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Abstract
Inelastic scattering of fast neutrons from56Fe was studied at the photoneutron
source nELBE. The neutron energies were determined on the basis of a time-
of-flight measurement. Gamma-ray spectra were measured with a high-purity
germanium detector. The total scattering cross sections deduced from the
present experiment in an energy range from 0.8 to 9.6 MeV agree within 15%
with earlier data and with predictions of the statistical-reaction code Talys.

1 Introduction

Cross sections of neutron-induced reactions attract growing interest in the context of future nuclear tech-
nologies. In particular, there is a need of data with high accuracy for neutron capture and fission induced
by fast neutrons for isotopes of uranium, plutonium, and minor actinoids. In addition, cross sections of
inelastic scattering of fast neutrons from structural materials, such as sodium, iron, and lead are of great
interest [1].

The present work describes experiments studying the inelastic scattering of neutrons in the en-
ergy range from 0.8 to 9.6 MeV using the photoneutron source nELBE at the superconducting electron
accelerator ELBE of the Helmholtz-Zentrum Dresden-Rossendorf (HZDR), Germany.

2 The photoneutron source nELBE

The photoneutron source nELBE consists of a circuit of liquid lead. The electron beam of about 3 mm in
diameter passes a beryllium window and hits the liquid lead circulating in a molybdenum channel of 11.2
mm width. The intersection of the beam with the lead channel defines a volume of 0.6 cm3. Liquid lead
was chosen as the radiator material because the thermal loaddeposited by the electron beam (up to 25
kW) is too high to be dissipated from a solid target of such small size by gas cooling and heat radiation.
Cooling with water is unfavorable because of neutron scattering and moderation. A detailed description
of nELBE is given in Ref. [2].

The neutrons travelling at an angle of 95◦ relative to the incident electron beam enter the exper-
imental area after passing a collimator in the concrete wallof 2.40 m thickness, followed by a 10 cm
thick lead wall. The collimator consists of a combination ofborated polyethylene and lead cylinders [2].
The experimental setup is schematically shown in Fig. 1. Theneutron intensity was monitored with
a calibrated235U fission chamber [3] delivered by the Physikalisch-Technische Bundesanstalt (PTB)
Braunschweig. As no moderation was applied, the short accelerator beam pulses of about 5 ps provided
the basis for a good time resolution for time-of-flight experiments at a flight path of 6.2 m. The neu-
tron intensity at the target position was about2 × 104 cm−2 s−1 using an electron bunch charge of 77
pC and a pulse repetition rate of (13 MHz)/64 = 203.125 kHz. Details of the neutron-beam profile, the
determination of the neutron flux and the neutron spectrum are given in Ref. [4].

3 Experimental methods at the time-of-flight setup

The target consisted of a disk of natural iron with a diameterof 20 mm and a thickness of 8 mm with a
mass of 19.787 g. This results in an areal density of6.211 · 10−2 56Fe atoms per barn. A high-purity



���������
���������
���������
���������
���������
���������
���������
���������
���������
���������
���������
���������
���������
���������

���������
���������
���������
���������
���������
���������
���������
���������
���������
���������
���������
���������
���������
���������

����������
����������
����������
����������
����������
����������
����������
����������
����������
����������
����������
����������
����������
����������

����������
����������
����������
����������
����������
����������
����������
����������
����������
����������
����������
����������
����������
����������

n
e− neutron

source

chamber
fission

absorber

γ
γ−detector

Fe target

Fig. 1: (Color online.) Time-of-flight setup at the photoneutron source nELBE.

germanium (HPGe) detector with an efficiency of 100% relative to a NaI detector of 7.6 cm in diameter
and in length was used to measureγ rays from states in56Fe. The detector was positioned at a distance
of 20 cm from the target and at an angle of 125◦ relative to the beam direction. An energy and efficiency
calibration of the detector was performed using22Na, 60Co and226Ra standard calibration sources. The
experiment was carried out with an electron beam energy of 30MeV and an average current of 15µA.
The measurement was performed by cyclically placing the target in and out of the beam every hour to
reduce long-term fluctuations of the beam current. The totallive time of the measurement was 23 h for
each case. The time of flight was measured as the time difference between the accelerator pulse and
the signal of the HPGe detector. With this detector, a time resolution of 10 ns (FWHM) was achieved.
The data acquisition recorded list-mode data containing signals of the fission chamber, the time-of-flight
signal and the energy signal of the HPGe detector. Details ofthe system and of the dead-time correction
are given in Ref. [4].

