QUASI –MONOENERGETIC NEUTRON BEAMS AT En=30 keV
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The 7Li(p,n)7Be reaction can be used for producing
30 keV neutron beams with a FWHM smaller than
10 keV. This neutron source can be employed to study
inelastic scattering cross sections for low lying states
down to excitation energies of 8 keV. With this approach,
the 187Os inelastic cross section for the first excited level
at 9.75 keV has been measured at the 3.7 MV Van de
Graaff of Forschungszentrum Karlsruhe using the Timeof-Flight technique. Depending on the energy of the
proton beam, a resolution between 7 keV to 10 keV
FWHM was achieved for the neutron beam. The actual
measurement has been performed with a resolution of
9 keV FWHM. The stability of the experiment was
controlled by monitoring the neutron beam with a FADC
system. The low neutron yield from the 7Li(p,n)7Be
reaction at threshold has been compensated by the use of
very efficient 6Li-glass scintillators to detect the scattered
neutrons. This measurement was part of a project for
improving the Re/Os cosmochronometer.

process, which is responsible for the synthesis of 187Os in
Asymptotic Giant Branch (AGB) stars6.
An accurate value for the stellar cross section is
mandatory for obtaining the s-process abundance of 187Os,
which is important for the analysis of the galactic age via
the 187Re cosmochronometer7,8,9. This clock is based on
the 42.1 Gyr half-life of 187Re and on the fact that the
radiogenic abundance component of the daughter nucleus
187
Os can be based on s-process systematics10.
II. MEASUREMENT TECHNIQUES
The measurement of inelastic scattering cross
sections for low lying excited states (level spacings of a
few tens of keV) must rely on the direct detection of the
inelastically scattered neutrons. However, the (n,n’γ)
technique11 cannot be applied because the γ-transitions are
too soft or highly converted. The most promising way for
separating the inelastic and the elastic components is
offered by the use of quasi-monoenergetic neutrons in
combination with the Time-of-Flight (TOF) technique.

I. INTRODUCTION
Inelastic scattering cross sections can be used to
study the excitation of deformed nuclei1,2. These data are
also useful to evaluate the so-called stellar enhancement
factor (SEF)3,4 used in nuclear astrophysics, which is
required to take the effect of thermally populated nuclear
states into account. For the latter aspect, measurements in
the keV region are most important, where the necessary
monoenergetic neutron beams are difficult to produce.
This paper reports on the determination of the inelastic
scattering cross section for the first excited level of 187Os
(9.75 keV above the ground state) at neutron energies of
30 keV. This result helps to constrain the neutron
transmission functions for the excited levels and to
calculate the radiative neutron capture cross sections for
excited 187Os nuclei using the Hauser-Feshbach statistical
model5. The (n,γ) cross sections of the excited levels are
required to evaluate the effective 187Os averaged cross
section3 at stellar temperatures around kT=25 keV, the
typical thermal energy of the slow neutron capture (s)
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III. MONOENERGETIC NEUTRON BEAMS
Narrow neutron energy distributions in the keV
region can be obtained with filtered beams using deep
interference minima in the total cross section, e.g. at
24.4 keV in 56Fe and at 45 keV in 52Cr(12). Alternatively,
quasi-monoenergetic beams can be produced in nuclear
reactions. A prominent example is the 7Li(p,n)7Be
reaction, which can be used for producing monochromatic
beams by adjusting the thickness of the 7Li target to
match the desired spectrum.
III.A. Monoenergetic Beams From The 7Li(p,n)7Be
Reaction
The 7Li(p,n)7Be reaction represents a very prolific
neutron source in the keV energy range. In nuclear
astrophysics, it has been used extensively to measure the
relevant neutron cross sections at stellar temperatures. It
had been employed for TOF measurements by producing

