu-
ally quite small. In addition the spin of the compound
nucleus following a resonant capture could favor isomeric-
state feeding. The aim of this work is to measure the IR
at the capture resonance energy and to compare it with
the values at thermal energy.

The lead slowing-down assembly CIRENE (Création
d’Isomères dans les Résonances NEutroniques) was built
for this study. This kind of set-up allows to reach high-
intensity neutron flux in the 0.1 eV–10 keV range [8–11].
In such a neutron flux the main part of the captures (up
to 90% depending on the nucleus) takes place in the sin-
gle large low-energy resonance. The spin of the compound
nucleus following the capture is thus well determined.



60 The European Physical Journal A

The IRs of several nuclei have been measured at the
energy of the main resonance. The first part of this paper
describes the lead pile CIRENE. The measurements of the
isomeric ratios are then exposed and discussed. Finally, an
original experiment dedicated to the IR measurement on
two tagged resonances of 177Lu is presented.

2 Experimental set-up

2.1 Principle

Slowing-down spectrometers have been employed since the
50’s [8] for various applications such as cross-section mea-
surements [9–11] or radioactive waste transmutation stud-
ies [12–14]. The average relative energy lost by a neutron
in elastic scattering with a nucleus of mass A is given by
eq. (1):

〈∆E〉

E
=

2A

(A+ 1)2
. (1)

For a heavy nucleus, like lead (A ' 207), the neutron
looses 1% of its energy each time it scatters. The aver-
age energy loss being smaller than the resonance width,
this adiabatic slowing-down process allows to describe a
narrow resonance with a high capture probability (see in-
troduction). Due to its high mass number and an elas-
tic cross-section more than 4 orders of magnitude greater
than the capture one in the 0.1 eV–10 keV range, lead is
the best candidate for such an application. Neutrons of a
few MeV produced in the centre of a large lead pile slow
down by inelastic (above 0.57 MeV) and elastic scattering
until thermal energy. This kind of set-up leads to a high
neutron flux in the 0.1 eV–10 keV range (as compared to
most time-of-fligth neutron sources) which is precisely the
domain of resonant cross-sections for most medium- and
heavy-mass nuclei.

The neutron flux in such an assembly has been
simulated using the MCNP [15] neutron transport code.
The use of the neutron capture cross-sections from the
ENDF/B-VI [16] data file allows to calculate the number
of the captures as a function of the neutron energy. In the
case of 186W (fig. 1) 89% of the total number of captures
takes place in the first large low-energy resonance at
18.8 eV.

The spectrometer operation mode, using the correla-
tion between the slowing-down time and the neutron ki-
netic energy [14], was investigated for another study [17].
For this work only continuous beam is considered and the
lead pile is used as an irradiation tool.

2.2 Lead pile

Calculations performed with the MCNP [15] code show
that the flux (normalized per source neutron) in the en-
ergy region of interest depends on the size of the lead cube.
The optimal size leads to a 380 t lead assembly. Such a
set-up being too heavy and too expensive a smaller cube
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Fig. 1. Neutron flux inside CIRENE (top), capture cross-
section of 186W (middle) and number of captures integrated
from Emax to E (bottom).

Fig. 2. The lead pile and one of the 36 elementary cubes.
The channel allowing manipulation and samples introduction
is clearly visible.

(L = 1.2m) was assembled. It is composed of 36 elemen-
tary cubes (40× 40× 30 cm3) weighting 542 kg each (see
fig. 2). A dedicated platform was built to support the lead
pile and centre it at the beam line height. A rectangu-
lar channel, with a section of 10 × 5 cm2, allows to move
it, to insert samples in specific lead bricks and to insert
the beam pipe inside the lead pile. Specific arrangement of
the cubes offers the possibility to place the samples almost
everywhere in the assembly.

