
This is the accepted manuscript made available via CHORUS. The article has been
published as:

Integral cross section measurement of the
^{235}U(n,n^{′})^{235m}U reaction in a pulsed reactor

G. Bélier, E. M. Bond, D. J. Vieira, N. Authier, J. A. Becker, D. Hyneck, X. Jacquet, Y. Jansen,
J. Legendre, R. Macri, V. Méot, and P. Romain

Phys. Rev. C 91, 044605 — Published  8 April 2015
DOI: 10.1103/PhysRevC.91.044605

http://dx.doi.org/10.1103/PhysRevC.91.044605


  

Integral Cross Section Measurement of the 235U(n,n’)235mU Reaction in a Pulsed Reactor 
 

G.Bélier1, E.M.Bond2, D.J.Vieira2, N.Authier4, J.A.Becker3, D.Hyneck4, X.Jacquet4, Y.Jansen4, J.Legendre4, 
R.Macri3, V.Méot1, P. Romain1 

1Commissariat à l’Energie Atomique et aux Energies Alternatives, DAM DIF, F-91297 Arpajon, France 
2 Los Alamos National Laboratory, Los Alamos, NM 87545, USA 

3 Lawrence Livermore National Laboratory, Livermore, CA 94550, USA 
4 Commissariat à l’Energie Atomique et aux Energies Alternatives, DAM, VALDUC, F-21120 Is-sur-Tille, France 

 
The integral measurement of the neutron inelastic cross section leading to the 26 minutes 235mU isomer in a 

fission-like neutron spectrum is presented. The experiment has been performed at a pulsed reactor, where the 
internal conversion decay of the isomer was measured using a dedicated electron detector after activation. The 
sample preparation, efficiency measurement, irradiation, radiochemistry purification and isomer decay 
measurement will be presented. We determined the integral cross section for the 235U(n,n’)235mU reaction to be 
1.00±0.13 b. This result supports an evaluation performed with TALYS-1.4 code with respect to the isomer 
excitation as well as the total neutron inelastic scattering cross section. 

 

INTRODUCTION 

In the application of nuclear fission all of the contributing 
processes have to be accurately known in order to calculate 
an assemblies’ reactivity. Usually, it is assumed that the 
fissioning nuclei are in their ground state.  But in some 
situations, excited states need to be considered and the 
population of these excited states leads to other reaction 
channels that can change system behavior. In the case of 
235U, the fission cross section for the first excited state, the 
26 minutes isomer, exceeds that of the ground state fission 
cross section by a factor ~2 at thermal neutron energies[1]. 
At higher energies (up to ~300 keV) calculations predict the 
fission cross section for the isomer to be 20-50% smaller 
than that of the ground state [2].  Hence there is high interest 
in determining the excitation and fission properties of the 
235mU isomer.  

In 2000 the excitation of the isomer by electromagnetic 
processes in hot dense plasmas was investigated 
experimentally [3], but no excitation was observed.  
Calculations [3] indicated that neutron inelastic scattering 
would be an effective mechanism for populating the isomer, 
but no measurement has been made until now. Only the total 
inelastic cross section has been measured in 4 experiments 
[4,5,6,7]. Fig. 1. shows the experimental data along with an 
evaluation performed with the TALYS-1.4 code [8]. These 
measurements have large uncertainties, both in the cross 
section and the neutron energy, for the three highest energy 
points.  Most notable is a large disagreement between the 
evaluation and the lowest energy data point at ~1 MeV. The 
neutron inelastic scattering was also studied by the (n,n’γ) 
technique at the LANSCE/WNR facility [9] at neutron 
energies above 4.09 MeV, and at the IRMM/GELINA 
facility [10] from 0.3 to 9.4 MeV. Although the measured 
partial γ-production cross sections have small uncertainties, 
the deduced total inelastic scattering cross section 
uncertainty is large because the γ cascade is very fragmented, 
with the most intense γ-line representing only 10 % of the 

theoretically estimated total cascade strength [9].  In this 
context the measurement of the isomer production cross 
section is also important in constraining the total inelastic 
scattering cross section. 

