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1 Helmholtz-Zentrum Dresden - Rossendorf, Bautzner Landstr. 400, 01328 Dresden, Germany
2 Technische Universität Dresden, 01062 Dresden, Germany

Received: date / Revised version: date

Abstract. The angular distribution of γ-rays emitted after inelastic scattering of fast neutrons from iron
was determined at the nELBE neutron time-of-flight facility. An iron sample of natural isotopic compo-
sition was irradiated by a continuous photo-neutron spectrum in the energy range from about 0.1 up to
10 MeV. The de-excitation γ-rays of the four lowest excited states of 56Fe and the first excited state of
54Fe were detected using a setup of five high-purity germanium (HPGe) detectors and five LaBr3 scintilla-
tion detectors positioned around the sample at 30◦, 55◦, 90◦, 125◦ and 150◦ with respect to the incoming
neutron beam. The resulting angular distributions were fitted by Legendre polynomials up to 4th order
and the angular distribution coefficients a2 and a4 were extracted. The angular distribution coefficients of
three transitions in 56Fe are reported here for the first time. The results are applied to a previous measure-
ment of the inelastic scattering cross section determined using a single HPGe detector positioned at 125◦.
Using the updated γ-ray angular distribution, the previous cross section results are in good agreement
with reference data.

PACS. 25.40.Fq Inelastic neutron scattering – 23.20.En Angular distribution and correlation measure-
ments

1 Introduction1

The nuclide 56Fe has been included in the recent CIELO2

international nuclear data evaluation [1] since it is an im-3

portant structural material in both nuclear engineering4

and nuclear physics research applications. Due to its rel-5

evance for the development and neutronic simulations for6

innovative fast reactor systems, the inelastic scattering7

cross section of 56Fe is part of the High Priority Request8

List of OECD/NEA [2].9

Recently, a high-resolution measurement of the inelas-10

tic scattering cross section was done at JRC-Geel [3]. Neu-11

tron differential cross sections were previously measured12

at University of Kentucky from 1.3 to 7.96 MeV at angles13

from 30◦ to 154◦ and the angle integrated cross section14

was determined with an energy resolution between 80 to15

170 keV [4].16
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The neutron induced cross sections of 56Fe exhibit sig- 17

nificant fluctuations that extend from the respective thresh- 18

old up to energies above 5 MeV. Extending the resolved 19

resonance range in the data evaluation requires high ener- 20

gy-resolution data. Even in the range where the resonances 21

start to strongly overlap the excitation functions still ex- 22

hibit strong variations if they are measured with suffi- 23

ciently high resolution. These Ericson fluctuations can be 24

traced back to chaotic scattering in the regime of strongly 25

overlapping resonances and can be explained by random- 26

matrix theory [5]. The compound-nucleus cross sections 27

fluctuate as do the angular distributions of the emitted 28

particles and γ-rays. The fluctuations have the same mag- 29

nitude as the average cross section. This fact can be used 30

to measure the average width of the compound resonances 31

which for the mass A=60 region might amount to about 32

10 keV [6]. 33

The recent high-resolution measurement at JRC-Geel 34

was mostly independent of the angular distribution of 35

the γ-rays. The high-purity germanium (HPGe) detectors 36

were positioned under 110◦ and 150◦, where the Legendre 37

polynomial P4 vanishes. This enables the determination of 38

the angle integrated γ-ray production cross section almost 39

independently of the angular distribution [7]. 40

The angular distribution of 847 keV γ-rays from inelas- 41

tic neutron scattering from 56Fe has been measured before 42
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at the Argonne Fast Neutron Generator [8], where a single43