807

PROTON ENERGY (keV)

continuous neutron spectra covering a wide energy
range13 and also for activation measurements using the
feature that a Maxwellian energy spectrum for kT=25 keV
can be approximated with this reaction14. So far, low
energy monoenergetic neutron beams have only been
employed in some special cases, mostly in the context of
the (n,n’) cross section of 187Os(15,16). The possibilities to
produce monoenergetic beams of a few tens of keV are
based on two characteristics of endothermic reactions:
1. the emission at threshold,
2. the angular dependence of the neutron
energy.
The emission at threshold (Ep=1.8811 MeV) consists of
neutrons with an energy of 30 keV emitted at zero degree.
In a real experiment one is faced with a wider energy
spectrum due to the energy distribution of the proton
beam and due to straggling effects in the Li target.

obtained by the interaction of 1.897 MeV protons with a
very thin 7Li target and to restrict the angular acceptance
of the experiment to at few degrees around the direction
of the proton beam. The corresponding emission at 5 keV
can be discriminated via TOF, for example. These two
components are referred to as the first (higher energy) and
second neutron group in the following.
III.A.1.Experimental Observations
The 3.7 MV Van de Graaff accelerator of
Forschungszentrum Karlsruhe has been used to
investigate the features of the 7Li(p,n)7Be reaction as a
source of monoenergetic neutrons18. The proton beam was
pulsed with a repetition rate of 1 MHz and a pulse width
of 10 ns.
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Fig. 1. The relation between neutron energy, proton
energy, and angle of emission is shown according to the
kinematics of the 7Li(p,n)7Be reaction17,18. The shadowed
areas would correspond to sharp neutron energy spectra.
In a real experiment this would require very narrow
proton energy distributions. At higher energies also very
thin Li targets were necessary although the resolution can
be improved by selecting particular angles.
At threshold, a Gaussian-like distribution centered at
30 keV18,15 can be produced. Up to now, this possibility
has not been given much consideration because a narrow
distribution is necessarily connected with a very small
neutron yield. In case of the first excited level of 187Os,
the experimental neutron energy spectra were also too
broad to resolve the inelastic component from low lying
excited states15. The alternative for obtaining
monoenergetic beams at those energies is by selecting a
particular angle of emission. The kinematics of the
7
Li(p,n)7Be reaction is sketched in Fig. 1. For example, a
very narrow neutron energy distribution at 80 keV can be
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Fig. 2. TOF spectrum obtained using a metallic lithium
target and a proton energy very close to the threshold of
the 7Li(p,n)7Be reaction. The solid line is a fit of the
experimental spectrum. The achieved FWHM is (7.7 ±
0.3) keV, corresponding to (5.6 ± 0.3) keV, if the time
spread of the bunch is unfolded. Note that the lower
energy part of the spectrum at the left exhibits a small tail.
In principle, the pulse width could be reduced to <1 ns by
means of a Mobley buncher, but this was at the expense
of an additional energy spread of the proton beam. It
turned out that this led to unsatisfactory results so that the
option of fast pulsing was discarded.
Because the goal was to measure the
Os(n,n’)187Os* cross section close to the relevant
astrophysical energies (8-25 keV), the emission at
threshold was compared with solutions related to angleselected spectra at higher proton energies presenting a
suitable neutron energy. The TOF spectra were recorded
187
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by a GS20 (NE908) 6Li glass scintillator placed in front to
the 7Li target. Neutron spectra were taken by increasing
the proton energy from threshold by several keV, yielding
neutron spectra as illustrated by the two examples shown
in Fig. 3. The two neutron groups appear already at proton
energies 1 keV above threshold, thanks to a metallic Li
target only 1 keV in thickness. At the lowest proton
energy the first group is showing a pronounced tail that
ends on the second. The fact that feature remains
constantly as the proton energy is increased, indicates that
this is not caused by moderation but is inherently due to
the 7Li(p,n)7Be reaction itself.

low energy
group (second)

γ-flash

high energy
group (first)

γ-flash

high energy
group (first)
low energy
group (second)

the reliable separation of the inelastic component.
Therefore, the distribution centered at 30 keV, which is
obtained at threshold, is to be preferred for the
measurement of the inelastic scattering cross section to
the first excited level of 187Os.

