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Abstract

Measurements of neutron elastic and inelastic scattering cross sections from 54Fe

were performed for nine incident neutron energies between 2 and 6 MeV. Mea-

sured differential scattering cross sections are compared to those from previous

measurements and the ENDF, JENDL, and JEFF data evaluations. TALYS

calculations were performed and modifications of the default parameters are

found to better describe the experimental cross sections. A spherical optical

model treatment is generally adequate to describe the cross sections in this en-

ergy region; however, in 54Fe the direct coupling is found to increase suddenly

above 4 MeV and requires an increase in the DWBA deformation parameter by

approximately 25%. This has little effect on the elastic scattering differential

cross sections but makes a significant improvement in both the strength and

shape of the inelastic scattering angular distribution, which are found to be

very sensitive to the size and extent of the surface absorption region.
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1. Introduction

Iron is a ubiquitous material in buildings, laboratories, equipment, and de-

vices. Because of its wide-spread usage, neutron-induced reactions on the iron

isotopes have many different applications in engineering, physics, and medicine.

The material properties of iron alloys such as strength, ductility, and long-term5

stability are determined by the defects in the material. The creation and growth

of these defects depend on the elastic scattering differential cross sections and

the (n,p) and (n,α) reaction rates.

Iron-54 is the second most abundant isotope in natural iron materials. De-

spite its only 5.5% natural abundance, the 54Fe cross sections have a significant10

impact in fast reactor systems and energy transport and deposition in thick

slabs of steel [1, 2].

The 54Fe total cross sections in the fast neutron region do not show clear

resonance behavior above En ≈ 2 MeV, but they do fluctuate. These variations

occur on a small energy scale, <0.1 MeV. In the 2 to 3 MeV energy range the15

average cross section is 3.39 b and the root-mean-square (rms) fluctuation is

0.57 b. In the energy range of 3 to 8 MeV the average cross section is 3.55 b

and the rms fluctuation has dampened to 0.18 b. An optical model (OM) is

used to describe the energy-averaged behavior of the cross sections.

While forward angle elastic scattering is dominated by diffraction that is20

well described by a range of OM parameters, the cross sections at angles >120o

are much more sensitive to model details and must be measured to know ac-

curate values. For example, the evaluated cross sections from ENDF, JENDL,

and JEFF often disagree by factors of two to three on the large-angle elastic

scattering cross sections and even more when inelastic neutron scattering cross25

sections are compared.

Elastic scattering cross sections are rather well measured for 54Fe; previ-

ous experimental efforts are listed in Table 1. Inelastic experimental data are

not so abundant, and modern inelastic scattering measurements on other nuclei

indicate there can be significant discrepancies. In this work, we repeat mea-30

2



surements of elastic and inelastic cross sections in the energy range 2 to 6 MeV

and compare with databases, previous measurements, and model calculations.

These newly measured inelastic scattering cross sections and their angular de-

pendencies, provide the critical information that guides the choice of scattering

potential parameters for direct-coupling collective models.35

Table 1. Previous neutron scattering differential cross section measurements on 54Fe.

Year Author Energies Points/AD Reference

1987 Korzh 5, 6, 7 13 [3]

1986 Guenther 36 btw 1.3-3.9 10 [4]

1982 El-Kadi 8, 10, 12, 14 26 [5]

1982 Delaroche 8, 10, 12, 14 26 [6]

1977 Korzh 1.5, 2, 2.5, 3 8 [7]

1974 Kinney 5.5, 7.0, 8.5 21 [8]

1973 Fedorov 2.9 8 [9, 10]

1971 Boschung 4.0, 5.0, 5.6 10 [11]

1967 Rogers 2.33 5 [12]

2. Methods40

The equipment, methods, and data reduction techniques employed at the

University of Kentucky Accelerator Lab are discussed extensively in several

papers [13, 14, 15, 16]. The laboratory features a 7-MV single-ended model

CN Van de Graaff with a terminal-based bunching system. The pulsed proton

or deuteron beams have a time spread of ∆t ≈ 1 ns at the neutron production45

target. The 3H(p,n) and 2H(d ,n) reactions produce the fluence below and above

4.5 MeV neutron energy, respectively. The tritium or deuterium gas is held in

a stainless steel gas cell 3 cm long and 0.8 cm in diameter. An entrance foil

of 3.5 micron molybendum is used to separate the beamline vacuum from the

∼700 torr pressure in the cell. The cell is lined with tantalum foil and stopper50
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to prevent neutron production in the stainless steel. The stopper and foil are