Ge(Li) detector was used under different angles. The sam-44

ple sizes were rather large (cylinders with diam.×height45

of 2 cm×2 cm and 3.8 cm×3.8 cm) and the energy resolu-46

tion due to the quasi mono-energetic neutron source was47

about 65 keV. Variations in the γ-ray angular distribution48

near threshold and decreasing anisotropy with increasing49

neutron energy was found.50

Furthermore there is also a high-resolution measure-51

ment of the same angular distribution from ORELA, Oak52

Ridge, up to a neutron energy of 2100 keV using NE21353

liquid scintillators for γ-ray detection under 30◦, 90◦ and54

125◦ [9]. The γ-ray angular distributions from this work55

however is not included in the EXFOR [10] nuclear data56

base.57

2 Previous cross section measurement58

In a previously published work the cross section for inelas-59

tic scattering of fast neutrons from excited states in 56Fe60

was determined using a single HPGe detector [11]. This61

detector was placed at an angle of θ = 125◦ relative to62

the incoming neutron beam and was used to measure the63

photon yield Ndet(Eγ) for the emission of a certain γ-ray64

energy Eγ . The angle integrated γ-ray production cross65

section σEγ was extracted via the relation:66

σEγ =
Ndet · (1− pmult)
εγ · ftrans,γ ·W (θ)

· 1
Φn · ftrans,n ·Atarg

· 1
NFe-56

(1)

where pmult, ftrans,γ and ftrans,n are correction factors ac-67

counting for multiple scattering, γ-ray transmission out of68

the sample and neutron transmission into the sample, re-69

spectively. εγ is the γ-ray full energy detection efficiency,70

Φn is the incoming neutron fluence, Atarg the geometrical71

cross section of the sample and NFe-56 the number of 56Fe72

nuclei in the sample. See ref. [11] for details. The angular73

distribution factor W (θ) was assumed to be unity over the74

whole neutron energy range, because the Legendre polyno-75

mial P2 vanishes at θ = 125◦ and no significant data with76

sufficient resolution was available for higher order contri-77

butions. At the end an average deviation of about 10 %78

from evaluated and previuosly measured data was found,79

that might be caused by this rough assumption. There-80

fore, a new measurement of the W (θ) with high neutron81

energy resolution was performed at the nELBE neutron82

time-of-flight facility and is reported here.83

From eq. (1) one can see that the properties of the84

neutron beam and the sample cancel out when calculating85

the cross section ratio:86

σ(θ)
σ(90◦)

=
Ndet(θ) · fcorr(θ)

W (θ)
· W (90◦)
Ndet(90◦) · fcorr(90◦)

(2)

The correction factors fcorr(θ) combine all corrections,87

which are different for the individual detectors, i.e. effi-88

ciency, and γ-ray absorption. The angle-integrated γ-ray89

production cross section should be independent of the de- 90

tector position, i.e. σ(θ)
σ(90◦) ≡ 1. Therefore, one can define 91

and determine the normalized angular distribution Wn(θ) 92

by: 93

Wn(θ) :=
W (θ)

W (90◦)
=

Ndet(θ) · fcorr(θ)
Ndet(90◦) · fcorr(90◦)

(3)

The angular distribution W (θ) can be expressed in Leg- 94

endre polynomials, 95

W (θ) = 1 + a2P2(cos θ) + a4P4(cos θ) + · · · (4)

Depending on the multipolarity of the observed γ-rays it is 96

sufficient to use a maximum polynomial order of only 4 to 97

describe the experimental data. From eq. (4) the following 98

expression for Wn can be derived: 99

Wn(θ) =
1 + a2P2(cos θ) + a4P4(cos θ)

1 + a2 P2(cos 90◦)︸ ︷︷ ︸
=−0.5

+a4 P4(cos 90◦)︸ ︷︷ ︸
=0.375

(5)