Special attention was paid to the choice of the chemi-
cal lead purity. Neutron transport calculations performed
with MCNP show that a few per cent of impurity can
dramatically decrease the neutron flux. For example, 4%
of antimony (usually mixed in lead for mechanical rea-
sons), reduces neutron flux by a factor of 100 in the
0.1 eV–10 keV range.
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2.3 Neutron source

The neutrons were produced by the (12 MeV) d + Be reac-
tion. A 15 µA deuterons beam impinging on a 1 mm thick
target produces several 1011 neutrons per second in 4π.
The beryllium target, located at the end of the pipe, is
placed at the centre of the lead cube. A specific target was
designed in order to address several technical constraints
like heat evacuation and reduced activation risks. A liquid
cooling system was necessary to evacuate the 180 watts
deposited in the beryllium disk. Considering machining
difficulties, aluminum was the best-suited metal for the
target support. Its heat capacity, close to that of beryl-
lium, makes the cooling easier. In addition only short-lived
activation elements are produced in aluminum by fast and
thermal neutron fluxes. The most abundant isotope 24Na,
produced by the Al(n,α) reaction, has a relatively short
half-life (T1/2 = 14.92 h). Therefore the set-up is accessi-
ble for handling after only a few days of decay.

2.4 Samples and detectors

The sample thickness is determined by the capture cross-
section in the main resonance (σ). The condition Nσ =
1/100 (with N the number of atoms per cm2) ensures
not to disturb the neutron flux reducing the self-shielding
effect to negligible level. Taking into account the density
and the isotopic abundance it corresponds to thicknesses
of 0.06 and 0.36 µm for gold and silver, respectively. Thus
samples are small discs of lead (18 mm in diameter and
1 mm thick) on which the studied isotope is evaporated.
The backing is composed of high-purity lead (99.95%) in
order to reduce the activation of impurities which could
pollute the gamma-ray spectra. The samples are placed
inside dedicated lead bricks (20×10×5 cm3) with special
holes. The bricks can then be put almost everywhere in
the pile using the channels mentioned in sect. 2.2.

All the studied nuclei, in ground and isomeric state, are
radioactive (see details in sect. 3.1) and can be detected
by gamma spectroscopy. A 90% HPGe coaxial detector
was used with a classical spectroscopic chain composed
of pre-amplifier, amplifier and multichannel analyzer. Al-
most two minutes were necessary to enter in the experi-
mental room, extract the sample out of the cube and put
it in front of the detector placed outside. For this reason,
no element with a half-life shorter than that of 110mAg
(T1/2 = 24.6 s) could be studied. A shielding composed
of 10 cm thick lead (to reduce the background due to
the gamma rays coming from concrete) surrounding 1 cm
copper (to stop X-rays generated in the lead shielding)
surrounded the germanium detector. Therefore a low ra-
dioactivity level (in case of long-lived isomer) could be
measured. The germanium detection efficiency has been
determined using calibrated sources on the overall spec-
tra from 59 keV to 1332 keV.

2.5 Neutron flux determination

The neutron flux is determined by calculations and by ir-
radiation. A precise geometrical description of the set-up

Table 1. 197Au and 186W characteristics [16,18].

Element Resonance Cross-section T1/2 of nucleus
energy (A+ 1)

197Au 4.906 eV 27400 b 2.69 d
186W 18.83 eV 15000 b 23.72 h

including the beam pipe, the target and the lead cube is
used in the neutron transport code MCNP. The neutron
source energy spectra and angular distribution are gener-
ated according to the data published by Brede et al. [19].
The neutron flux is then calculated at the positions of the
samples. The inclusion of the capture cross-section allows
to evaluate the reaction rate in the sample (see fig. 1). The
self-attenuation is negligible because of the small thickness
of the sample (see sect. 2.4).

These calculations are compared to the irradiation
of gold and tungsten samples. These elements are very
well adapted because of their huge capture cross-sections
in the resonances and the half-lives of 198Au and 187W
(see table 1). A good agreement has been found between
the number of source neutrons obtained from the simu-
lations and deduced from the irradiation of gold and sil-
ver samples placed at numerous positions. Thus a 12 MeV
deuteron beam with an intensity of 15 µA produces 2·1011

neutrons source per second. A relative flux monitoring is
performed in line using a small 3He detector placed inside
the lead pile.

This beam intensity corresponds to a flux of
108 n cm−2 s−1 in the 0.1 eV–10 keV range. The irradi-
ation time was determined by the period of the studied
elements.

