
 

 

 

KIT SCIENTIFIC WORKING PAPERS 

KFK γ-ray leakage Iron sphere benchmark  
with Cf source: entry for SINBAD and analysis 
 

 

S. Simakov1, U. Fischer1 

203 



 

 

 

 

1 Institute for Neutron Physics and Reactor Technology 

 

 

Impressum 

Karlsruher Institut für Technologie (KIT) 
www.kit.edu 
 

  

This document is licensed under the Creative Commons Attribution – Share Alike 4.0 International 
License (CC BY-SA 4.0): https://creativecommons.org/licenses/by-sa/4.0/deed.en 

 
2022 
 
ISSN: 2194-1629 

Institut für Neutronenphysik und Reaktortechnik 
Hermann-von-Helmholtz-Platz 1 
76344 Eggenstein-Leopoldshafen 
www.inr.kit.edu  

https://creativecommons.org/licenses/by-sa/4.0/deed.en


 

 

 

 

 

KFK γ-ray leakage Iron sphere benchmark with Cf source:  

entry for SINBAD and analysis. 

 

S. Simakov and U. Fischer 

 

Karlsruhe Institute of Technology  

Institute for Neutron Physics and Reactor Technology 

Hermann-von-Helmholtz-Platz 1, 76344 Eggenstein-Leopoldshafen, Germany 

 

 

 

 

Abstract 

An information necessary for the new entry in the SINBAD database was collected and thoroughly 

analyzed. It covers the measurement of the γ-ray leakage spectra from three iron spheres of diameter 20, 

25 and 35 cm with a Cf source in the center. The experiment was performed at Kernforschungszentrum 

Karlsruhe (KFK) around 1977 and was an extension of measurements of the neutron leakage spectra, 

the latter were already compiled in SINBAD. This report includes the detailed description of the KFK 

experiment, the numerical γ-ray leakage spectra and other information necessary for the nuclear data 

validation. The MCNP input deck was assembled and used for the sample calculations of the radiation 

transport and sensitivities with the ENDF/B-VIII.0 neutron reaction cross section data. The spontaneous 

fission of 252Cf was modelled as a source of neutrons and gammas, both prompt and delayed. If the 

neutron emission data are rather well established, the knowledge of the γ-ray data is much poorer. In the 

present work the prompt γ-ray spectrum and multiplicities were combined from known measurements 

and theoretical calculations. The knowledge of the delayed gamma-ray multiplicities and spectra from 
252Cf(s.f.) are still relying on the old and scarce measurements or compilations. The KFK experiment 

was compared with similar measurements performed at IPPE a few years later. Agreement between 

them, confirmed by direct comparison and similar conclusions derived from Monte-Carlo analysis, 

proves the reliability of both experiments. 
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Introduction 

 

Validation of the evaluated cross sections data files against experimental benchmarks is the substantial 

and inevitable part of the reliable nuclear data evaluation process. Integral benchmarks in comparison 

with the cross section measurement experiments usually have much more complicated geometry and 

material composition. Consequently, they require essentially more efforts to collect necessary 

information about experimental set-up, measuring methods, and benchmark responses necessary for re-

simulation and getting a feedback on the quality of the tested evaluation. For such purpose the complete 

compilation of experiment details and creation of the input deck for the radiation transport codes have 

a large value. 

All such information is intended to be stored in the relevant databases such as Shielding Integral 

Benchmark Archive and Database (SINBAD) [1], ICSBEP [2], or others, preventing the potential users 

from searching through the original publications, laboratory reports or private communications. Similar 

objectives were formulated by dedicated subgroup 47 (SG47) “Use of Shielding Integral Benchmark 

Archive and Database for Nuclear Data Validation” of the Working Party on International Nuclear Data 

Evaluation Co-operation (WPEC) under auspicious of the Nuclear Energy Agency (NEA) in Paris 

during time period 2019 – 2021 [3], in which the authors took part. 

The main goal of present report is a compilation for SINBAD of the γ-ray spectra leaking from three 

iron spheres of diameter 25, 30 and 35 cm with a 252Cf(s.f.) neutron source located at the center. The 

measurements were performed at Kernforschungszentrum Karlsruhe (KFK), Germany, around 1977 [4 

- 6]. It is worth mentioning that these measurements were an extension of a preceding experiment in 

which the neutron leakage spectra were measured and analysed [7 - 9]. The neutron leakage data for 15, 

20, 25, 30, 35 and 40 cm diameter iron spheres were already compiled in the SINBAD as entry NEA-

1517/43 [10]. 