This function can be used to fit the experimental results 100

to determine the parameters a2 and a4. 101

3 The nELBE neutron time-of-flight facility 102

The neutron time-of-flight (ToF) facility nELBE is the 103

first photo-neutron source at a superconducting electron 104

accelerator. It exhibits a very precise time structure of the 105

neutron pulses and also favorable background conditions 106

due to the low instantaneous neutron flux and the ab- 107

sence of almost any moderating materials. At nELBE an 108

electron beam of 30 MeV kinetic energy is focused onto 109

a liquid lead target to produce bremsstrahlung that sub- 110

sequently produces neutrons via photo-nuclear reactions 111

on the lead nuclei. The short (5 ps) micropulse length 112

and variable continuous-wave repetition rate (typically be- 113

tween 25 and 400 kHz) of the electron beam of the ELBE 114

accelerator [12,13] together with a very compact neutrons- 115

producing target (thickness 11 mm) [14,15] allows using 116

a short flight path (5 to 11 m) and a correspondingly 117

high neutron intensity. With such a neutrons-producing 118

target the energy resolution in the fast neutron range is 119

dominated by the achievable time resolution of the de- 120

tectors used. The response functions of different neutron 121

ToF facilities are discussed in detail in the review article 122

by Schillebeeckx et al. [16]. 123

The nELBE neutron spectrum ranges from ca. 10 keV 124

up to 10 MeV. The source strength is typically around 125

2 ·1011 n/s which scales down to a neutron flux of approx- 126

imately 3 · 104 n/cm2/s at the sample position. Further 127

properties of the nELBE neutron beam are described in 128

detail in ref. [17]. A schematic view of the nELBE facility 129

is shown in fig. 1. 130

4 Experimental setup 131

For the present experiment a kinetic energy of 30 MeV, a 132

repetition rate of 101.6 kHz and a bunch charge of 46 pC, 133
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Fig. 1. Schematic floorplan of the nELBE neutron time of
flight facility and the detector setup for angular distribution
measurements. The sample is surounded by five LaBr3 and
five HPGe detectors placed at angles of 30◦, 55◦, 90◦, 125◦

and 150◦ with respect to the incoming neutron beam. See text
for details.

i.e. an average beam current of 4.7 µA, were chosen for134

the ELBE electron beam parameters.135

The sample was a cylindrical disk of natural iron with136

4.5 mm thickness, 79 mm diameter and a mass of 172.1 g.137

It was positioned at a flight path of 830 cm. A tilt of 19.5◦138

between the normal of the sample front face and the beam139

axis was included to prevent the detectors placed at 90◦140

from pointing perpendicular onto the lateral surface of the141

sample. Around the sample five LaBr3 scintillation detec-142

tors and five HPGe detectors were arranged in a horizontal143

plane at distances of 30 cm between sample center point144

and detector front face. A schematic view of the detector145

setup is shown in fig. 1.146

The LaBr3 scintillators1 were cylindrically shaped. One147

of the scintillators was 2” in diameter and 2” in thickness148

and was mounted at 30◦ with respect to the incoming149

neutron beam. The remaining four scintillators were 3” in150

diameter and 3” in thickness and mounted at 55◦, 90◦,151

125◦ and 150◦, respectively. Opposite to the beam axis,152

five cylindrical HPGe detectors2 were located at the same153

angles. Four of the HPGe detectors were about 79 mm in154

diameter and 89 mm in thickness each (i.e. 100 % relative155

efficiency), the one at 30◦ was 68 mm in diameter and156

77 mm in thickness (i.e. 60 % relative efficiency).157

The list mode data acquisition system consisted of158

NIM analog and VME digital electronics, measuring time159

and energy information for each single detector. An elec-160

tronics schema is shown in fig. 2. The detector output161

signals are split into two signal paths: a timing and an en-162

ergy branch. In the energy branch the signals of the HPGe163

1 Saint-Gobain Crystals, Type Brillance 380
2 3× Ortec, 2× CANBERRA Industries Inc.

5x HPGe
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Fig. 2. Schematic view of the data acquisition electronics. See
text for details.