3 Isomeric-state studies

3.1 Isomeric choice criteria

The choice of the studied nucleus depends on several cri-
teria:

1. A resonance with a large neutron capture cross-section.
2. An unstable ground state in order to detect isomer and

ground state by gamma-ray spectroscopy. The chosen
nuclei decay by β emission followed by gamma rays
emitted by the daughter nuclei.

3. Isomer and ground-state periods are limiting factors.
Short periods are limited to around 1/2 minute (see
sect. 2.4). The long periods are limited by the detection
level.

4. The element should be isotopically abundant and not
toxic in order to be evaporated.
Finally, the isomeric ratios of 8 nuclei, whose charac-
teristics are given in table 2, have been measured.

3.2 Isomeric-ratios measurement

Let us consider a nucleus X which leads by neutron cap-
ture to the nucleus Zg in the ground state with a cross-
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Table 2. Half-life of ground and isomeric states, energy, isomeric transition probability and neutron binding energy of the
8 studied nuclei [20].

Compound nucleus Tg Tm E (keV) p (%) Sn (keV)

110Ag 24.6(2) s 249.79(20) d 117.59 1.36(6) 6809.2(1)
122Sb 2.7238(2) d 4.191(3)min 163.5591(17) 100 6806.9(10)
134Cs 2.0648(10) y 2.903(8) h 138.7441(26) 100 6891.54(1)
152m1Eu 13.537(6) y 9.3116(13) h 45.5998(4) 0 6306.72(10)
152m2Eu 13.537(6) y 96(1)min 147.86(10) 100 6306.72(10)
154Eu 8.593(4) y 46.3(4)min 145.3(3) 100 6442.0(3)
188Re 17.005(4) h 18.6(1)min 172.069(9) 100 5871.6(3)
177Lu 6.734(12) d 160.4(3) d 970.1749(25) 21.7(6) 7072.2(6)

section σg and a decay constant λg and to nucleus Zm
in the isomeric state with a cross-section σm and a decay
constant λm. During an irradiation period ti of a sam-
ple containing N nuclei exposed to a neutron flux φ, the
number of metastable Nm and ground-state Ng nuclides
are

Nm(t) =
Rσm
λm

(1− e−λmt), (2)

Ng(t)=R

[(

σg+pσm
λg

)

+

(

σgλm+pσmλm−σgλg
λg(λg−λm)

)

e−λgt

−
pσm

(λg − λm)
e−λmt

]

, (3)

where p is the transition probability from isomer to ground
state (see column 5 of table 2) and R = φN . The cross-
section ratio can be deduced from eqs. (2) and (3):

σg
σm

=
1− e−λmti

1− e−λgti

[

λgNg(ti)

λmNm(ti)
−

pλg
λg − λm

]

+
pλm

λg − λm
.

(4)
After a decay time tr the sample is placed in front of

a germanium detector during tm. The peak area of the
detected gamma emitted by Zm and Zg with branching
ratio Im and Ig are

Sm = εmImNm(ti)hm(t), (5)

Sg = εgIg

[

Ng(ti)hg(t) +
pλm

λg − λm
Nm(ti)hm(t)

−
pλm

λg − λm
Nm(ti)hg(t)

]

, (6)

where εm and εg are the detection efficiencies for isomeric-
and ground-state gamma, respectively, and h the time-
dependent function hm(t) = e−λmtr (1− e−λmtm).

Nm(ti) is deduced from eq. (5). The ratio
Ng(ti)
Nm(ti)

(needed in eq. (4)) is deduced from eqs. (5) and (6):

Ng(ti)

Nm(ti)
=
hm(t)

hg(t)

[

SgεmIm
SmεgIg

−
pλm

λg − λm

]

+
pλm

λg − λm
. (7)

The cross-section ratio can now be calculated (eq. (4))
and the IR is

IR =
σm

σg + σm
=

1

1 +
σg

σm

. (8)

A precise knowledge of sample thickness and absolute
neutron flux is not necessary to determine IR because φ
and N do not appear in eq. (4). Note that this result is the
same than Belov et al. published in ref. [7] where calcula-
tions are not developed. In some cases, λm and λg being
very different, the gamma measurements are performed
after two different irradiation duration times.