changed after approximately two weeks of beamtime. The energy spread of the

neutrons impinging on each sample is approximately 75 keV at En = 3.5 MeV

and 220 keV at 6 MeV.

Neutron production rates are recorded using time-of-flight (TOF) techniques55

with forward monitor (FM) detectors utilizing NE-213 or C6D6 scintillation

fluids. A FM is placed at 45o with respect to the incident beam direction and

above the scattering plane to provide a direct, collimated view of the gas cell

during all measurements. When 2H(d ,n) is used, a second FM is placed at

20o because a minimum occurs in the neutron production cross section at 45o.60

Source neutrons are identified in the FM by TOF and pulse-shape discrimination

(PSD), the combination of which provides a very clean monitor of on-pulse

neutron production.

Scattering samples were right circular cylinders hung 7.0 cm from the center

of the gas cell. The 54Fe sample was leased for 12 months from the U.S. National65

Isotope Development Program. The sample was 18.045 g of high-purity metal

enriched to 97.6% 54Fe cast into a cylinder 1.50 cm in diameter and height.

Two polyethylene solid cylinders 1.94 cm × 2.41 cm and 0.96 cm × 1.49 cm

(diameter × height) were used to measure 1H(n,n) cross sections to compare to

hydrogen cross section reference standards for absolute normalization. In addi-70

tion, similarly sized samples of natural carbon and natural iron were employed

for consistency checks.

Scattered neutrons were detected with an 11.5 cm diameter × 2.5 cm thick

C6D6 liquid scintillator, which permitted PSD rejection of γ-ray events. This

neutron detector was mounted on a carriage which can be rotated to cover75

scattering angles up to 155o with respect to the incident beam direction. The

carriage supports a full-length collimation system with flight paths up to 4 m.

Example TOF spectra are shown in Fig. 1. Time widths (FWHM) of the elastic

peak are 2.5 - 3.0 ns; this value is expected from the combination of beam pulse

width, energy spread in the gas cell, and scintillator thickness.80

The (n,n ′) reaction in the few-MeV energy range populates final states of
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Figure 1: Example TOF spectra of neutrons scattered from 54Fe at three selected energies.

Background contributions have been subtracted. Peaks corresponding to population of various

levels in 54Fe are labeled. Relative detector efficiency curves are overlaid.
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spins 0 to 6. The 1.408 MeV excitation energy of the 2+1 level places scattering

from that exit channel well separated from the elastic scattering peak. Peaks

from scattering to the 4+1 and 0+2 states of 54Fe are unresolved in the TOF

spectra since their excitation energies differ by only 23 keV. Also observed are85

two regions of unresolved peaks, with the first region containing scattering to

levels between 2.9 and 3.4 MeV, and the second region for scattering to levels

higher than 3.8 MeV in excitation energy. At En = 4 MeV, the efficiency and

kinematics are such that only scattering from the close pair of levels at 2949-keV

(6+1 ) and 2959-keV (2+2 ) appear in the higher-lying unresolved states, with most90

of the peak strength belonging to the 2+ level. (The 2900-keV 2+ level listed in

ENSDF [17] is only reported in (e,e ′) [18] and is not considered.)