It has to be noted that another similar but independent experiment was carried out at Institute of Physics 

and Power Engineering (IPPE) in Obninsk, Russian Federation approximately in the same time period. 

The neutron and γ-ray leakage spectra from six iron spheres with diameter 15, 20, 25, 30, 35 and 40 cm 

were measured by proportional hydrogen counter and stilbene crystal scintillator [11 - 15]. This 

experiment was compiled in the ICSBEP handbook under entry “ALARM-CF-FE-SCHIELD-001” [15].  

This report contains a short description of the KFK Fe γ-ray leakage benchmark and relevant numerical 

data with their uncertainties. The reliability of KFK data were confirmed by direct comparison with the 

similar benchmark carried out at IPPE. A model of the KFK experiment was created as input for the 

MCNP code [16] and included in SINBAD allowing the users to repeat the coupled neutron-photon 

transport simulation. Finally, the intensive analysis of the KFK γ-ray leakage benchmark and its 

representativeness for validation of evaluated cross section data were demonstrated using library 

ENDF/B-VIII.0 [17]. The latter was processed in the ACE format by code NJOY21 [18]. 

The preliminary results were presented at several meetings of Subgroup 47 “Use of Shielding Integral 

Benchmark Archive and Database for Nuclear Data Validation” of WPEC [19 - 21].  

The measured numerical data of the KFK Iron sphere γ-ray leakage benchmark and MCNP model will 

be distributed with next upgrade of the SINBAD database.  

 

1. Description of the KFK experiment  

 

The measurements of the γ-ray leakage spectra from the iron spheres with a 252Cf(s.f.) neutron source 

were carried out in period 1975 - 1977 at Kernforschungszentrum Karlsruhe (KFK) [4 - 6]. These 

measurements were an extension of the preceding experiments in which the neutron leakage spectra 

were measured and analysed [7 - 9].  
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Following sub-sections will describe the details of the KFK experiment with a specific attention to the 

parameters necessary for the MCNP input creation and Monte Carlo modelling. The simulation results 

will be presented in the subsequent sections. 

 

1.1. Iron spheres and experimental room 

 

Three iron spheres having outer diameters 25, 30, and 35 cm were investigated in the KFK experiment. 

The set-up arrangement is shown in Fig. 1.1. The spheres were hung below the top of tripod (three-feet 

holder) located in the hall. The minimal distance was ≈ 2 m to the floor and ≈ 3 m to the nearest walls 

[7]. 

 

 

Fig. 1.1.  The experimental set-up of the KFK measurements of the neutron or gamma–ray leakage 

spectra from the Iron spheres with a 252Cf source in the center (figure is copied from Report 

KFK-2219 [7]). 

 

The spheres were fabricated from very pure soft iron cylindrical discs. The performed chemical analysis 

of iron composition has shown following impurities: C - 0.07, Mn - 0.05, P - 0.009 and S - 0.007 wt%. 

The spheres had the central cylindrical channel Ø1.6 cm for inserting capsule with a Cf-source as shown 

in Fig. 1.2. During the measurements this channel was filled up from both sides by the cylinder plugs 

made of the same iron material. 

 

1.2. 252Cf source of neutrons and gammas 

 

In the time period 1975 to 1977 the KFK laboratory used two 252Cf sources one of them was called 

“small” and another - “large” that reflected their neutron intensity. For the described experiments with 

iron spheres the small 252Cf neutron source was used. It consisted of ≈ 30 μg of 252Cf distributed in the 

SiO2/MgO matrix. The matrix was contained in the two capsules: internal one made of Zircaloy (Zr + 

1.5 wt% Sn) and external – AlMg3 (Al + 3 wt% Mg). Fig. 1.2 shows the geometrical configuration, 

sizes and material components of the “small” Cf-source.  
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The source strength was determined by three independent methods: comparison with standard 252Cf 

source, measuring by the calibrated 235U fission chamber and by proton-recoil neutron spectrometer. 

These three independent calibrations resulted to the well agree values that allowed to estimate the 

absolute strength of Cf-source as 5.51 10+7 n/sec with uncertainty ± 5%. 

The isotopic composition of the Cf-source was not reported.  

 

 

Fig. 1.2.  The geometrical configuration and material composition of the Cf-252 source and its 

location in the central region of iron spheres. The sizes are given in mm. Figure is a copy 

from Report KFK-2444 [4]. 