In this article we report on the measurement of the integral 
neutron inelastic scattering cross section leading to the 235mU 
isomer.  The experiment was performed at the pulsed critical 
reactor CALIBAN (located at the CEA/VALDUC laboratory 
in France), that has a fission-like neutron spectrum in its 
central cavity. The number of isomeric atoms produced in an 
irradiation was measured with a dedicated electron detector 
specifically designed for the detection of low-energy 235mU 
conversion electrons. 

 
 

 
Fig. 1. Total neutron inelastic cross section. The 

experimental data points are taken from references [4,5,6,7]. 
The line is an evaluation performed with the TALYS-1-4 
code [8].  

II. EXPERIMENT OVERVIEW 

The 235mU 1/2+ isomer decays to the 7/2- ground state by an 
E3 transition. Due to this high multipolarity and very low 



  

excitation energy (E*=76.8 eV), this transition is completely 
converted. The outmost electron shells involved in this decay 
have binding energies ranging from 4.6 to 44 eV, so that the 
emitted electrons have a maximum energy of 72.2 eV.   
Moreover given this very low transition energy, the isomer 
half-life is very dependent on the chemical environment.  
Reference [11] has shown a 10 % change in the half-life 
depending on the oxidation state of the uranium atom.   This 
work has also shown that the half-life depends on the metal 
in which the isomer is implanted [12]. The common adopted 
value for the half-life is 26 minutes. For this experiment 
where the number of 235mU isomers produced by neutron 
inelastic reactions is determined by conversion electron 
counting, the chemical dependence of isomer half-life is an 
extra uncertainty that must be studied and taken into account. 
Another complication is the very low energy of the emitted 
conversion electrons which have a short interaction length of 
~1 nm (~1 µg.cm-2 assuming a density ρ~10 g.cm-3 for 
electroplated U) compared to the electroplated sample 
thickness (~4 µg.cm-2). Hence the energy spectrum coming 
out of the sample is highly degraded and no spectroscopy can 
be done on these electrons. Thus the only observable that can 
be used to identify the isomer is its half-life. In this respect 
the determination of the isomer half-life is of prime 
importance, while the measurement of the isomer detection 
efficiency and background characterization are essential in 
determining the neutron inelastic cross section leading to the 
isomer.  

The experiment was performed by irradiating samples in 
the pulsed reactor CALIBAN [13]. The integrated flux in one 
‘shot’ is typically 3x1014 n.cm-2.  Uranium samples of 
isotope-enriched 235U, 236U, and 238U and various blank 
samples were used to measure the isomer and to characterize 
the background. 

 
 233U 234U 235U 236U 238U 

(Atomic %) 
235U 0.0001 0.0342 99.84 0.0249 0.1052 

236U 0.082 - 0.205 99.68 - 
238U - 0.0054 0.7204 - 99.2742 
Table I.  Isotopic content of the isotope-enriched uranium 

samples. 
 

III. SAMPLE PREPARATION AND FISSION 
PRODUCT REMOVAL CHEMISTRY 

The uranium samples were prepared from solutions that 
were dried dropwise (stippled) onto Ti backing foils. After 
irradiation, the uranium was dissolved off of the backing foil 
and radio-chemically processed to remove fission products.  
The samples were then electroplated onto a stainless steel 
disk or a fresh Ti backing foil and then counted.   The time 
from the end of irradiation to the start of counting, hereafter 
called the ‘cooling time’, was typically 90 minutes. The 

isotopic content of the enriched uranium samples, as 
determined by mass spectroscopy, are given in Table I. 

The radiochemical separation, used to remove many of the 
fission products, was developed at Los Alamos National 
Laboratory.  The separation is based on the extraction 
chromatographic resin UTEVA, which has a very high 
affinity for hexavalent uranium and hence can be used to 
separate uranium from many other elements [14,15].  The 
radiochemical separation was tested prior to isomer 
measurements using uranium foils that were irradiated in the 
GODIVA IV critical assembly [16] at Los Alamos National 
Laboratory.  In a typical radiochemistry development run, a 
28 mg foil of highly enriched 235U was irradiated at 
GODIVA IV, transported to the radiochemical lab, dissolved 
in nitric acid, dried, and then redissolved in 3M HNO3 + 
0.001 M HF. The fission products were removed from the 
uranium using a column containing 2 mL UTEVA resin that 
had been prewashed with 3 M HNO3 and 3 M HNO3 + 0.001 
M HF.  One milliliter of the uranium solution was placed 
onto the column, followed by rinses of 5 mL 3 M HNO3 + 
0.001 M HF and 7 ml 5 M HCl.  The uranium was 
subsequently eluted with 5 mL 0.02 M HNO3. In Table II we 
list the separation factors determined for a number of fission 
products that were observed by gamma spectroscopy using 
HPGe detectors before and after the separation.  In addition, 
there were a number of isotopes that were observed in the 
solution prior to the separation, but were not observed 
following the separation.  The separation factors for most of 
the elements that were observed, were quite good, 
particularly for Group 1 and 2 elements, and the lanthanides, 
based on the 143Ce data.  (Noble gas species were released 
upon dissolution.) 