Peaks in the TOF spectra were fitted with SAN12, a program written in-

house that allows for 6 variations in peak shape, selected from single, double,

or asymmetric Gaussian and a exponential or linear tail. The most appropriate95

peak shapes for the present data were asymmetric Gaussian+exponential tail or

double Gaussian+exponential tail. Parameters of the fitting function are gen-

erated from a reference peak, which is nearly always the elastic peak. Standard

kinematic relations describe how peak positions, widths, and tails change within

an individual TOF spectrum. To verify these peak shapes are appropriate for100

our gas cell - target combination, we ran MCNP simulations and tallied the

attenuation and single, double, and triple scattering as a function of detector

angle. The width and tailing parameters vary slightly with angle, but the peak

shape and kinematic constraints mentioned above are correct.

For well-behaved data, the two fitting functions mentioned above give the105

same yields well within uncertainty. While the (n,n1 ) peak is well separated

from the elastic peak, care must be taken at the extreme forward angles to make

sure strength from the strong elastic peak does not leak into the inelastic yield

through the elastic peak’s tail. The uncertainty of the (n,n1 ) yield tends to grow

at angles <40o. In troublesome data sets, the first inelastic yield is extracted110

with a variety of model peak shapes and a best average value and uncertainty

are chosen. This was not an issue for lower energy measurements. The concern
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was most evident in the 3, 5, and 6 MeV data. For the 3 MeV data set, we

rejected the forward angle cross section values entirely because the quality was

not as good as all the other incident energies.115

The C6D6 detector efficiency is determined by kinematics and direct mea-

surement of the neutron source reaction angular distribution. This process is

necessary because the sample and gas cell are close, and the neutron fluence

emerging from the gas cell is divergent. The dσ/dΩTpn cross sections are taken

from the DROSG-2000 program series [19, 20]. Our cross section normalization120

technique is not sensitive to the magnitude of the 3H(p,n) or 2H(d ,n) cross sec-

tions, only their angular dependence. Uncertainties in the angular dependence of

these cross sections are one of the largest contributors to the overall uncertainty

in the measured neutron scattering cross sections. The relative uncertainty in

the angular variation is 3%.125

Conversion to absolute cross sections is performed with reference to a hy-

drogen cross section standard. We use two sizes of polyethylene solid cylinders

in order to check for issues arising from attenuation and multiple scattering

corrections. Recommended values for the H(n,n) total cross sections are taken

from Tables XVIII and XIX of Ref. [21] and Ref. [22], respectively. Both130

references provide the same absolute angle-integrated H(n,n) values which are

known to ±0.30% or better in our energy range. The differential cross sections

in the center-of-mass system (CM) vary by ±0.5% from the isotropic estimate,

which is much smaller than the uncertainties incurred in eff(En). Because of

the small discrepancy, we consider dσ/dΩ to be isotropic in the center-of-mass135

frame.

Measured differential cross sections are corrected for attenuation and multi-

ple scattering effects in the sample, taking into account the close cell-to-sample

geometry with the code MULCAT [23]. The code performs an iterative Monte

Carlo calculation, taking as input the uncorrected experimental differential cross140

sections and using them with known total cross sections and information on the

3H(p,n) source reaction to estimate the corrected differential cross sections.

MULCAT then repeats this process, using now the estimated cross sections as
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input; the whole process is iterated until the differential cross sections converge.

Uncertainties in the attenuation and multiple scattering corrections at angles145

greater than 70o are typically 2 to 5%.

3. Observations

Representative experimental elastic scattering differential cross sections are

shown in Figures 2 - 5 along with previous data and values from compilations.

Experimental data are in good agreement at forward angles where the optical150

model direct contribution to the cross section is dominant. At larger angles

the values between the data sets show scatter, which is consistent with the

large rapid fluctuations noted previously in the compound cross sections at low

energies. Above 3 MeV, the scatter between experimental data sets diminishes

as the rapid fluctuations smooth out. The second diffraction minimum develops155

in the elastic scattering cross section above 3 MeV. However the upturn in

large-angle elastic cross section predicted by the database evaluations (ENDF,

JENDL, and JEFF) is not observed in the data, or at least not until after 150o.