 

1.3. Si(Li) Compton spectrometer of γ-rays  

 

The energy distributions of the γ-rays were measured by the Si(Li) semiconductor Compton 

spectrometer. Such detector was selected by authors of this experiment as one already proved to be 

suitable for measurements in the mixed gamma–neutron fields [22, 23]. The γ-rays with energies 0.3 – 

3.0 MeV deposit their energy mainly to Compton electrons. Unfolding of the electron energy 

distribution yields the absolute energy spectra of the incident γ-rays. 

The configuration of the used Si(Li) semiconductor is depicted in Fig. 1.3. It had a sensitive volume 

with area 110 mm2 and depth 5 mm and was packed under vacuum in the Al capsule. The distance 

between the outer front surface of detector and the middle plane of the active zone was 1.55 cm. 

The detector response functions, i.e. the electron pulse height distributions induced by the mono-

energetic γ-rays, which are required for unfolding, were determined experimentally. For this a set of 

seven mono-energetic γ-ray sources which cover the energy range 0.511 to 2.754 MeV was used. Since 

the response of the Si(Li) detector depends on the incident angle, two response functions were 

determined: one with the γ-sources on the axis of the detector (denoted by the authors as “axial” 

response) and the other with the γ-sources in the radial symmetry plane of the detector (“radial” 

response). Below the level of the electronic noises (≤ 200 keV), the measured response functions have 

been extrapolated, that was a main contributor to the systematic error. 
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Fig. 1.3.  The geometrical configuration and material components of the Compton Si(Li) γ-ray 

detector. The sizes are given in mm. Figure is a copy from Report KFK-2444 [4]. 

 

The absolute efficiency of the detector was determined with a help of absolutely calibrated 137Cs source. 

The absolute energy calibration of the pulse amplitude distribution was carried using the position of the 

photo-peaks observed with several calibrated γ-ray sources.  

Since the energy resolution of the Si(Li) spectrometer is not given in numerical form, we found it from 

the full width of the peaks (FWHM) observed during calibration of the detector with calibrated γ-ray 

sources and presented in Fig. 2.10 of Report FZK-2444 [4] (the FWHM uncertainties are supposed to 

be ≈ 30% due to insufficient quality of the figure). The experimental relative energy resolution of the 

Si(Li) spectrometer derived in such a way is plotted in Fig. 1.4. We fitted the measured points by 

expression a + b/√E which was then used for Gaussian smoothing of the γ-ray tallies of MCNP. It is 

seen that energy resolution decreases from 20 to 7% when γ-ray energy increases from 0.5 to 3.0 MeV. 

 

Fig. 1.4.  The relative energy resolution of the Si(Li) Compton spectrometer. Symbols – experimental 

data derived from Fig. 2.10 of Report KFK-2444 [4], curve – fit, which we use for Gaussian 

smoothing of γ-ray tallies of MCNP. Isotope labels indicate the calibrated γ-ray sources 

used at KFK. 
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1.4. Measured γ-ray energy spectra from the bare 252Cf source and Iron spheres 

 

The Compton electron energy distributions induced by the γ-rays were recorded by the Si(Li) detector. 

The spectrometer was positioned at distance 102.5 cm from the bare Cf-capsule to measure the source 

γ-ray spectrum or on the outer surface of the iron spheres to measure the leaking γ-rays. The energy 

spectra of the γ-rays were unfolded from measured electron spectra employing both the axial and 

istoropic response functions (the latter one being the average of axial and radial). The difference between 

results fluctuates within (3 – 5)%, that is lower than other uncertainties (see next section). NB: the 

authors of KFK experiment have stated that the axial evaluation of response function should be a 

better approximation and thus they recommended to use the leakage γ-ray spectra obtained with an 

axial response functions. 

For the unfolding of the γ-ray spectra from the measured Compton electron energy distributions 

modified version of the code SPEC-4 [24, 25] was used. During this procedure the contribution of γ-

rays with energies above ≈ 3 MeV were not considered. The width of the energy bins for unfolded results 

was chosen to be ≈ 7% of γ-ray energy. 

The numerical measured data were made available in Oct 2019 by Prof. Shiang-Huei Jiang for the author 

(S.S.) of present report. After their comparison with data digitized in Fig. 2.20 of Report KFK-2444 [4] 

it was found that the γ-energy scale in the received tables has to be shifted downwards by 4 energy bins. 

After this, the coincidence with γ-energies available in tables for the iron pile experiment with 228Th γ-

source could be considered as an additional confirmation. 