The calibration of the time-of-flight spectrum was performed as described in Ref. [4]. The time of
flight was calculated according to

tn = f · (chn − chγ) + s/c, (1)

wheref = 0.9766 ns/channel,chn is the channel number in the time-of-flight spectrum,chγ is the channel
number of the peak produced by bremsstrahlung scattered from the sample,s = 6175 mm is the flight
path andc is the speed of light. Time-of-flight spectra for the measurements with and without target are
shown in Fig. 2. The kinetic neutron energyEn was derived as

En = mnc
2

[
1

√
1− s2/(tnc)

2
− 1

]

, (2)

wheremnc
2 is the neutron rest energy. The measured events containing time-of-flight andγ-ray en-

ergy were corrected for dead time and sorted into coincidence matrices for the measurements with and
without target. The matrix containing events without target was subtracted from the one with target to
reduce background events. Gamma-ray spectra were extracted by setting gates of 12 channels width,
corresponding to 11.72 ns, on the time axis in the net matrix after background subtraction. An example
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Fig. 2: Time-of-flight spectra with and without target containing events registered in the HPGe detector relative to
the accelerator pulse.
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Fig. 3: Gamma-ray spectrum measured in the Fe(n, n′
γ) reaction for a neutron energy aroundEn = 8.168 MeV.

The time-of-flight gate width of 11.72 ns corresponds to a neutron-energy gate width of∆En = 1.229 MeV. The
labels denote energies of transitions in56Fe unless given otherwise.

of a resultingγ-ray spectrum is shown in Fig 3. The spectrum shows transitions between excited states
in 56Fe and, in addition the2+1 → 0

+
1 transitions in54Fe and58Fe.

The neutron fluence (time-integrated flux) determined with the fission chamber for the present
measuring time is shown in Fig. 4. The neutron flux was corrected for attenuation of the neutron beam
in the target. The determination of the neutron flux using thefission chamber is described in detail in
Ref. [4].
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Fig. 4: Neutron fluence determined for the present experiment according to the procedure described in Ref. [4].

4 Experimental results

The reaction cross sectionsσ for excited states with energiesEi emitting γ rays of energyEγ were
calculated using the relation

σ(Ei, En) =
N(Eγ , En)

ε(Eγ)Φ(En)Nat

, (3)

whereN(Eγ , En) is the number of dead-time corrected events in the peak atEγ observed at a
neutron energyEn, ε(Eγ) is the absolute efficiency of the HPGe detector atEγ , Φ(En) is the neutron
fluence atEn, andNat is the number of atoms in the target.

The cross sections obtained in this way were corrected for the attenuation of the emittedγ rays
in the target material. The attenuation was simulated forγ rays emitted isotropically from the target.
The start positions of theγ rays were distributed uniformly perpendicular to the beam direction and
exponentially in beam direction because of the decreasing neutron intensity. Forγ rays moving in the
direction toward the detector the path length through the target lpath was calculated. The attenuation
of theγ rays was described by an exponential distribution using theattenuation factorsµ/ρ taken from
Ref. [5] as mean values. From this distribution an attenuation lengthlatt was randomly sampled for each
photon. Iflatt < lpath, then the photon is absorbed in the target. The correction factorsC applied to the
cross sections are the ratios of started photons to absorbedphotons. The mean value of the path lengths
was 5.16 mm assuming an average total cross section of 4 b for calculation of the attenuation of the
neutron intensity. A change of this value by± 4 b resulted in a change ofC by less than 1%.

For high-energy neutrons, there exists a certain probability that they can be inelastically scattered
more than once inside the target. This multiple scattering increases the cross section of an excited state
at a certain neutron energy, although the multiply scattered neutron has an energy different from the
incident energy. The increase is expected to be considerable in particular for the lowest excited state,
namely the first2+ state in56Fe. The probabilityP for multiple scattering with the detection of the 847
keV γ ray in a subsequent scattering step was simulated with the code GEANT4 [6]. The cross section
of the2+ state was corrected with the factor(1− P ).

At the angle ofθ = 125◦ between detector and neutron beam direction, the termA2P2(cos θ)

of the expression for the angular distribution approaches zero. Nevertheless, the termA4P4(cos θ) may
produce a deviation of the angular distribution from unity,for example for a2 → 0 transition. Feeding
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from higher lying states attenuates the angular distribution. This means, the term may be applied to the
847 keV transition at energies below the next higher state, i.e. below about 2.1 MeV. Angular distribu-
tions of the 847 keVγ rays emitted in the56Fe reaction were measured in Ref. [7]. The coefficientsA2

andA4 deduced from these measurements are listed in Table 1.

Table 1: Angular distribution coefficients of the 847 keVγ ray at various neutron energies, taken from Ref. [7].