Representative experimental (n,n1 ) inelastic scattering differential cross sec-

tions are shown in Fig. 6 along with previous data and values from compilations.160

The (n,n1 ) angular distributions in the unresolved resonance region below 4

MeV are reasonably flat, as expected for compound nuclear processes. The in-

elastic peak yields at forward scattering angles are not significantly impacted

by the large elastic peak in the TOF spectrum due to peak fitting ambiguities.

If this were the case, there would be a distortion at forward angles. Between 2165

and 3 MeV, the (n,n1 ) differential cross sections lie between 45-55 mb/sr with

little apparent structure. Above 3 MeV, the (n,n1 ) compound-elastic contri-

bution to the cross section drops noticeably due to competition with the other

inelastic exit channels which are now open. The direct coupling contribution in

the (n,n1 ) channel becomes more apparent. For the En = 5 and 6 MeV data170

sets, a forward-angle enhancement of the differential cross section is apparent

even in the raw online TOF spectra before analysis.
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Figure 2: Comparison of measured 2.00 MeV elastic scattering cross sections (solid points

with uncertainties) to previous data (left) and the evaluated nuclear libraries (right). The

shape of dσ/dΩ changes quickly with energy at angles >80o. Rapid changes at large angles

are consistent with the compound nuclear resonance structure. The TALYS def curve is a

calculation using the default RIPL parameters [24], without modification.
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Figure 3: Comparison of measured 3.00 MeV elastic scattering cross sections (solid points

with uncertainties) to previous data (left) and the evaluated nuclear libraries (right). Above

3 MeV, the scatter between experimental data sets diminishes as the rapid fluctuations in the

total cross section diminish.
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Figure 4: Comparison of measured 4.00 MeV elastic scattering cross sections (solid points

with uncertainties) to previous data (left) and the evaluated nuclear libraries (right). Scatter

between measurements at nearby energies diminishes, which is consistent with the smoothing

of the compound cross section.
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Figure 5: Comparison of measured 5.00 MeV elastic scattering cross sections (solid points with

uncertainties) to previous data (left) and the evaluated nuclear libraries (right). Although no

data exist at angles >150o the location of the second minimum is experimentally defined.
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Figure 6: Comparison of measured (n,n1 ) scattering cross sections (solid points with un-

certainties) to previous data (left) and the evaluated nuclear libraries (right). Inelastic cross

sections below 4 MeV can be explained by the compound mechanism; direct coupling suddenly

increases in importance above 4 MeV.
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Peaks corresponding to the population of the 2538-keV 4+1 and 2561-keV

6+1 levels are not resolvable in the TOF spectrum although the 23 keV energy

difference does produce noticeable distortion in the shape. The measured scat-175

tering angular distributions to these levels are not remarkable and therefore not

shown in a figure.

4. Interpretation

Although the total neutron scattering cross section clearly indicates strong

fluctuations from indefineable overlapping resonances, the angular distributions180

in the elastic channel still show the classic diffraction shapes and therefore con-

tain information on strengths and radii of the average potential along with direct

coupling strengths.

While a spherical optical model treatment may intially provide a reasonable

description, better quality calculated differential cross sections may occur when185

shape details of the interaction potential, the nature of the collective effects, and

the form of the kinetic energy operator reflect the actual particles and nuclei

involved.

The nucleus 54Fe with N = 28 is not expected to be significantly deformed

and excitations are expected to be dominated by the proton hole pairs and190

particle-hole excitations of the neutrons. Indeed, the low-lying nuclear structure

of 54Fe is strongly suggestive of bands built upon 2-particle structures: the 0,

2, 4, 6 ground band of the πf−27/2; the 0+2 a ν(2p − 2h) bandhead; and the

remaining sequence controlled by ν(1p − 1h) and νp−13/2 ⊗ f−17/2 configurations

[25, 26, 27]. The g-factor measurements by East [28] also reinforce the strong195

proton configuration of the 2+1 level.