γ-flash

Fig. 3. Two TOF spectra taken at proton energies 2 and
4 keV above threshold using a thin Li target (1 keV in
thickness). The detector was placed at 0 degree and at a
flight path of 59.3 cm. The upper panel shows the first
energy when the separation of the two neutron groups
became visible (Ep~1 keV above threshold). The
separation is clearly improving at the higher proton
energy (lower panel). The valley between the two groups
can only be further reduced by decreasing the angular
acceptance (i.e. by increasing the flight path).
A good spectrum obtained for the first group is presented
in Fig. 4 with a zoom on the peak at En = 53 keV shown in
the inset. Compared to the spectrum in Fig. 2, the peak
exhibits a significantly larger tail towards lower energies.
Obviously, in a scattering experiment this feature gives
rise to a corresponding background, which would hamper
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Fig. 4. TOF spectrum taken at Ep~ 6 keV above threshold,
using a LiF target ~1 keV in thickness and a flight path of
at 89.5 cm. The higher γ-flash results from (p, γ) reactions
on the fluorine. The center of the neutron energy
distribution is (52.7±0.1) keV. The FWHM is
(8.2±0.2) keV that becomes (6.4±0.2) keV if the proton
time distribution is unfolded.
IV. INELASTIC CROSS SECTION OF 187Os
The inelastic scattering cross section to the first
excited level of 187Os was previously measured at
24.4 keV19, 34.4 keV20, and 45 keV21 by using neutron
filters and only once at 60.5 keV15 using a monoenergetic
beam from the 7Li(p,n)7Be reaction. The achieved
uncertainties (from 13% to 30%) were found to be too
large to allow to perform reliable theoretical SEF
calculations. Among these results, the measurement
closest to the relevant stellar energy at 25 keV deviates
strongly from a Hauser-Feshbach calculation of the (n,n’)
cross section supported all other data. This discrepancy
and the rather large uncertainties of the published data
motivated a new attempt for an accurate measurement
using the 30 keV spectrum described before. In all
measurements the shape of the elastic component was
determined by means of reference sample, either by a
natural lead sample (Refs. 19 and 21) or by an 188Os
sample prepared in the same way as that of 187Os (Refs.
15 and 20). The sample material used in Refs. 15 and 20
(isotopically enriched metal powder from Oak Ridge
National Laboratory) was available for the present
measurement as well. The detection of a reference
spectrum for purely elastic scattering is fundamental for
the present TOF measurement, since the inelastic
component can not be identified by the emission of a
correlated γ-ray.
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V. EXPERIMENTAL SETUP AT FZK
The accelerator was operated in pulsed mode with a
repetition rate of 1 MHz. The target consisted of a
metallic layer of natural lithium, which were evaporated
onto silver backings to reduce the background from (p,γ)
reactions. The experiment was performed at a special
beam line where the object slit was located at the largest
possible distance from the analyzing magnet. In this way,
the energy stability of the proton beam could be
optimized without losing beam intensity. In this way
stable beam conditions could be maintained during the
experimental runs, which lasted for several hours.
Throughout the measurements, typical beam currents
between 2 and 6 µA have been used.
A schematic sketch of the experimental setup is
shown in Fig. 5. A GS20 (NE908) 6Li glass detector
3 mm in thickness and 3 cm in diameter served as a
neutron monitor. It was located at a distance of 1.11 m
from the target. Its output signal was connected with a
Flash Analog to Digital Converter (FADC) to check the
neutron energy distribution every two minutes to ensure
energy stability. Depending on the status of the
accelerator, the FWHM measured in the series of runs
was between 7.6 and 9.5 keV.
At threshold, all neutrons are emitted into a narrow
cone with an opening angle defined by the effective
proton energy above threshold and by reaction kinematics
(Fig. 1). From the maximum neutron energy it was
calculated that the opening angle was always less than