 
Element Measured 

Isotope 
T1/2 Separation 

factor 
Tc 101Tc 14.2 min 6300 ± 1100 
I 135I 6.57 h 430 ± 190 

Te 

133mTe 55.4 min 330 ± 90 
132Te 3.20 h 280 ± 80 
134Te 41.8 min 280 ± 40 

Zr 97Zr 16.8 h 140 ± 10 

Sb 
131Sb 23.0 min 120 ±30 
130Sb 39.5 min 100 ± 20 

Table II.  Summary of measured chemical separation 
factors (=yield after radiochemistry/yield before 
radiochemistry) for selected fission products from 235U 
samples irradiated in the Godiva IV critical assembly at Los 
Alamos National Laboratory. 

 
From this work, it is expected that similar, if not improved, 

separation factors would be obtained with the smaller 
uranium samples (7-20 μg instead of 28 mg) used in the 
235mU measurements.  For such small samples, we were able 
to reduce the amount of UTEVA resin used as well as the 
solution volumes to reduce the separation time. The 



  

separation procedure used for the samples described in this 
paper is as follows: The uranium sample was dissolved off 
the backing material in 1.0 mL 3M HNO3 + 0.001 M HF; 
this solution was then poured through a column containing 
0.5 mL UTEVA resin. The column was rinsed with an 
addition of five aliquots of 0.5 mL 3 M HNO3 + 0.001 M 
HF, followed by five aliquots of 0.5 mL 5 M HCl. The 
uranium was then eluted with five 0.5 mL aliquots of 0.01 M 
HCl directly into an electrodeposition cell and a deposit was 
prepared using the ammonium sulphate method [17].  
Typical separation times where ~30 minutes and 
electroplating times where ~10 minutes. 

IV. DETECTION SYSTEMS 

 

 
Fig. 2. (Color online) Schema of the electrostatic 

deflecting electron spectrometer. 
 
A dedicated electron detector has been built for the 

measurement of the low-energy conversion electrons from 
the decay of 235mU (Fig. 2). It is based on an electrostatic 
deflecting system and a channeltron electron multiplier 
(Photonics X9551BL). The electrostatic electrodes deflect 
and accelerate the electrons from a few electron Volts (as 
emitted from the sample) to 1.5 keV at the entrance of the 
channeltron.  It also focuses the electrons from a 5 cm² 
sample size onto the channeltron whose entrance area is 
2.5 cm². 

In Fig. 3. the calculated transmission efficiency from the 
sample to the channeltron is presented. Since the converted 
electron energies are highly degraded coming out of the 
sample (due to the short interaction length mentioned above), 
this apparatus is well suited to the 235mU isomer decay 
measurement. This electron spectrometer was originally 

developed for a search of the 235mU isomer excitation in a 
high-temperature, laser-driven plasma [3]. 

 

 
Fig. 3. Calculated electron transmission curve. 
   

 
Fig. 4.  A typical time spectrum showing the 235mU isomer 

decay. The black line is the result of the fit of an exponential 
decay plus a constant background, from which a half-life of 
25.33 minutes was obtained. 

 
In order to minimize the time needed for a sample to be 

introduced into the electron sectrometer, a vacuum interlock 
system was used. Using a high-capacity cryo-pump only a 
few minutes was needed to install the sample, achieve 
adequate vacuum (<10-3 Pa), bias the channeltron, wait for 
the dark current to comedown and begin the electron 
counting. The signal from the channeltron was amplified by 
an Ortec 113 preamplifier and then shaped by a Tennelec 
TC244 amplifier. The data acquisition system is based on the 
ADC 7074 NIM module from Fast Comtec which was linked 
by a multi-parameter MPA-3 interface to a PC computer. 
This system time-stamps every event, so that a time spectrum 
can be constructed. In this experiment two-dimensional 
histograms where built from the measured pulse height 
amplitude and time parameters. The time spectrum was 



  

binned in 30 s intervals. Fig. 4 shows a typical time spectrum 
obtained with a 235U isomer sample prepared for an 
efficiency measurement (see below). The black line is the 
result of the fit of an exponential decay plus a constant 
background. 