detector are amplified and shaped by spectroscopic am- 164

plifiers3 and feed into an 8-channel 32-event 12-bit peak- 165

sensing analog-to-digital converter (ADC)4. The timing 166

branch consists of a fast amplifier5, constant fraction dis- 167

criminators (CFD)6 and a 32-channel multi-event multi- 168

hit time-to-digital converter (TDC)7. This TDC digitizes 169

all incoming signals in a free-running mode into a tempo- 170

rary buffer. When it gets a trigger signal it writes all hits of 171

all detectors inside a pre-defined time interval (match win- 172

dow), even those that occurred before the trigger, into its 173

output buffer. To enable the time-of-flight measurement 174

the high-frequency (HF) reference signal of the accelera- 175

tor is also fed into the TDC. 176

The signals emitted by the LaBr3 detectors are rather 177

short and intense with rise (fall) times of 1 to 2 ns (10 178

to 20 ns) and amplitudes up to a few volts. Therefore, 179

they don’t need further amplification and shaping. For 180

them the energy branch reduces to an 8-channel 32-event 181

charge-to-digital converter (QDC)8 and the timing branch 182

to CFDs and the same TDC as for the HPGe detectors. 183

The CFD signals are also used for trigger production 184

via a field programmable gate array (FPGA) housed by 185

a multi-purpose logic VME module9. This FPGA module 186

creates the logical OR of all detectors to produce the gate 187

signals for the ADC and the QDC and the trigger for the 188

TDC. Furthermore it reads back the busy signals from the 189

3 Ortec 671
4 CAEN V1785N
5 Ortec 474
6 in-house development
7 CAEN V1290A
8 CAEN V965A
9 CAEN V1495
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Fig. 3. Time-of-flight and γ-ray energy correlation measured
by the HPGe detector located at an angle of 55◦.

ADC and QDC to produce a veto signal to inhibit trig-190

ger production while these modules are converting data.191

The length of the veto signal of each trigger event is saved192

into a FIFO buffer to enable an event-wise dead time cor-193

rection. After 32 events are recorded the FPGA sends a194

readout trigger to the VME PC10 that reads out the data195

from the buffers of TDC, ADC and QDC and writes them196

into list-mode data files at a network data server.197

5 Data analysis198

Figs. 3 and 4 show spectra taken with the experimental199

setup and conditions described in the previous section. Ex-200

amples of γ-ray energy Eγ versus neutron time-of-flight tof201

spectra for one HPGe and one LaBr3 detector are shown.202

The energy and efficiency calibration was done using cal-203

ibrated point sources of 137Cs, 60Co, 226Ra and 88Y. The204

time-of-flight calibration was done using the position of205

the photon flash chγ (determined by fitting a Gaussian206

peak function), the known flight path l (830 cm), the dis-207

persion d of the TDC (24.41 ps/channel) and the speed of208

light c by means of the following relation:209

tof = (ch− chγ) · d + l/c. (6)

The photon flash is caused by the bremsstrahlung emit-210

ted from the neutrons-producing target. In figs. 3 and211

4 the photon flash appears as vertical lines at a tof of212

about 28 ns and illustrates the different timing properties213

of the two detector types. The LaBr3 detectors show a very214

sharp line over the complete γ-ray energy range whereas215

the HPGe detectors develop a large tailing especially at216

low γ-ray energies. This behaviour is directly correlated217

to the shape of the detector’s output signals. The signals218

caused by scintillation light of the LaBr3 detectors have219

an approximately constant shape, i.e. rise and fall time220

are independent of the pulse height, whereas the HPGe221

10 CES RIO4-8072

Fig. 4. Time-of-flight and γ-ray energy correlation measured
by the LaBr3 detector located at an angle of 55◦.