The received (and eventually included in SINBAD) numerical data contains γ-rays spectra for: 

• bare Cf-source obtained with the help of the axial response function of the Si(Li) detector and  

• three iron spheres of outer diameters 25, 30 and 35 cm unfolded with axial and isotropic 

response functions of the Si(Li) detector.  

The isotropic response is, in turn, an averaging of the axial and radial responses and was used for 

measurements inside the iron pile.  

These data are plotted in the top part of Fig. 1.5, i.e. the energy spectra of γ-rays emitted by the bare Cf 

source and the spectra of γ-rays leaking from three Fe spheres of diameter 25, 30 and 35 cm. The latter 

are double: unfolded from the measured electron distributions by axial and isotropic response functions 

of the Si(Li) detector. The relative difference between them, as seen in the bottom part of Fig. 1.5, 

fluctuates within ± (0 – 5)%.  

Following the recommendation of the authors, we used in the further analysis the data obtained 

with Si(Li) detector response function calibrated with γ-sources on the its axis. Additionally, for 

the comparison with transport calculations we used the angle integrated γ-ray leakage spectra, i.e. after 

multiplication by factor 4π L2. Where the distance between Cf-source and Si(Li) detector L = Rout + 1.55 

cm, Rout  being the outer radius of iron sphere. 

 

1.5. Experimental uncertainties of the γ-rays spectra 

 

Several components of uncertainties, resulting from the Cf-source neutron strength and γ-ray energy 

spectra, were quantified by the authors of the experiment. They are plotted in the bottom part of Fig. 1.5.  

The accuracy of the 252Cf-source neutron source strength was estimated to be ± 5%. This value is based 

on the scattering of the values received with the various calibration methods (see section 1.2). 

The systematic errors of γ-ray spectrum measurements stemmed mainly from the errors in the response 

function. Its components, as specified in [4, 5], were: uncertainty of the absolute efficiency 

determination with a help of calibrated 137Cs source (≈ 2%); energy dependence of the γ-rays absorption 

in detector walls (≈ 2%); extrapolation of the measured response function to zero energy (< 10%). The 
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total uncertainty caused by the response functions was estimated to be ≈ ± 10% that was derived from 

comparison of measurements with several calibrated gamma sources.  

Additional uncertainty resulted from the electron spectrum unfolding, namely from neglecting of the γ-

rays contribution with energies above ≈ 3 MeV which are produced by the neutron capture and inelastic 

scattering. Such influence of the high-energy γ-rays and corresponding systematic error were found by 

varying the upper energy limit from 2.7 to 1.8 MeV. The authors of benchmark have concluded that the 

high-energy γ-rays will not disturb the measured γ-ray spectra below ≈ 1 MeV. Between 1 and 2 MeV, 

the errors up to 10 and 20% were expected for all spheres. We linearly interpolated the latter uncertainty 

between 1 and 2 MeV.  

The statistical error of the single experimental point (energy dependent uncertainty) varies between 5 

and 10%. 

In addition, it was stated that below 0.5 MeV the neutron background disturbs the gamma spectra in а 

mixed neutron-gamma field. Finally, the authors of KFK experiment have recommended to restrict 

the quantitative interpretation of the measurements to the energy region between 0.5 and 2 MeV. 

 

 

Fig. 1.5.  Top:  spectra of γ-rays leaking from the KFK bare Cf-source and from three iron spheres of 

outer diameters 25, 30 and 35 cm, obtained with axial (up-forward symbols) and isotropic 

(down-forward symbols) response functions of the Si(Li) detector. Bottom: relative 

difference of these γ-rays leakage spectra for each sphere as well as the total uncertainty and 

its components. 
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2. Comparison of the KFK and IPPE measurements for Ø30 cm Fe sphere  

 

It is extremely seldom when benchmark responses measured in the independent laboratories could be 

directly compared. In the present case it becomes possible since practically identical iron sphere, namely 

of the outer diameter 30 cm (the configuration of the inner holes are comparable), was also measured in 

IPPE, Obninsk [11 - 15]. The IPPE experiment is sketched–out in Fig. 2.1. The γ-ray spectra have been 

measured by stilbene scintillation detector located at distance approximately equal of three outer radius 

of sphere in the energy range 0.4 to 11 MeV. The shadow cone has allowed to measure the background.  

 

 
 

Fig. 2.1.  The lay-out of the IPPE experiment (left) and arrangement of the iron sphere with cavity 

for 252Cf source closed by the iron plug (right) [11 - 15]. 