3.3 Results

In order to suppress the thermal component, the samples
are surrounded by 0.8 mm cadmium shielding. Calcula-
tions performed with the MCNP code and ENDF/B-VI
evaluated data files show that for each of the studied nu-
clei more than 80% of the total number of captures take
place in the lowest-energy resonance. The case of 186W is
presented in fig. 1.

The measured IR (written IRres for resonance) and
thermal IR (IRtherm) are presented in table 3. Uncer-
tainties take into account statistical effects and incom-
plete gamma detection efficiency knowledge. The spins of
ground and isomeric states are also printed. In two cases,
110Ag and 122Sb, IRres is two times greater than IRtherm.
For the other 5 nuclei we have IRres ' IRtherm.

4 Case of 177Lu

4.1 Neutron filter technique

The neutron capture cross-sections of 113Cd and 176Lu
(see fig. 3) present very useful characteristics. Cadmium
is well known to be very efficient in shielding against neu-
trons below 0.3 eV. The isotope 176Lu has a main reso-
nance at E = 0.141 eV with a spin J = 13/2 and a series
of resonances in the 1–20 eV range which have almost all
a spin J = 15/2.

In the CIRENE neutron flux, most of the captures on a
176Lu sample occur in the resonance at E = 0.141 eV with
a spin J = 13/2. When the same sample is surrounded
by a cadmium shielding all the captures take place on
the resonances at E ≥ 1 eV with a spin J = 15/2. The
irradiations with and without Cd allow to measure the
IR of 177Lu following a compound nucleus of tagged spin
13/2 and 15/2.
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Table 3. Isomeric ratios with thermal neutrons, measured with CIRENE (columns 2 and 3) together with the spins of the
target nucleus A−1, and the spins of the ground state, the isomeric state and the resonance state of the compound nucleus [18].

Compound nucleus IRtherm IRres J(A−1) Jg Jiso Jres

110Ag 5.1 10−2 (10.3± 2.0) 10−2 1/2− 1+ 6+ 1
122Sb 9.9 10−3 (2.36± 0.15) 10−2 5/2+ 2− 8− 3
134Cs 8.6 10−2 (8.6± 1.3) 10−2 7/2+ 4+ 8− 3
152m1Eu 35.9 10−2 (36.4± 3.7) 10−2 5/2+ 3− 0− 3
152m2Eu 6.8 10−4 (6.7± 1.0) 10−4 5/2+ 3− 8− 3
154Eu – (1.33± 0.16) 10−4 5/2+ 3− 8− 3
188Re 3.7 10−2 (3.44± 0.31) 10−2 5/2+ 1− 6− 3
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Fig. 3. Neutron capture cross-sections of 176Lu and 113Cd.
The spin and energy of the two main resonances of 176Lu are
indicated.

Two 100 µg samples of 99.993% enriched 176Lu (puri-
fied using the isotopic separator PARSIFAL [21] and put
in carbon cylinders) have been irradiated at the same time
in symmetric positions of the lead pile during 69 hours.
The 177gLu (T1/2 = 6.71 d) activity was measured a few

days after the end of the irradiation. For the 177mLu
(T1/2 = 160.5 d) a decay period of several months was

necessary to reach the total disappearance of 177gLu. The
176Lu mass and the small isomer cross-section lead to very
small 177mLu activity and required special analysis condi-
tions described in the next section.

4.2 Isomeric lutetium activity measurement

In our samples the activity of 176Lu (T1/2 = 3.79 1010 y) is

almost 20 times larger than that of 177mLu and the planar
geometry was found to be the best suited to measure the
177mLu activity. For this particular measurement we used
a low-background planar HPGe detector (area 23 cm2,
2 cm thick). The detector was shielded with electrolytic
copper and lead (12 cm low and 3 cm very low activ-
ity). Furthermore, the detector was set-up inside the deep

underground laboratory of Modane [22,23], at the Italian-
French border, under 1700 m rock (equivalent to 4400 m
of water). In these conditions, the background between 10
and 400 keV was only 9 counts per hour.