The uranium mass of each sample was determined by 
alpha counting using an α spectrometer (Eurisys Mesures - 
EM 7184). It included a passively ion-implanted silicon 
detector (EM IP 450). The spectrometer detection efficiency 
was determined by the use of a calibrated alpha source 
whose total activity was 459 α/s with an uncertainty of 3 % 
at the 2σ confidence level. This calibrated source contained 
3 isotopes, 239Pu, 241Am and 244Cm, in roughly equal 
activities so that the system was calibrating in energy as well 
as efficiency. A small solid angle correction was applied to 
the measured efficiency in order to take into account the 
diameter difference between the calibrated source (15 mm) 
and the 235U samples (19 mm). This correction ranged from 
4.4% for the closest counting distance to 0.3% for the 
farthest shelf. The obtained spectra were analyzed with the 
A&M visu α software [18]. The data analysis consisted of 
assigning as many α-peaks as possible to known isotopes in 
the first step. In a second step, the number of counts for each 
isotope was deduced from the total counts in the spectra 
above a fixed threshold and ratioed according to the isotopic 
content of each target material given in Table I.  Finally the 
masses were calculated by using the calibrated detection 
efficiency and known branching ratios and half-lives [19].  

 
Irradiated samples were γ counted using three separate and 

calibrated HPGe detectors. Two of them were devoted to the 
counting of irradiated uranium and blank samples. The third 
counter was dedicated to integral flux measurements 
obtained from indium foils that were co-irradiated with the 
uranium (or blank) samples.  The 115In(n,n’)115mIn 
(T1/2=4.485 h, Eγ = 497 keV) monitor reaction was used to 
measure the neutron fluence for each shot. In some cases, the 
amount of 99Mo produced by fission in the uranium sample 
itself could be measured, but because of the small sample 
masses, the counting statistics were relatively poor (with 
uncertainties of 10-23 %).  These gamma detectors were 
energy and efficiency calibrated using sources of 152Eu and 
133Ba whose activity were known to a precision of 2% at the 
1σ confidence level. (Hereafter all uncertainties are given at 
the 1σ confidence level.)  Counting statistics for the indium 
monitor reaction yielded uncertainties of 1-2 %. 

V. ELECTRON DETECTION EFFICIENCY 

In order to characterize the 235mU detection efficiency, 
samples of different masses were prepared and traced with a 
known amount of isomer obtained by α-recoil collection 
from an electrodeposited 239Pu mother source.  The 235U 
recoils were implanted into a 1000 Å thick NaCl deposit that 
was placed 2 mm from the Pu source (100% of 239Pu alpha 
decay leads to the population of 235mU). Isomer collections 

were done for at least 2 hours under vacuum. The salt deposit 
was then dissolved off of the backing material using a 0.1 M 
nitric acid and electroplated with a known amount of 235U 
that was added. The 239Pu mother source had an activity level 
of A239=(2.27±0.07)x104 Bq. This mother source was also 
traced with 241Pu A241=(2.4±1)x106 Bq which was co-
deposited with 239Pu and was used to measure the collection 
efficiency. Since 241Pu has a small probability (2.45x10-3 %) 
to decay by alpha emission, it produces 237U α-recoils. The 
number of collected recoils was determined by γ 
spectrometry. However because of the low 237U activity 
levels collected, these samples were counted close to the 
detector. The gamma detection efficiency was corrected for 
summing effects by making separate measurements of the 
239Pu-241Pu mother source at different distances from the Ge 
detector. An α-recoil collection efficiency of εc= 0.31±0.03 
was determined. This value agrees well with the calculated 
collection solid angle of 0.31. In order to know the exact 
amount of isomer in the final sample, the electroplating 
efficiency εp also has to be known. It is determined from the 
ratio of the final sample 235U mass to the 235U mass added in 
the solution. The total yield is then obtained by multiplying 
the collection efficiency, by the plating efficiency. The 
number of 235mU  isomers in the prepared sample is finally 
obtained from this yield and from the collection duration. 