detectors develop signals whose rise times vary strongly 222

due to the different charge collection times depending on 223

the position of γ-ray interaction in the HPGe crystal. Con- 224

ventional analog electronics is not capable to correct for 225

this behaviour, which results in the limited time resolution 226

and the tailing visible in the tof -spectrum. 227

As the electron bunch length of ELBE amounts to only 228

a few ps, the width of the photon flash is given by the time 229

resolution of the particular detector. From fitting the pho- 230

ton flash with a Gaussian peak function, the time resolu- 231

tion results in about 0.8 ns (FWHM) for the LaBr3 and 232

about 10 ns for the HPGe detectors. With an uncertainty 233

of about 4.4 cm for the employed flight path (defined by 234

half of the thickness of both the neutron source and of the 235

detectors) this results in a neutron energy resolution at 236

1 MeV, i.e. at a tof of 600 ns, of 10 and 35 keV, respec- 237

tively. 238

While the timing properties of the LaBr3 detectors are 239

superior to the ones of the HPGe detector, the latter show 240

much better γ-ray energy resolution. For the HPGe detec- 241

tors single γ-rays, e.g. the 40K line at 1461 keV, are visible 242

as sharp horizontal lines (cf. fig. 3), while for LaBr3 these 243

lines appear as broad bands. For the γ-ray line at 1173 keV 244

from a 60Co calibration source, the HPGe detectors show 245

a resolution of 3.5 to 4.6 keV (FWHM) and the LaBr3 246

detectors 34 to 41 keV. 247

Nevertheless, the γ-ray angular distribution can be ex- 248

tracted from both detector types. Five γ-ray transitions 249

observed in this experiment were analyzed. They are listed 250

in table 1. The 1408 keV transition of 54Fe could only be 251

analyzed in the HPGe detector data due to the closeby 252

γ-ray line from the decay of 40K at 1461 keV leading to 253

overlapping peaks in the LaBr3 histograms. 254

The first steps of data analysis were a tof -dependent 255

dead time correction according to the description in ref. 256

[17] and a background correction via subtraction of spec- 257

tra taken with identical experimental conditions but re- 258

moved sample. Afterwards the 2D tof -Eγ-histograms with- 259

in certain tof intervals, i.e. neutron energy intervals, were 260

projected onto the Eγ-axis. For the LaBr3 detectors the 261
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Table 1. Parameters of the γ-ray transitions observed and
analyzed in this work. Uncertainties can be found in refs. [18,
19].

initial state final state Multi-
Eγ / keV

Jπ,Ei / keV Jπ,Ef / keV polarity

56Fe:
847 2+, 846.78 0+, 0 (G.S.) E2
1238 4+, 2085.10 2+, 846.78 E2
1811 2+, 2657.59 2+, 846.78 M1+E2
1038 4+, 3122.97 4+, 2085.10 M1(+E1)

54Fe:
1408 2+, 1408.19 0+, 0 (G.S.) E2

tof intervals were chosen to have a width of 2 ns for the262

most prominent transition at 847 keV and 10 ns for the263

others. For the HPGe detectors tof intervals of 10 ns were264

taken for all transitions. The peaks in the resulting γ-ray265

energy histograms were fitted by Gaussian peak functions266

plus a linear function to account for the local background267

level. The fitted peak area gives the yield Ndet(θ,Eγ ,∆En)268

of γ-rays with energy Eγ produced by neutrons in the en-269

ergy interval ∆En at an emission angle θ with respect270

to the incoming neutron beam. For clarity reasons the271

dependency on Eγ and ∆En will no longer be explicitly272

mentioned in the following discussion.273

From the yield Ndet(θ) the normalized angular distri-274

bution Wn(θ) can be calculated using eq. (3). Therefore,275

the correction factors fcorr have to be determined, i.e. de-276

tection efficiency ε and γ-ray absorption in the sample.277

The sample is a flat disk of 79 mm diameter and con-278

sequently has a different solid angle relative to the γ-279

ray detectors than the point-like calibration sources. Sim-280

ulations using the Monte-Carlo particle transport code281

Geant411 [20] were performed to determine the efficiency282

ratio εext/εpoint to take the difference between the cali-283

bration measurement and the experiment with a geomet-284

rically extended sample into account.285

It turned out that the extended source efficiency is286

not very different from point sources. εext/εpoint is in the287

range between 0.989 and 1.005 depending on the detector288

position and size (cf. table 2).289

The absorption of neutrons and of γ-rays inside the290

sample has also been determined using Geant4 simula-291

tions. Due to the attenuation of the neutron flux, about292

5 % less inelastic scattering events happen at the rear side293

of the sample compared to the front side. This effect on294

the neutron flux cancels out when calculating Wn(θ) but295

slightly influences the mean flight path of γ-rays inside the296

sample. Between 11 and 32 % of the 847 keV γ-rays are297

absorbed or scattered away on their path from the point of298

creation to the detectors depending on the observation an-299

gle. This amount decreases for the higher γ-ray energies.300

In table 2 examples for the above mentioned correction301

factors are listed.302

11 Geant4 was used in version 10.2 patch 2 with G4NDL4.5
data files and physics list QGSP BIC HP 2.0.

Fig. 5. Measured (dots) and fitted (lines) γ-ray angular distri-
bution of the Eγ = 847 keV transition of 56Fe at En ≈ 930 keV
(a) and En ≈ 980 keV (b) compared to the data of Smith [8]
(blue line).