 

 

Fig. 2.2.  Comparison of the spectra of γ-rays leaking from two Fe spheres of the same outer diameter 

30 cm with 252Cf source in the center, which were measured in KFK and IPPE. Symbols – 

experimental data: circle – KFK sphere, squares - IPPE; curves – MCNP transport 

calculations with  the ENDF/B-VIII.0 data: solid – for KFK sphere, dashed - IPPE. 
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The γ-ray spectra from the IPPE and KFK experiments for the iron shells of diameter 30 cm are 

compared in Fig. 2.2. It is clear seen, that in energy interval 0.5 - 2 MeV the both experiment data agree 

within declared uncertainties 10 – 20%. The results of the MCNP simualtions with ENDF/B-VIII.0 show 

the difference (≈ 10%) which should be between the KFK and IPPE benchmarks if all their experimental 

configuration details are considered. 

 

3. Physical parameters used to model KFK iron shell experiment with a 252Cf source  

 

This section describes the underlying physics and data which are needed to simulate the KFK 

experiment. 

The basic properties of the radiations which follow the 52Cf disintegration are listed in Table 3.1. 252Cf 

decays with probability (96.914 ± 0.008)% emitting α-particles and also undergoes spontaneous fission 

with probability (3.086 ± 0.008)%. The corresponding half-lives are (2.6470 ± 0.0026) and (85.76 ± 

0.23) years. These data are taken from the Decay Data Evaluation Project (DDEP) [26]. 

 

Table 3.1.  Main parameters of the neutron and γ-ray radiations from disintegration of 252Cf. 

Multiplicities are normalized per spontaneous fission event (f). The origin of the energy 

spectra used in present simulations is referenced.  

 Neutrons Gammas 

 Multiplicity 

ν,  n/f 

<En>, 

MeV 

Origin of 

Spectrum 

Multiplicity 

Mγ,  γ/f 

<Eγ>, 

MeV 

Origin of 

Spectrum 

 Spontaneous Fission:  Psf = (3.086 ± 0.008)%, T1/2 = (85.76 ± 0.23) y 

Prompt 3.7590 [17] 2.122 Standards [27] 11.0 0.730 present work 

Delayed 0.0086 [29,17] 0.464 ENDF/B-VIII.0 [17] 10.7 0.774 Stoddard [30,31] 

Total 3.7676 [28,17]   21.7   

 Alpha Decay:  Pα = (96.914 ± 0.008)%, T1/2 = (2.6470 ± 0.0026) y 

Total    0.0089 0.070 DDEP [26] 

 

Spontaneous fission of 252Cf is a source of the neutrons and γ-rays. There are two mechanisms of their 

emission:  

• prompt (within the first ≈ 10-8 - 10-6 s), i.e. during the fission of 252Cf and fast de-excitation of 

the primary fission products;  

• delayed (time scale > 10-8 - 10-6 s), i.e. after β-decay or isomeric de-excitation of the fission 

products and residual nuclei. 

Alpha decay of 252Cf is an additional source of the γ-rays. This process populates the ground state of 
248Cm with probability 81.7% and the first excited levels with probability 15.33% [26]. The de-excitation 

of these levels proceeds mainly via internal electron conversion, but also and with lower rate – via 

emission of the discrete γ-rays with energies (and probabilities per 252Cf disintegration): 43.40 keV 

(0.0152%), 100.2 keV (0.0119%) and 154.5 keV (0.00051%) [26]. The γ-ray multiplicity Mγ(α) caused 

by alpha decay being normalized per one 252Cf(s,f.) event equals 0.0089 γ/f or only 0.043% of the total 

spontaneous fission γ-multiplicity Mγ. Due to this reason the gammas from 252Cf(α)248Cm were excluded 

from our further consideration and from the assembled MCNP input. 

Since KFK experiment did not use any time coincidence technique, both prompt and delayed 

mechanisms of 252Cf spontaneous fission should be represented in the MCNP model. In other words: the 

source description cards should sample corresponding multiplicities and energy distributions of emitted 

neutrons and gammas. The modelling details will be described in the next sub-sections.  
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3.1. 252Cf(s.f.) as a source of neutrons 

 

The prompt fission neutron spectrum (PFNS) from spontaneous fission of 252Cf was rather well 

measured. In the emission neutron energy range from 0.1to 15 MeV it was adopted with uncertainties 

1 – 12% as a standard [27]. For our Monte-Carlo simulations the numerical PFNS data in the 725 groups 

presentation were taken from database IRDFF-II [32]. The prompt neutron multiplicity, i.e. the number 

of prompt neutrons per spontaneous 252Cf fission, νp was taken to be equal to 3.7590 ± 0.0048 [17]. 