Cross sections in the ENDF/B-VII database [29] below 20 MeV are ulti-

mately taken directly from the ENDF/B-VI.1 calculations [30, 31] which used

a DWUCK4 DWBA approach and the Hauser-Feshbach code TNG [32, 33, 34].

Additional details of the calculation are not readily available.200

The JENDL-4.0 database uses a standard neutron spherical optical model
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approach and a coupled channel calculation but details are not readily available

[35, 36, 37]. The JENDL database presents cross sections to the individual

inelastic channels and we have used them in many of the previous figures.

The JEFF-3.1 database for 54Fe [38] was constructed with the nuclear model205

code TALYS [39], version 0.56, with slight changes to some default parameters.

The DWBA approach was used for inelastic scattering. A fairly complete de-

scription of the calculation is found in the database’s information file.

4.1. Sensitivity to Optical Model Parameter Changes

Realistic calculations for cross sections, particularly for the inelastic chan-210

nels, requires inclusion of all open reaction channels in order to appropriately

distribute the available reaction strength. Neglecting open channels will lead

to an over estimation of specific inelastic scattering cross sections. The (n,p)

channel, with Q = +0.085 MeV, becomes significant above En = 2 MeV and

increases to 30% of the reaction strength. The (n,α) channel, with Q = +0.843215

MeV, is also open but its importance is strongly suppressed because of the

Coulomb barrier. Optical model parameter sets are often developed from data

in the energy range above 8 MeV and there can be issues when extrapolating

those calculations down into the few-MeV region where the compound elastic

process is significant.220

The extensive measurements by Guenther below En = 4 MeV were well

explained by a spherical optical model treatment [4]. The angular distributions

of the (n,n1 ) channel displayed in Fig. 6 clearly indicate the onset of direct

reaction strength above 4 MeV. This forward angle enhancement of the (n,n1 )

angular distribution persists until just above 14 MeV and disappears by 17 MeV225

when data from other groups are considered [5, 40, 41].

TALYS is a very convenient tool to perform optical model and coupled chan-

nels calculations as it manages all open channels that are so important for a

nucleus such as 54Fe. The form of the neutron potential is

U(r, E) = −VV (E)f(r,RV , aV ) − iWV (E)f(r,RV , aV )
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+i4aDWD(E)
d

dr
f(r,RD, aD)

+VSO(E)(
h̄

mπc
)2

1

r

d

dr
f(r,RSO, aSO)` · σ

+iWSO(E)(
h̄

mπc
)2

1

r

d

dr
f(r,RSO, aSO)` · σ (1)

where the function f is the standard Woods-Saxon form factor with radius230

R and diffuseness a, and VV , WV , WD, VSO, and WSO are the strengths of

the volume V , surface derivative D, and spin-orbit SO potentials. All potential

strengths are energy dependent with parameterizations given in the TALYS

manual. Note that the volume absorption term WV uses the volume radius and

diffuseness while the surface absorption term WD uses a different radius and235

diffuseness.

In general, the default TALYS parameters [24] do an excellent job with the

elastic scattering differential cross sections. Two parameter sets are provided:

one for a spherical optical model calculation and another intended for use with

the dispersion correction approach. Both parameter sets treat the inelastic240

channels with a spherical DWBA approach and give nearly identical results in

our energy range.

We examined perturbations of the default parameters to gain understanding

of the reaction mechanism for n + 54Fe. Elastic scattering is well described with

the default parameter set, but the strength of the (n,n1 ) channel is weak at 5245

and 6 MeV. Adjustments to the volume absorptive potential have no significant

impact upon the (n,n0 ) and (n,n1 ) channels. Adjustments to the strength of

the surface absorption WD do not significantly improve the inelastic channel

and spoil the agreement for the elastic angular distribution. The (n,n0 ) and

(n,n1 ) channels are very sensitive to the radial location of the surface absorption.250