In the end, Wn(θ) can be determined using the Ndet(θ) 303

and the corrections mentioned above. Fig. 5 shows exam- 304

ples of the angular distribution of the 847 keV γ-rays from 305

56Fe. For these plots two neighboring neutron energy in- 306

tervals around 930 and 980 keV also used before by Smith 307

[8] were chosen. The quasi monoenergetic neutron spectra 308

used by Smith definded an interval width of 65 keV for 309

his data. The ToF intervals of 2 ns and 10 ns set in the 310

analysis of the LaBr3 and HPGe detector data, respec- 311

tively, correspond to 6 keV and 30 keV wide bins at these 312

energies. Therefore the neutron-energy resolution of the 313

HPGe detector data is comparable with that of Smith but 314

the LaBr3 results are more detailed. As one can see in fig. 315

5 the HPGe detector data are consistent with the Smith 316

data, while the LaBr3 data reveal strong fluctuations with 317

energy. This gets even more visible when one determines 318

the angular distribution coefficients a2 and a4 by fitting 319

the function given by eq. (5) to the measured points. These 320

fitted curves are shown in fig. 5 as solid lines. 321

6 Results 322

In fig. 6 the resulting angular distribution coefficients of 323

the 847 keV γ-rays are plotted over the whole energy range 324

covered by the nELBE neutron spectrum. The comparison 325

with the data by Smith [8] and also Benjamin et al. [21] 326

shows good aggreement with both nELBE data sets. The 327

HPGe detector data exhibit an energy resolution compa- 328

rable to the Smith data, while the LaBr3 data reveal more 329

details especially in the region below 2 MeV. The a2 value 330

is clearly positive and a4 mainly negative as expected for 331

a 2+ → 0+ E2 transition. Above 2 MeV the angular dis- 332

tribution flattens out. This is mainly caused by the in- 333
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Table 2. Correction factors for the different detectors. The γ-ray detection efficiency εγ , the efficiency ratio between an
extended and a point-like calibration source εext/εpoint and the γ-ray transmission ftrans,γ through the sample are tabulated
for all detectors for the case of the 847 keV γ-ray from the de-excitation of the first excited state of 56Fe.

HPGe 30◦ 55◦ 90◦ 125◦ 150◦

εγ/10−5 0.73(2) 1.18(2) 1.05(2) 1.15(2) 1.12(2)
εext/εpoint 0.9979(8) 1.0045(7) 1.0028(7) 0.9942(7) 0.9893(7)
ftrans,γ 0.8430(7) 0.6849(5) 0.7328(6) 0.8698(6) 0.8893(6)

LaBr3 30◦ 55◦ 90◦ 125◦ 150◦

εγ/10−5 0.49(1) 1.58(3) 1.52(3) 1.53(3) 1.56(3)
εext/εpoint 0.9945(11) 0.9943(7) 1.0048(7) 1.0041(7) 0.9989(7)
ftrans,γ 0.8892(9) 0.8685(7) 0.7321(6) 0.6860(6) 0.8431(6)

Fig. 6. Angular distribution coefficients a2 and a4 of the
847 keV 2+ → 0+ transition of 56Fe. The nELBE data are
compared to previous measurements by Smith [8] and Ben-
jamin [21].

creasing contribution of feeding transitions from higher334

states disturbing the spin orientation defined by the in-335

coming neutron. Nevertheless, a positive a2 value as well336

as a small negative a4 component remain up to the end of337

the energy range investigated.338

Figs. 7 to 9 show the angular distribution coefficients339

for the transition from higher states of 56Fe. For these340

transistion no data could be found in the literature to com-341

pare with. Due to lower statistics caused by the lower cross342

section and the decreasing incoming neutron flux above343

2 MeV, these values had to be determined within larger344

tof bins and therefore with poorer energy resolution. Ex-345

cept for the region close to the thresholds, these transitions346

show rather constant angular distributions over the whole347

energy range. The 1238 keV transition shows positive a2348

Fig. 7. Angular distribution coefficients a2 and a4 of the
1238 keV 4+ → 2+ transition of 56Fe.

and negative a4 as it is a stretched E2 transition, while the 349

1811 keV M1+E2 mixed transition between equal spins is 350

almost isotropic. The uncertainties of a2 and a4 for the 351

1038 keV transition are too large to assign a certain mul- 352

tipolarity but the values are compatible with the known 353

assignment of M1(+E2). 354

In fig. 10 the angular distribution coefficients for the 355

transition from the first excited state of 54Fe are plotted. 356

The comparison to the few existing data points by Ben- 357

jamin et al. [22] and Guenther et al. [23] shows a good 358

agreement. However, the wider energy range covered by 359

the present work reveals much more structure. Qualita- 360

tively the angular distribution of the 1408 keV γ-rays of 361

54Fe is similar to the one of the 847 keV γ-rays of 56Fe, 362

which was expected, because both are 2+ → 0+ transi- 363

tions. 364
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Fig. 8. Angular distribution coefficients a2 and a4 of the
1811 keV 2+ → 2+ transition of 56Fe.