The delayed neutron spectrum (DFNS) was extracted from ENDF/B-VIII.0 evaluation [17]. The number 

of delayed neutrons per spontaneous 252Cf fission, νd = 0.0086 ± 0.0010 [29, 17].  

Both spectra normalized per total neutron multiplicity νtot = νp  + νd  = 3.7676 ± 0.0047 are displayed in 

Fig. 3.1. The fraction of delayed neutrons νd /νtot = 0.23% is relatively small, however the average 

delayed neutron energy <Ed> = 0.464 MeV is several times less than average energy of prompt neutrons 

<Ep> = 2.122 MeV. Consequently at neutron energies below 0.1 MeV the fraction of the delayed 

neutrons amounts already more than 20% of the total neutron yield, Fig. 3.1. 

Fig. 3.1 also depicts two neutron spectra from the bare Cf sources (252Cf within capsule) measured at 

KFK and IPPE, which are the sum of the prompt and delayed neutrons. It is seen that the KFK data have 

rather large fluctuations and overestimate PFNS above 10 MeV. The both measured spectra are cut-off 

below 0.1 - 0.2 MeV.  

Due to these reasons the MCNP model created for the KFK experiment presents the 252Cf(s.f.) as a 

source of prompt and delayed neutrons with energy distributions and multiplicities from the 

aforementioned Standards and ENDF/VIII.0 evaluation. To account for impact of the Cf-source capsule 

its geometry and material composition was fully modelled following the description given in section 1.2 

and in Fig. 1.2. 

 

 

Fig. 3.1.  Total neutron spectra from the bare Cf-sources measured in KFK [4] and IPPE [11]: black 

and blue circles. The prompt (PFNS) and delayed (DFNS) fission neutron spectra from 

spontaneous fission of 252Cf(s.f.) from IRDFF-II (Standards) [32] and ENDF/B-VIII.0 [17]: 

curves. 
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3.2. 252Cf(s.f.) as a source of gammas 

 

To represent the 252Cf(s.f.) as a source of γ-rays in the MCNP model it is necessary to know the yield of 

gammas per fission event as well as their energy distribution. Similar to the neutron emission the prompt 

and delayed mechanisms of the γ-radiation emission are expected. The sources of delayed γ-rays are de-

excitation of isomeric states in the fission products and gammas which follow the betta-decay. The 

prompt γ-ray emission is usually measured by the gamma-fission (γ–f) coincidence technique.  

The collection and analysis of the experimental and evaluated data for the γ-ray multiplicities and spectra 

from 252Cf(s.f.) were presented by authors of this report at series of expert meetings [19 - 21, 33, 34]. 

Gamma-ray Multiplicities. EXFOR data base [35] contains rather many independent experiments 

carried out in different labs during a several decades [36 - 50]. Such measurements are usually made 

with a tiny layer of 252Cf deposited on the thin electrode of the fast fission chamber. Ionization induced 

by the fission fragments in the filling gas is used to count the number of fission events as well as a stop 

signal for the time window (typically of order of several μs) in which the prompt γ-ray flash is selected 

(γ–f coincidence). In this way only the prompt γ-ray multiplicity is measured.  

The γ-ray spectrometers have the individually defined low energy cut-off (threshold), which will impact 

on the measured integral value Mγ(prompt). The experimental Mγ(prompt) found in the literature are 

plotted in Fig. 3.2 versus the γ-ray detection threshold used. The decreasing tendency is clearly visible, 

that allows an extrapolation to zero threshold and estimate total multiplicity: 

• Experimental Mγ(prompt, Eγ > 0) = 11.0 γ/f or = 2.9 γ/n (after division by νn(tot) = 3.7676 n/f).  

 

 

Fig. 3.2. Total and prompt gamma-ray multiplicities for 252Cf(s.f.) source versus the detection 

threshold. The known measurements are shown by blue symbols: open – prompt emission, 

closed – total. Theoretical and evaluated Mγ – red or dark red symbols (the time integration 

interval considered by theory after 252Cf fission is given). Dashed red curves are the eye 

guided trend. 
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Fig. 3.2 also displays results of the theoretical nuclear fission modelling [51, 52]. The latter slightly 

depend on the time interval (typically nano – milli seconds) during which the gamma emission is 

considered. As seen in figure, the theoretical predictions do agree with the experimental data trend. 