En (MeV)a A
b
2 A

b
4 W (125◦)c

0.93 0.521(30) –0.511(33) 1.193(13)
0.98 0.539(13) –0.302(14) 1.113(5)
1.08 0.435(17) –0.144(19) 1.053(7)
1.18 0.398(39) –0.331(44) 1.125(17)
1.28 0.312(31) +0.020(4) 0.990(2)
1.38 0.396(18) +0.039(20) 0.982(8)
1.59 0.319(22) –0.167(25) 1.062(10)
1.68 0.226(12) –0.155(15) 1.058(6)
1.79 0.216(10) –0.082(13) 1.030(5)
1.85 0.245(31) –0.089(36) 1.033(14)
2.03 0.190(18) –0.023(21) 1.008(8)

a Neutron energy.
b Coefficients of the angular distributionW (θ) = 1 +A2P2(cos θ) +A4P4(cos θ) taken from Ref. [7].
c Angular distributionW (θ = 125◦) calculated using the givenA2 andA4 values.

The largestA4 value was found at the lowest neutron energy. This value amounts to 30% of the
maximum value ofAmax

4 = −1.714 predicted for a2 → 0 transition [8]. This attenuation may be caused
by the reaction mechanism. The further values generally decrease with increasing neutron energy. How-
ever, the values atEn = 1.28 and 1.38 MeV do not follow the general behavior and havean unpredicted
sign, which may indicate uncertainties of the values not covered by the given errors. Therefore, a correc-
tion of the total scattering cross section deduced from the 847 keV transition for the angular distribution
has not been applied. This concerns the values for neutron energies below 2.1 MeV. At higher energies,
feeding from higher-lying states occurs and the angular distribution is further attenuated. For the4 → 2

and6 → 4 transitions theAmax
4 values are−0.367 and−0.242, respectively. Assuming also an attenu-

ation of about 30%, the contribution ofA4P4(cos 125
◦) to the angular distribution at 125◦ is 4.0% and

2.5%, respectively. For the4+ state, also feeding has been taken into account, which reduces the value of
4% further. For the6+ state, the mentioned value of 2.5% has also not been applied to the values shown
in the following. The contribution ofA4P4(cos 125

◦) to the2 → 2 transitions feeding the2+ state at
847 keV is less than 0.5%, also if taking into account a mixingratio ofδ = 0.25 as recommended for the
2113 and 2523 keVγ rays [9].

The total inelastic scattering cross section can be deducedfrom the intensity of the respective
2
+
1 → 0

+
1 transition that collects all intensity from higher-lying states, whereas the intensities of other

ground-state transitions can be neglected [9]. The total scattering cross section deduced in this way for
56Fe is shown in Fig. 5. The error bars include statistical uncertainties of theγ-ray intensities and the
total uncertainty of the neutron flux. Possible systematic uncertainties of the neutron flux are discussed
in Ref. [4]. The cross section shows resonance-like structures at 1.2, 1.6 and 2.4 MeV and a flattening
above about 6 MeV.

Total inelastic neutron-scattering cross sections calculated with the code Talys [10] on the basis of
the statistical reaction model are compared with the present experimental values in Fig. 5. It can be seen
that the calculations describe magnitude and gross behavior of the experimental cross section. However,
the resonance-like structures observed at about 1.2, 1.6 and 2.4 MeV are not included in the statistical
model.
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Fig. 5: (Color online) Total neutron-scattering cross section of56Fe deduced from the measured intensities of the
847 keV transition (black circles) and calculated with Talys (blue solid line).
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Fig. 6: (Color online) Total neutron-scattering cross section of56Fe deduced from the measured intensities of the
847 keV transition of the present work (black circles) and ofRef. [11] (blue triangles).

The total inelastic scattering cross section deduced in an earlier experiment [11] is compared with
the present one in Fig. 6. The smaller steps in neutron energyresulting from a better time resolution
at a longer flight path reveal fluctuations in the cross section not resolved in the present measurement.
The present data tend to be greater than the data of Ref. [11].For a better comparison of the absolute
values of the data of Refs. [11] and the evaluated data of Ref.[12] with the present ones, the data of
Refs. [11,12] were rebinned according to the present conditions and are compared with the present data
in Fig. 7. This comparison shows that the present data tend toexceed the data of Ref. [11] by up to about
15% and the data of Ref. [12] by up to about 20%.
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Fig. 7: (Color online) Total neutron-scattering cross section of56Fe deduced from the present data (black circles)
in comparison with rebinned data of Ref. [11] (blue solid line) and of Ref. [12] (red dashed line).
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