Fig. 9. Angular distribution coefficients a2 and a4 of the
1038 keV 4+ → 4+ transition of 56Fe.

7 Application to previous cross section365

measurement366

Using the results for the angular distribution the cross367

section data determined in the γ-ray production measure-368

ment mentioned in sect. 2 and published in ref. [11] can be369

corrected for angular distribution effects. In that previous370

work an isotropic γ-ray distribution, i.e. W (θ) = 1, was371

assumed due to a lack of precise data. Now the expres-372

sion of eq. (4) for θ = 125◦ with the coefficients a2 and a4373

determined in this work can be applied and inserted into374

eq. (1). In fig. 11 the result of this procedure is compared375

Fig. 10. Angular distribution coefficients a2 and a4 of the
1408 keV 2+ → 0+ transition of 54Fe. The nELBE data are
compared to previous measurements by Benjamin [22] and
Guenther [23].

to the data obtained under the assumption of isotropic 376

γ-ray emission. The angular correction causes a reduction 377

of the cross section values by up to 30 %. One can see 378

that the nELBE data now agree very well with the data 379

of Perey et al. [24] and Negret et al. [3]. The evaluated 380

data files still show larger deviations of up to 20 % from 381

all the measurements. 382

8 Summary 383

The angular distribution of γ-rays emitted during neutron 384

inelastic scattering from a natural iron sample has been 385

determined in the energy range from the reaction thresh- 386

old up to 10 MeV at the nELBE neutron time-of-flight 387

facility. Two different sets of detectors, namely five HPGe 388

and five LaBr3 detectors, have been used to obtain data 389

with different energy and time resolution. The γ-ray yields 390

of five different nuclear transitions of 56Fe and 54Fe (see 391

table 1) have been measured at 30◦, 55◦, 90◦, 125◦ and 392

150◦ relative to the incoming neutron beam. From these 393

yields the normalized angular distribution Wn(θ,Eγ , En) 394

has been calculated taking corrections for the data acqui- 395

sition dead time, the γ-ray detection efficiency, and the 396

neutron and γ-ray absorption in the sample into account. 397

By fitting Wn(θ, Eγ) at a certain neutron energy En by the 398

ratio of two Legendre polynomials (see eq. (5)) the angular 399

distribution coefficients a2 and a4 have been determined. 400

The angular distribution coefficients for three transitions 401

in 56Fe (1038, 1238 and 1811 keV) are reported here for the 402

first time. The results for the γ-rays from the de-excitation 403

of the first excited states in 54Fe and 56Fe are consistent 404

with previously measured data but contribute knowledge 405

over a much wider energy range. The high neutron-energy 406
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Fig. 11. Inelastic scattering cross section of 56Fe for the exci-
tation of the first excited state (Ex = 847 keV). The previously
published data [11] were corrected for the γ-ray angular distri-
bution W (θ = 125◦) using the results of the present work. For
comparison the data measured by Perey et al. [24] and Negret
et al. [3] and evaluated data from the JEFF [25] and ENDF
[26] library are ploted. These reference data were smoothed to
the same resolution as the nELBE data.

resolution data taken with the LaBr3 scintillators reveal407

a lot of structures that have not been visible before.408

The results of this work have been used to correct a409

previously measured inelastic neutron scattering cross sec-410

tion (see ref. [11]) taken at 125◦ for the effect of the angular411

distribution. A correction of up to 30 % was calculated,412

bringing the data in good agreement with previously mea-413

sured data sets. Since the Legendre polynomial P2 van-414

ishes at 125◦ this correction is caused only by the a4P4415

term. This fact illustrates the necessity of taking angular416

distribution effects of higher orders into account. A mea-417

surement only at 125◦ might not be enough to determine418

angle integrated cross sections. As was already stated by419

others [7], further angles have to be considered, too.420
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