For comparison, Fig. 3.2 also shows the total γ-ray multiplicities Mγ(total) derived from the γ-ray spectra 

measured with the bare encapsulated Cf-sources at KFK [4] and IPPE [13]: 

• KFK Cf-source (sizes = 2 - 3 mm SiO2/MgO matrix + 2 capsules 2 - 3 mm ZrSn and 2 mm Al): 

    Mγ(total, Eγ > 500 keV) = 3.2 γ/n  or  (after multiplying by  νn(tot) = 3.7676 n/f)  = 12.1 γ/f; 

• IPPE Cf-source (capsule sizes = 3.2 mm Fe + 2.3 mm Cu): 

    Mγ(total, Eγ > 400 keV) = 3.8 γ/n  or  (after multiplying by  νn(tot) = 3.7676 n/f) = 14.3 γ/f. 

The known evaluated total γ-ray multiplicities (with zero threshold) from D. Stoddard [30, 31] and 

ABBN-93 (taken data from [15]) are: 

• Stoddard:  Mγ(total, Eγ > 0) = 5.6 γ/n or (after multiplying by νn(tot) = 3.7676 n/f)  = 21.7 γ/f. 

• ABBN-93: Mγ(total, Eγ > 0) = 5.3 γ/n or (after multiplying by νn(tot) = 3.7676 n/f)  = 19.9 γ/f. 

As seen in Fig. 3.2 these evaluated data generally reproduce the data measured with encapsulated Cf 

sources. 

In general, the γ-rays multiplicities derived from the KFK and IPPE encapsulated Cf-sources are about 

2 - 3 times as large as ones measured with the miniaturized 252Cf fission chamber sources within ≈ 1 μs 

time window after fission for selection of the γ-rays. The reason is that these two types of experiments 

deliver different γ-ray multiplicities, namely total and prompt, correspondingly.  

Gamma-ray Spectra. The top of Fig. 3.3 plots all known measured Prompt Gamm-ray Fission Spectra 

(PFGS) measured with miniaturized Cf fission chambers (open symbols). The numerical data are taken 

from EXFOR and are usually normalized per one spontaneous fission event (f). There are several 

exceptions - data were presented by authors in arbitrary units. The Total Fission Gamma Spectra (TFGS) 

measured at KFK and IPPE with encapsulated Cf sources are also displayed in Figure as solid symbols.  

To demonstrate (dis)agreement of measured data in reasonable scale the bottom part of Fig. 3.3 displays 

the ratio of measured spectra over the analytical function which is a sum of two Maxwellian 

distributions. It was difficult to find an optimal representation of the fission gamma spectra, thus the 

ratio still oscillates around unity. It is seen that: (i) PFGS measured at different labs are rather reasonable 

agree each other at γ-ray energies Eγ between 0.1 and 10 MeV; (ii) TFGS measured at KFK and IPPE 

agree in the shorter interval from 0.5 MeV to 2 – 3 MeV; and (iii) the TFGS absolute values are about 

3 times as large as PFGS.  

Fig 3.3 also shows that the experimental prompt fission gamma spectra are reasonable reproduced by 

the theoretical modelling of P. Talou et al. [52]. The total fission γ-ray spectra from ABBN-93 

evaluation reproduces the IPPE spectra only below ≈ 5 MeV, but above -  substantially overestimates. 

Evaluation of D. Stoddard et al. [30, 31] well predicts PFGS up to 7 MeV, whereas his Delayed Fission 

Gamma Spectra (DFGS) is limited by ≈ 2 MeV at highest energy.  

Generally, the DFGS is rather poor studied. There are several measurements of the yields of delayed (or 

total) discrete γ-rays, however the maximum energy reported is below ≈ 1.8 MeV [53. 54] (that confirms 

the high energy cut-off form the Stoddard’ evaluation). 

Relying on information gathered above we have eventually selected following data to be used for 

simulation of the 252Cf(s.f.)γ multiplicities and energy spectra: 

• for prompt emission:  γ-ray energy spectra as a combination of experiments of S. Oberstedt 

(0.3 MeV < Eγ < 10 MeV) and D. Pandit (Eγ > 10 MeV), theory of P. Talou (0.1 MeV < Eγ < 

0.3 MeV) and eye guided interpolation (Eγ < 0.1 MeV);  

multiplicity Mγ(prompt) = 11.0 γ/f; 

• for delayed emission:  γ-ray energy spectra from D. Stoddard (0.0 MeV < Eγ < 2.0 MeV);   

multiplicity Mγ(delayed) = 10.7 γ/f. 
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Fig. 3.3. γ-ray spectra from 252Cf(s.f.) (top) and ratio over the sum of two Maxwellian distributions 