Each sample was measured during ten days, and the
activity was deduced from the two main lines emitted
along with the decay of 177mLu at 208 and 228 keV.
As the samples were measured very close to the detec-
tor, counting losses due to coincidence-summing effects
affected the peak areas. The correction factors were calcu-
lated to be 1.43 and 1.54 for the peaks at 208 and 228 keV,
respectively [24,25]. With the Gespecor software [26,27],
we found correction factors of 1.57, 1.54 and 1.59 for the
peaks at 88, 201 and 306 keV of 176Lu.

Finally, the activity of 177mLu at the date of irradiation
end, was found to be (11.9±1.8) 10−3 Bq, in the sample
shielded by the Cd lining, and (13.8±2.1) 10−3 Bq, in
the other sample. The activity uncertainty of 177mLu was
evaluated to 15% (67% C.L.) by taking into account the
statistical uncertainty, the uncertainty of the coincidence-
summing correction factors, and the uncertainty of the
detection efficiency.

4.3 Results

The results are presented in table 4. The statistical and
systematic uncertainties are taken into account. As men-
tioned in sect. 3.2 the mass differences between the two
lutetium samples (less than 12% according to the 176Lu ac-
tivity measurements) do not affect the IR measurement. It
has been checked that the flux attenuation in the lutetium
samples was negligible.

The 176Lu(n,γ)177mLu and 176Lu(n,γ)177gLu cross-
sections reactions are well known for thermal neutrons.
The respective values of 2.80 ± 0.17 b [28] and 2087.2 ±
70 b [18] leads to IR = (13.4 ± 1.0) 10−4. The spin dif-
ference between the isomer (J = 23/2−) and the ground

Table 4. 177Lu Isomeric ratios for thermal neutrons [18], mea-
sured in this work without and with cadmium.

Thermal flux Without Cd With Cd

IR (13.4± 1.0) 10−4 (10.6± 1.7) 10−4 (28.1± 3.7) 10−4
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state (J = 7/2+) probably explains this cross-section dif-
ference.

This work (see table 4) shows that the IR measured
without cadmium is similar to the thermal one. In this
case a large part of the captures takes place in the main
resonance at 0.141 eV. When the capture occurs in the
resonance at 1.565 eV and above a gain of a factor 2.5 is
observed.

5 Discussion

These IR measurements give very interesting information
about the compound nucleus spin and isomeric-feeding
probabilities. In the Lu case the fact that the IR reached
from a compound nucleus of spin 15/2 is 2.5 times higher
than from a spin 13/2 shows that the spin gap between
compound nucleus and isomeric state (J = 23/2 for the
177mLu) is a predominant parameter in the feeding prob-
ability.

The gain of IRres in comparison to the IRtherm ob-
served for 110Ag, and 122Sb can be explained as well. In
the resonance energy range (E < 1 keV) neutrons being s-
waves, the compound nucleus spin can only take 2 values
J = Jg ± 1/2. For 110Ag (respectively 122Sb) the spin of
compound nucleus is JCN = 0 or 1 (JCN = 2 or 3). The
isomeric-state (whose spin is Jm = 6 (Jm = 3)) feeding
is favored by the spin of the compound nucleus produced
at the main resonance JCN = 1 (JCN = 3) instead of
JCN = 0 (JCN = 2).

In addition the fact that IRtherm < IRres leads to
think that the spin of the compound nucleus following a
thermal neutron capture energy is different to the spin at
the resonance. The spin at thermal energy capture could
be JCN = 0 for 110Ag and JCN = 2 for 122Sb. In this
last case it corresponds to the resonance at the negative
energy E = −12 eV given in ref. [18].

For 152m1Eu, 152m2Eu, 154Eu and 188Re the resonance
spin leads to JCN = JA−1 + 1/2 and the relation IRres '
IRtherm allows to conclude that it is the same value with a
capture of thermal neutron. The same remark can be done
for 134Cs with JCN = JA−1 − 1/2. For 177Lu, IRres '
IRtherm means that the compound nucleus spin after a
thermal capture is the same as that at the resonance of
0.141 eV, i.e. JCN = JA−1 − 1/2 = 13/2.