Fig. 5. Experimental setup (not to scale): The osmium
samples were mounted at 4 cm from the 7Li target and
were tilted at 45 degrees. The flight path to the detector is
26.1 cm. The neutron monitor is located at a flight path of
1.11 m.
30 degrees. Accordingly, the 6Li glass detectors for the
scattered neutrons could be operated without any further
shielding (Fig. 5). Only a small lead shield was placed
around the neutron source in order to reduce the
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γ-background in the detectors at 90 degrees (DET1 and
DET4 in Fig. 5).
The 187Os and 188Os samples were encapsulated in
thin aluminum cans 15 mm in diameter. The samples
were glued onto a thin KAPTON© foil fixed to a carbon
fiber frame, which was completely outside the neutron
cone. The osmium samples were mounted at 4 cm from
the 7Li target and were tilted at 45 degrees.
The ambient background was measured with a frame
carrying an empty can. Scattered neutrons were detected
by three KG2 (NE912) 6Li glass scintillators, two in
symmetric positions at 90 degrees, and one at 120 degrees
with respect to the proton beam. The flight path between
the sample and these detectors was 26.1 cm. The signals
from the 9823QKA Thorn EMI photomultipliers were
analyzed by FADC with a resolution of 1 ns/channel. In
this way the complete experimental information was
stored for detailed off-line analyses, including a pulse
shape discrimination between neutrons and γ-rays. This
background reduction was achieved by restricting the
accepted signals to the range around energy deposition of
4.8 MeV from the 6Li(n,α)T reaction. Although no perfect
discrimination could be achieved, the γ-background could
be reduced reasonably well.
Fig. 6 shows a typical TOF spectrum, with a
pronounced peak due to the γ-flash produced by the

Fig. 6. Raw TOF spectrum taken with an 187Os sample. In
this case, the TOF runs from left to right. The structures
starting from the left are due to γ-rays from proton
interactions with the slits followed by the intense γ-flash
due to proton interactions in the target. The smaller
features at channels 340 and 380 on the shoulder of the
flash and before onset of scattered neutrons at channel
450 are caused by (n,γ) reactions in the osmium sample
and in the strong 5.9 keV resonance in the aluminium of
the can. Apart from a small tail from these events the
background is dominated by the time independent
contribution. The bump around channel 800 is produced
by neutron capture events in the monitor.
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impact of the proton beam on the Li target. The largest
background in the time window of the scattered neutrons
(channels 450 to 660) was due to the ambient, time
independent component. It required a correction of about
10%, which could be defined by the TOF region prior to
the γ-flash as indicated in Fig. 6. The other background
components could be corrected by the TOF spectra taken
with the empty can.

VI. ANALYSIS AND RESULTS
The neutron monitor allowed to sort the runs on the
basis of the FWHM of the neutron distribution. Thus, it
was possible to compare the count rates for 187Os and
188
Os obtained under the same beam conditions. The best
statistics was achieved with a FWHM of 9.5 keV. A first
analysis was performed by comparison of the
experimental spectra by using the fit of the elastic
scattering in 188Os for separating the inelastic component
in 187Os as shown in Fig. 7. To facilitate the fit, the TOF
spectra were transformed into energy spectra, where the
peaks could be described by the superposition of Gaussian
functions.
Energywise, the inelastic distribution has the same
shape as the elastic component, which is represented by
the 188Os spectrum, but shifted by the energy of the first
excited level. This shift required a small correction for the
neutron TOF between the Li target and the sample. The
only free parameters in the fit were the relative
amplitudes of the two components in the 187Os spectrum.
While this way of analyzing the data neglects any
sample effects, the comparison of the spectra taken with
the three detectors indicated that they had to be
considered at least in case of DET2. A bump interfering
with the low energy tail of the scattering peak in the 187Os
TOF spectrum of this detector was creating an additional
background. Therefore, a detailed GEANT-MICAP
simulation of the experiment was carried out,

experimental
data
simulation

DET 1

Fig. 7. Fits of the energy distribution measured with
DET4 (see text). The fit of 188Os was used to define the
elastic distribution of 187Os as well as the inelastic by
shifting the shape by the energy of the first excited state at
9.75 keV. The only free parameters in the fit were the
relative amplitudes of the two components in the 187Os
spectrum.
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Fig. 8. Fit of the TOF spectrum taken with the 188Os
sample. All backgrounds beside the moderation effects
are subtracted, thus illustrating the minor importance of
moderation at 90 degrees.
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which confirmed that this bump was due to a moderation
effect caused by the different amounts of glue around the
two samples. Since elastic scattering in hydrogen is
strongly favouring the forward angles, only DET2 is
affected by this phenomenon. The clear experimental
signature of the moderation in the spectrum of DET2
could be used to obtain safe limits for the much smaller
effects in DET1 and DET4.