For the calibration of the 235mU conversion electron 
detection efficiency, several samples were made by 
collecting a known amount of 235mU α-recoils from the 239Pu-
241Pu mother source, adding varying amounts of 235U (which 
were orders of magnitude larger than that collected as α-
recoils from the source), and electroplated onto a backing 
foil.  A conversion electron decay spectrum (as exemplified 
in Fig. 4.) was then measured. 

 
Backing Material Sample form Half-life (min) 

Al Implanted 26.76±0.04 
Ti Implanted 27.4±0.7 
Ti Deposited 25.46±0.04 
Pt Deposited 26.37±0.05 
Ag Implanted 25.7±0.2 

NaCl Implanted 29.01±0.24 
Stainless steel Deposited 25.62±0.11 

Table III. Measured 235mU half-lives determined for α-
recoil implanted samples or for electrodeposited samples 
involving different backing materials.  The half-life 
uncertainties are statistical only. Systematic uncertainties 
associated with the data acquisition system clock are 
considered negligible. 

 
The decay data was fitted using the following function: 
 ݂ሺݐሻ ൌ ଵܲ ൅ ଶܲ ݁ି ୪୬ሺଶሻ௧/்భ/మ  (1) 
 
where P1 is the amplitude of the  long-lived (effectively 

constant at our time scale) background coming from 



  

secondary electrons associated with the alpha decay of 235U 
and the channeltron dark current and P2 and T1/2 are the 
amplitude and half-life of 235mU, respectively.  Because of the 
chemical effect that influences the isomer half-life, as 
mentioned earlier, several samples deposited on a variety of 
backing materials were prepared and their decay spectra 
measured. The results are given in Table III. 

The amplitude P2 of the isomer decay component is then 
used to calculate the isomer conversion electron detection 
efficiency using the following formula: 

 

ε௘ ൌ ௉మଷ଴ൈ஺ುೠൈε೛ൈε೎ ൈ ௘೟೎೚೚೗
τభଵି௘ష೟೎೚೗೗

τమ       (2) 

 
where APu is the 239Pu activity of the mother source, εp is 

the electroplating efficiency, εc is the collection efficiency, as 
mentioned above.  tcool and tcoll are the cooling and collection 
periods, respectively, and τ1 is the averaged isomer lifetime 
during sample cooling and τ2 the lifetime in sodium chloride 
during the recoil collection period. 

 Because of the half-life chemical dependence effect, we 
divided the cooling time correction into three parts according 
to amount of time that the uranium was implanted in NaCl, 
in solution during electroplating, and as a deposit on the 
backing material.  Thus the cooling correction term becomes  ݁௧೎೚೚೗

τభ ൌ ෑ ݁௧೔
τ೔ଷ

௜ୀଵ  

 
Where ti and τi are the measured duration and the isomer 

lifetimes, respectively, in each medium, as listed in Table III. 
We used a 15 second timing uncertainty for each period and 
an aqueous phase half-life of 25±2.5 minutes. This aqueous 
phase half-life uncertainty reflects the variation observed in 
this work, as well as that reported by Nève de Mévergnies et 
al. [11]. 

 
Fig. 5. The 235mU isomer detection efficiency against the 

235U mass for each sample is plotted.  The box size around 
each data point represents the errors associated with that 

sample measurement.  The solid line is a linear fit to the data 
and the dotted lines represent the ±1σ limits. 

 
In this study samples with 235U masses ranging from 1 to 

20 μg were electroplated over a diameter of 1.9 cm (as for 
the CALIBAN measurements). However since for low-mass 
samples the measured efficiencies had large uncertainties, 
only samples with masses between 7 and 20 μg were 
retained. The results of this study are shown in Fig. 5, where 
the isomer detection efficiency is plotted against the total 
mass of 235U in each sample.  A linear fit to the data (see Eq. 
3) produced a reduced chi square of 1.06 with intercept and 
slope values of εଵ ൌ 4.14 േ 0.3 % and εଶ ൌ െ0.125 േ 0.03 
%/μg. Hence the isomer detection efficiency is given by: 

 
ε௜௦௢௠௘௥ ൌ εଵ ൅ εଶ ൈ m     (3) 

   
where m is the 235U mass of the sample given in 

micrograms. 