In order to investigate if the present results can be
predicted by the statistical model, we performed Monte
Carlo calculations of the decay of the compound nucleus.
At the high excitation energies above the neutron bind-
ing energies, where neutron resonances are observed, for
most medium- and heavy-mass nuclei the nuclear system
is extremely complex and no nuclear model is capable of
predicting the energy and other properties of these excited
states. Due to extreme configuration mixing, the nucleus
in this regime above the neutron threshold has a statistical
behaviour. This is expressed by the fact that the matrix el-
ements related to nuclear state transitions have a random
character, governed by a Gaussian distribution with zero
mean. This statistical model of the compound nucleus is
referred to as the Gaussian Orthogonal Ensemble.

Table 5. Isomeric ratios, measured with thermal neutrons (col-
umn 2), in this work (column 3) and calculated with a statis-
tical model code.

Nucleus IRtherm IRres IRcalc

110Ag 5.1 10−2 (10.3± 2.0) 10−2 3.1 10−3

122Sb 9.9 10−3 (2.36± 0.15) 10−2 2.4 10−4

134Cs 8.6 10−2 (8.6± 1.3) 10−2 1.5 10−4

152m1Eu 35.9 10−2 (36.4± 3.7) 10−2 2.1 10−3

152m2Eu 6.8 10−4 (6.7± 1.0) 10−4 1.4 10−4

154Eu – (1.33± 0.16) 10−4 1.8 10−4

188Re 3.7 10−2 (3.44± 0.31) 10−2 8.4 10−2

We used a modified version of the code DICEBOX [29]
in order to calculate the populations of the ground state
and the isomeric states. Above the critical energy, the ex-
citation spectrum of the nucleus is generated using level
density information and the level transition probabilities
are calculated using photon strength functions including
width fluctuations. For the critical energy a value was
chosen corresponding to the region where the available
information in the level scheme starts to become scarse.
For most of the considered nuclei the critical energy is
roughly situated at about one fifth of the neutron binding
energy. We have used the back-shifted Fermi gas model
for the level densities with parameters taken from the
RIPL-2 library [30]. The gamma-ray strength functions
for E1 transitions were based on Lorentzian shaped giant
dipole resonances, one for spherical and two for deformed
nuclei. We have used the experimental values if avail-
able, and theoretical otherwise, from RIPL-2. For the M1
and E2 gamma-ray transitions we have used the energy-
independent single-particle model. The gamma decay pro-
cess in this region is considered completely statistical. Be-
low the critical energy, where in general the decay is not
statistical anymore, the levels and transition probabilities
were taken from the ENSDF library [31]. The ratio of these
populations should correspond to the measured isomeric
cross-section ratio IR if the decay can be described by the
statistical model. As can be seen from table 5, the cal-
culated ratios are in some cases lower than the measured
ratios by more than one order of magnitude, so under-
estimating the population of the metastable states. Rea-
sonable changes in the input parameters change slightly
the calculated ratios but do not reproduce the measured
ratios. The gamma-ray decay spectrum of the compound
nucleus is characterized by many thousands of primary
gamma transitions, summing up to the total radiation
width. For many isotopes having a metastable state, such
privileged transitions, carrying several tens of percents of
the radiation width, are known [31]. We believe that the
disagreement between the measured and calculated values
could have two origins. Spin and parity of levels involved
in the gamma cascade are sometimes unknown or even
wrong in the databases. The spin- and parity-dependent
nuclear level densities [32] have not been taken into ac-
count in these simulations.
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6 Conclusion

The Isomeric Ratio of 8 nuclei has been measured at
the resonance energy using the slowing-down assembly
CIRENE. The originality of this production mode is to
form the compound nucleus with a well-known spin in
contrast to thermal neutron capture. The IRs measured
on two tagged resonances of 176Lu of spin J = 13/2 and
J = 15/2 differ by more than a factor 2. This confirms
that the spin of the compound nucleus is a predominant
parameter in the isomer and ground-state feeding. The dif-
ferences between the IR measured at thermal energy and
in the resonance allow to determine the main spin com-
ponent of the compound nucleus following the capture of
a thermal neutron. For two nuclei, 110Ag and 122Sb the
main spin component of the compound nucleus at ther-
mal energy is probably different from the spin of the first
large s-wave resonance. It appears from the measurements
that the isomeric states are always more populated than
expected from predictions from statistical model calcu-
lations. This non-statistical effect is ascribed to nuclear
structure effects resulting in a predominant feeding of the
isomeric states.
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