Fig. 9. Fit of the 187Os TOF spectrum taken with DET1.
The lower panel shows the residuals. The reduced χ2 is
1.4. All backgrounds, including moderation, and
scattering in the can and KAPTON© are subtracted. The
error bars are dominated by systematic uncertainties
related to background subtraction.
Since the simulations were performed by modelling
the experimental setup in full detail including the proper
neutron distribution generated by the 7Li(p,n)7Be reaction,
it could be demonstrated that neutron scattering in the
sample cans and in the KAPTON© foils contribute at most
10% to the elastic peak. The first step in analyzing the
data by means of the simulations was to determine the
parameters of the neutron distribution, i.e. by reproducing
the elastic peak in the TOF spectrum of 188Os as shown if
Fig. 8. With this solution was then used to fit the elastic
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component in the 187Os spectrums and to characterize the
inelastic component by the proper shift in energy.
The results are shown in Figs. 9 and 10. For DET2
the background from the moderation effects is dominating
the TOF region of the inelastic peak. Therefore, the
spectra of this detector have not been considered in
further analysis. Although the inelastic contribution is
much smaller, it is to be noted that it is impossible to fit
the 187Os spectrum using only the shape of the pure elastic
component and that the inelastic component is always
producing a clear signature.

Fig. 10. Fit of the 187Os TOF spectrum taken with DET4.
The lower panel shows the residuals. The reduced χ2 is
1.4. All backgrounds, including moderation, and
scattering in the can and KAPTON© are subtracted. The
error bars are dominated by systematic uncertainties
related to background subtraction.
The results obtained by the different analyses illustrated
in Fig. 7 and in Figs. 9 and 10 agree within 6%, thus
underlining that sample effects are of minor importance
for the detectors at 90 degrees.
The obtained cross section is shown in Fig. 11 together
with the data from previous measurements. While good
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agreement was found with the data from Refs 15, 20, and
21, the value for 24.4 keV reported in Ref. 19 can be
ruled out, in particular because it is incompatible with the
shape of the inelastic cross section obtained by the
Hauser-Feshbach model.

VII. FURTHER IMPROVEMENTS
In the course of this experiment, neutron distributions
with a sharper FWHM were detected with less statistics.
This is illustrated in Fig. 12, which shows the TOF
spectrum of 187Os taken with a neutron energy distribution
of 7.6 keV FWHM.
VIII. CONCLUSIONS

Fig. 11. Comparison of the present result (star) with
previous data for the inelastic scattering cross section of
187
Os. The dotted line represents a calculation performed
with the Hauser-Feshbach statistical model using the
input from the total cross sections22 and the measured
nuclear parameters from neutron resonance analyses23. In
the corresponding calculation shown by the solid line the
inelastic scattering data are considered for improving the
optical potential parameters used.

The inelastic scattering cross section to the first
excited level of 187Os was successfully measured with a
neutron energy distribution of 9.5 keV FWHM. This
measurement, combined with the accurate (n,γ) cross
sections for 186,187,188Os performed at the CERN n_TOF
facility24, allowed us to reduce the nuclear uncertainty
related to the Re/Os clock from 13% to 3%25.
Distributions with a FWHM smaller than 8 keV could be
observed, which are promising with respect to further
improvements, provided that these spectra can be
produced with sufficient intensity. A better energy
stability of the proton beam would be an important step in
this direction. Consequently, the measurement of inelastic
cross sections for low lying excited levels below 8 keV
appears to be possible using the neutron emission at the
threshold of the 7Li(p,n)7Be reaction.
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