VI. CALIBAN PULSED REACTOR 

 
Fig. 6. Calculated CALIBAN neutron spectra in the central 

cavity (solid line) and outside the core between two 
polyethylene blocks (dashed). Spectra were calculated with 
the TRIPOLI 4.4 code [20]. 

 
The CALIBAN[13] pulsed reactor located at the CEA 

Valduc laboratory in France was chosen because it is able to 
deliver  a neutron fluence of 3 x 1014 n.cm-2 in a fast 60 μs 
neutronic pulse.  Moreover samples could be retrieved from 
the reactor cave after a cooling time of only 30 minutes. Up 
to two shots could be performed each day. The neutron 
spectrum inside the central cavity is a near fission spectrum 
with an average neutron energy of 1.44 MeV (see calculated 
spectra in Fig. 6.).  For a typical 10 μg 235U sample, each shot 
would produce ~2x107 fission products and ~5x106 isomers. 
Irradiations were also done outside the core of the reactor 
where the sample was placed between two polyethylene 
blocks (each 1L in volume) to produce a more moderated 
neutron energy spectrum. The neutron spectra calculated 



  

with the TRIPOLI 4.4 code [20] under this condition is 
shown as the dotted line in Fig. 6.  This calculation yields a 
mean neutron energy of 0.29 MeV, and the neutron fluence 
is 2.6x1013 n.cm-2 for a typical CALIBAN shot. 

For most shots the neutron fluence was measured by co-
activating indium foils placed in close proximity to the 
samples.  As mentioned earlier, the 115In(n,n’)115mIn reaction 
was used, measuring the 497 keV gamma line of 115mIn. The 
reactor temperature rise ΔT was also monitored for every 
shot to provide a measurement of the core heating which is 
directly related to the neutron fluence. The fluence ratios 
obtained from these two independent measurements ΔT/In 
was determined to be constant with a rms deviation of 1%. 
Thus through many shots, the temperature rise in the reactor 
was calibrated to the In foil activation to provide an 
additional neutron fluence measurement that was ultimately 
used to determine the integral cross section leading to 235mU.  

 
The integral fission and neutron capture cross sections 

given in Table IV, are calculated from the two CALIBAN 
neutron spectra shown in Fig. 6. and the latest ENDF/B-
VII.1 cross sections [19]. These cross sections are relevant to 
the discussion presented in the background study section. 

 
Isotope Reaction Integral cross section (barns) 
  Moderated 

spectrum 
<E>=0.29 MeV 

Cavity spectrum 
<E>=1.44 

MeV 
 

235U n,f 303.5 1.25 
236U n,f 0.17 0.37 
238U n,f 0.04 - 
238U n,γ 4.99 0.10 
Table IV. Integral neutron-induced fission and capture 

cross sections for 235U, 236U, and 238U corresponding to 
irradiations external to the reactor (moderated spectrum) or 
in the central-cavity (cavity spectrum) of CALIBAN. These 
cross sections were obtained by integrating the ENDF/B-
VII.1 cross section over the neutron spectra shown in Fig. 6. 

VII. DATA ANALYSIS AND RESULT 

An example electron decay curve measured with a 235U 
sample after a CALIBAN irradiation is shown in Fig. 7. The 
sample was dissolved off of the backing foil after the 
irradiation, the fission products were removed using the 
radiochemistry described earlier, then electrodeposited on a 
stainless steel disk and counted in the electron spectrometer. 
The data was fit with the following function: 

 ݂ሺݐሻ ൌ ଵܲ ൅ ଶܲ ݁ି ୪୬ሺଶሻ௧/ భ்/మ೔ೞ೚ ൅ ଷܲ ݁ି ୪୬ሺଶሻ௧/ భ்/మ್೎ೖ೒
   (4) 

 
The first two terms are the same as given in Eq. 1 with the 

isomer half-life called out as  ଵܶ/ଶ௜௦௢.  For these fits it was kept 
fixed to the measured value 25.62 minutes as given in Table 