One can make improvements to the inelastic channel by increasing the surface

derivative diffuseness aD up to 25% and slightly lowering rD: however this

harms the minima in the elastic diffraction pattern. The best solution is to

simply raise the DWBA deformation parameter (originally equivalent to β2 =

0.19) by up to 50%. This adjustment spreads the region over which the surface255
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Figure 7: Neutron angular distributions at 5 MeV with modified TALYS parameters. The

compound and direct contributions are indicated for the elastic and first inelastic cross sec-

tions. Increasing the DWBA deformation parameter provides substantial improvement to

the (n,n1) channel. The peaks corresponding to population of the 0+2 and 4+1 states are not

resolved in the TOF spectra, but the summed measured angular distribution is adequately

represented by the summed model calculation.

absorption acts because the nuclear radius R(θ, φ) = Ro[1 + β2Y2,0(θ, φ)] now

varies with location about the nucleus. TALYS also applies this deformation to

the central and volume absorptions terms, but it does not generate a significant

impact upon the elastic scattering angular distribution for reasons discussed

previously. There is a large improvement in both the strength and shape of the260

inelastic angular distribution. This better solution for 5 MeV is shown in Fig 7.

The same procedure applied to the 6 MeV data leads to very similar conclusions

and produces the solution shown in Fig. 8, but with the DWBA deformation

parameter increased by 25%.

At 5 and 6 MeV, the first minimum in the (n,n1 ) angular distribution oc-265

curs at a smaller angle than indicated in the calculation, suggesting the surface
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Figure 8: Neutron angular distributions at 6 MeV with modified TALYS parameters. The

compound and direct contributions are indicated for the elastic and first inelastic cross sec-

tions. Minima in the elastic angular distribution are more apparent than at 5 MeV because

the compound elastic strength has dropped significantly. Increasing the DWBA deformation

parameter again provides substantial improvement to the (n,n1) channel.

absorption should be positioned at a slightly greater average radius. We were

unable to alter radial, diffuseness, or absorption OMP parameters to solve this

issue without damaging the agreement in the elastic channel.

These larger values for the deformation parameter demonstrate that 54Fe270

exhibits strong enough collective behavior that a coupled-channels calculation

is warranted. A spherical optical model with a vibrational perturbation is likely

the most appropriate. We allow coupling to the 2+1 , 4+1 , and 0+2 states and man-

age these ECIS calculations via the TALYS front end. Again, the quadrupole

phonon coupling parameter had to be increased by ∼25% and results were equiv-275

alent to the simple DWBA treatment discussed previously, including the prob-

lem with the first minimum in the first-inelastic angular distribution.
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Neutron scattering investigations of the neighboring nucleus 56Fe [42] indi-

cate a soft rotor model is necessary due to the rotation-vibration collectivity

present in the lower-lying levels [6, 43, 41]. A simpler description may be ade-280

quate for 54Fe because of the particle-pair excitation structures described above.

Iron-54 was examined within the soft-rotor model by Li [41], but at higher en-

ergies than in this study: En > 7 MeV for elastic scattering and En > 14 MeV

for the (n,n1 ) channel. That calculation does a very nice job of managing all

of the open exit channels (n,n), (n,p), and (n,α), but deviations from data are285

observed at the lowest energies considered.

5. Summary

Neutron scattering angular distributions were measured for 9 incident neu-

tron energies between 2 and 6 MeV.

Most general optical model discussions suggest the balance between volume290

and surface terms is not so observable, but for 54Fe there is a pronounced effect.

It is not surprising that the absorption would be surface-dominant at lower

energies, but the effect is typically not observable in most other nuclei.

The DWBA deformation parameter for neutron excitation of the first excited

state in 54Fe is closer to that of 56Fe than previously thought. Initially this295

might seem surprising, since the electromagnetic decay strengths of the first 2+

levels of the two nuclei are different; however, this indicates that electromagnetic

decays provide guidance about the nuclear structure of levels, but do not provide

specific information about the nature of the direct excitation mechanism through

the strong nuclear force. This effect is observed in other nuclei such as 48Ca300

[44, 45] and 204,206Pb [46].
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