III. The third term is included to account for other activities 
that might be present in the sample, such as residual fission 
products, washed off Ti activation products or other 
backgrounds.  To see how this third term would influence the 
fit, the P3 amplitude and the half-life ଵܶ/ଶ௕௖௞௚  parameters were 
allowed to vary freely to obtain the best fit. This background 
activity could correspond to the decay of several isotopes so 
that the fitted values would represent an average of the 
ensemble. Attempts were made to fit the data with additional 
decay components beyond this third term, but no 
improvement in the reduced χ2 was obtained and the isomer 
amplitude P2 was changed less than the P2 uncertainty given 
by the fit. Hence the three component function given by 
Eq. 4 was used throughout this work. The residue of the fit is 
shown in the upper part of Fig. 7. In this example the 
reduced χ2 is 0.99. The background half-life when averaged 
over four shots is 1.7 minutes. In the fitting procedure, the 
first 30 second counting period was systematically removed 
due to the fast decrease of the dark current after the sample 
introduction. Sometimes a few minutes had to be removed to 
overcome this effect. This source of background could be 
clearly identified since it produces a non-exponential, much 
faster decay. A full discussion of the backgrounds is given in 
the next section.  

 

 
Fig. 7.  An example decay curve (bottom) measured for an 

irradiated 235U sample after radiochemistry and electro-
deposition.  The solid line represents the fit to the data using 
the form given by Eq. 4.  The residual between the data and 
the fit is shown in the top figure. 

VIII. BACKGROUND STUDY 

As mentioned earlier, the only way the isomer can be 
identified is through its conversion electron decay half-life. 
The irradiation can produce other activities, such as fission 
products and activations from the backing material or 
impurities in the sample. Hence a careful study of all these 
background sources has been done. One concern is the 
possibility that other activities could be produced, which 
decay with a half-life (or composite half-life) that is close to 



  

that of 235mU and thus could not be resolved in the decay time 
spectrum. To address this issue we performed additional 
irradiations with enriched samples of 238U and 236U, as well 
as with blank samples that contained no uranium. Table V 
summarizes the background half lives and amplitudes 
measured on 235U, 238U, 236U samples and on a Ti foil. They 
should be compared to the half-life and amplitude of the 
235mU signal which are 25.46±0.11 minutes (held fixed) and 
1.20±0.01 (e-.μg-1.s-1), respectively. No signal was observed 
for the Ti only blank. The small backgrounds measured on 
the uranium 236 and 238 samples are attributed to residual 
fission product decay. 

 
Isotope ଵܶ/ଶ௕௖௞௚  

(min) 
Amplitude 
(e-.μg-1.s-1) 

 
235U 1.70±0.24 0.2±0.3 
238U 3.4±1.4 0.3±0.2 
236U 18.4±1.3 0.4±0.2 

Ti blank - - 
Table V. Averaged half-live and amplitudes for the 235mU 

isomer signal and possible backgrounds measured with a Ti 
blank and enriched samples of 238U and 236U. 

 
An additional irradiation was made on a 238U sample in a 

moderated flux external to the reactor (see CALIBAN 
section) in order to have a high ratio (138/1) of capture to 
fission reaction rates. In this case neutron capture on 238U 
leads to the production of 239U which β−γ  decays with a 
half-life of 23.45±0.02 minutes [19] that is close to the 
isomer half-life.  Since β−γ decay also produces low-energy 
secondary electrons, this measurement provided a good test 
of our experimental setup, with a negligible background due 
to fission products decays.   In a single shot, we measured a 
half-life of 23.4±0.4 minutes, which is in excellent 
agreement with the literature value. Only the first 30 s were 
removed in order to fit the decay curve, and a reduced χ² of 
0.96 was obtained. This demonstrates the ability of the 
electron spectrometer to measure decays with good half-life 
determinations in the time range of interest, and for a signal 
amplitude (1.5 e-.μg-1.s-1) on the same level as the 235mU 
isomer. This also demonstrates that the residual fission 
products decays are the only source of background in this 
experiment. 

Hence for the final analysis on 235U samples the 
background half-life was kept fixed to the value measured 
with 236U at 18.4 minutes, which assumes that the 
background half-life originating from residual fission 
products is the same for 236U and 235U. This can be justified 
since the fission products yields do not vary significantly 
(5% on average over the whole mass distribution), and only 
the composite half-life is kept fixed. The amplitude of the 
background is still adjusted. Hence the associated uncertainty 
is considered to be negligible. 

IX. CROSS SECTION 

The isomer integral cross section is calculated from the 
fitted P2 amplitude according to: 

                 

σ ൌ 7.82 ൈ 10ଵ଴ ൈ ௉మൈτ೔ೞ೚ൈ௘೟೎೚೚೗/τ೎೚೚೗ൈ௘೟೎೓೐೘/τ೎೓೐೘௠ൈεሺ௠ሻൈி       (5) 
 
where τiso is the isomer lifetime (i.e., τiso= T1/2/ln(2)), tcool is 

the cooling (decay) time between the end of the irradiation 
and the beginning of the chemical separation, 
τcool=25.6±0.11 minutes is the isomer lifetime for stippled 
samples, tchem is the chemistry and electroplating duration, 
τchem is the isomer lifetime when uranium is in solution 
(during chemistry and electro-deposition), m is the sample 
mass in micrograms measured by α spectrometry for each 
sample, ε(m) is the electron detection efficiency given by 
Eq. 3 and F is the neutron fluence given in n.cm-2 as obtained 
from the calibrated temperature rise of the reactor after the 
irradiation. Finally the cross section for the 235U isomer 
activation is obtained by averaging four 235U sample 
irradiations. The value of the integral 235U(n,n’)235mU cross 
section is: 

 
1.00±0.13 barns. 

 
The uncertainty for each shot was obtained by propagating 

the different uncertainties in Eq. 5. Table VI gives the 
uncertainties averaged over the shots for all contributing 
parameters. The uncertainty related to the isomer half-life 
during chemistry and electro-deposition can not be 
measured. Hence we used an uncertainty of 10 % (τchem = 25 
± 2.5 min), as mentioned earlier. 

 
Parameter Uncertainty (%) 

Electron detection efficiency 7.7 
Uncertainty on isomer half-life 

during cooling 
0.43 

Neutron flux measurement 4.7 
235U mass measurement 3.2 

Isomer P2 amplitude 1 
Isomer half-life during chemistry 

and electro-deposition 
10 

Total uncertainty obtained by 
propagation in Eq. 5 

13 

Table VI. Uncertainties associated with the determination 
of the integral cross section. 

X. CONCLUSION 

The integral 235U(n,n’)235mU cross section has been 
measured in a fission-like neutron spectrum using the 
activation method. It has been obtained by irradiating several 
235U samples in the pulsed critical assembly CALIBAN [13], 
and by counting the conversion electrons emitted in the 
isomer decay transition after radiochemical clean-up and 
electro-deposition.  A careful study of background activities 



  

was made and found to be small.  Moreover, the influence of 
these backgrounds did not significantly change the isomer 
yield. Four isomer yield measurements were averaged to 
obtain a result of 1.00±0.13 barns. An evaluation performed 
with the TALYS-1.4 [8] code is presented in Fig. 8. (dotted 
curve). When averaged over the CALIBAN neutron energy 
spectrum, a value of 0.97 barns is obtained, in good 
agreement with our measurement. 

In order to facilitate the discussion the experimental and 
theoretical (full curve) total inelastic cross section is also 
shown in Fig 8. The integrated value of the evaluated total 
inelastic cross section is 1.66 barns. Hence the isomer 
production is calculated to exhaust 58 % of the total inelastic 
cross section. This value has to be compared to the most 
intense γ lines populated in the partial cross sections 
measurements reported in references [9] and [10], which are 
about 10 %. The partial cross section for the 235mU 
production is thus a very good constraint the total inelastic 
cross section. Since the present measurement is in agreement 
with the above evaluation, it supports that the measured total 
inelastic reported at low energies underestimate the total 
inelastic cross section. This is particularly true for the lowest 
energy point at 1 MeV [7], which coincides with the peak of 
isomer production cross section. This conclusion is 
emphasized since the highest sensitivity of our measurement 
is in the low energy part of excitation function where the 
CALIBAN neutron spectrum is peaked near 500 keV (see 
dash-dotted line in Fig. 8.). 

 

 
Fig. 8. Total neutron inelastic cross section data points 

taken from experiments [4,5,6,7] and a theoretical evaluation 
(full line), using TALYS-1.4 code [8]. The THALYS code 
was also used to calculate inelastic cross section leading to 
the population of the 235mU isomer (dashed line). The 
CALIBAN neutron spectrum is given by the dotted line. 
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