(bottom). Experiment: prompt emission - measured with a 252Cf fission chamber (open 

symbols) and total – measured with encapsulated Cf (closed symbols: ■ - KFK and ● - 

IPPE). Theory or Evaluation: histograms or curves show the prompt γ-ray spectrum 

theoretically calculated by P. Talou [52], prompt and total spectra evaluated by D. Stoddard 

[30, 31]; total spectrum from evaluation ABBN-93 [15]. Thick blue curve – 252Cf(s.f.) 

prompt γ-ray spectrum compiled in the present work and used in the Fe sphere benchmark 

simulations. Note the change of the energy scale at 1 MeV. 
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4. MCNP input deck created for the KFK iron spherical benchmark 

 

This section describes the input deck assembled for the KFK iron benchmark. The features most 

essential for calculation of the relevant responses and nuclear data benchmarking are presented. The 

other details are available in the input deck in the form of the self-explaining comments. The MCNP 

geometry model of the KFK experiment is displayed in Fig. 4.1. 

 

 

The Cf-source of the KFK experiment was modelled in the MCNP deck with a help of the SDEF and 

several distribution cards. The prompt and delayed neutrons and gammas from spontaneous fission of 
252Cf are sampled simultaneously as four independent particles. The real physical emission probabilities, 

i.e. multiplicities, are applied to the sampled particle weights after renormalization to one total neutron 

multiplicity ν(tot) = 3.7686. MCNP reads the energy distributions of the neutrons and gammas from the 

external separated text files: 

1) Cf252_nPrompt_725g.dat  – Prompt Fission Neutron Spectrum (PFNS) in 725 groups, 

2) Cf252_nDelayed.dat          – Delayed Fission Neutron Spectrum (DFNS), 

3) Cf252_gPrompt.dat            – Prompt Fission Gamma Spectrum (PFGS), 

4) Cf252_gDelayed.dat           – Delayed Fission Gamma Spectrum (DFGS). 

The origin of the corresponding neutron and γ-ray multiplicities and their energy spectra are described 

in the previous Section 3. 

It was supposed that isotope 252Cf is uniformly distributed in the SiO2/MgO matrix which is surrounded 

by two capsules as outlined in Figs. 1.2 and 4.1. Their chemical compositions and weights are given in 

Report KFK-2219 [7]. Regrettably but authors have reported the elemental composition only for the 

whole Cf-source structure, that makes difficult to model separately the matrix and two capsules. To 

overcome this we used the given weights and sizes of each source components to calculate their mass 

and atom densities. The elemental and isotopic fractions were calculated with a help of the MCNP utility 

mattool [16]. The results are listed in Table 4.1 showing that the calculated sum density of all elements 

is in a good agreement with those given by the authors of KFK experiment. 

The iron sphere is presented by sphere with the variable outer radius R = 12.5, 15.0 and 17.5 cm to 

choose the desired diameter of sphere 25, 30 or 35 cm for the γ-ray leakage experiment simulation. 

Additionally, user can select diameters 15, 20 or 40 cm to compute the neutron leakage which was also 

measured at KFK. 

Iron atom density 0.0844E+24 atoms/cm3 and elemental composition are taken from Report KFK-2219 

[7]. Isotope fractions were computed from elemental composition employing the MCNP utility mattool 

[16]. 

 

 

 

Fig. 4.1. The MCNP geometrical model of the KFK experiment set-up (left) and Cf-source 

representation (right) for simulation of the γ-ray and neutron leakage spectra from the iron 

spheres with a Cf source in the centre. 
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Table 4.1.  Material composition and elemental fractions of the Cf source components presented in 

Report KFK-2219 [7]. The atom fractions calculated by us are highlighted by italic font.  

Cf-source component 
Matrix 

with Cf 

Inner  

Capsule 

Outer 

Capsule 
  

Material SiO2 / MgO Zr+1.5wt%Sn Al+3.0wt%Mg   

Weight, g 0.1400 4.5500 4.8700   

Volume, cc 0.1131 0.6723 1.8414   

Mass density, g/cc 1.2379 6.7678 2.6447   

Atom dens., 10+24 a/cc 0.03710 0.04452 0.05923   

 Atom fractions,  10+24 atoms/cc Sum KFK-2219 [7] 

O, 10+24 a/cc 0.022262   0.022262 0.002600 

Mg, 10+24 a/cc 0.007421  0.001966 0.009387 0.003900 

Al, 10+24 a/cc   0.057264 0.057264 0.105500 

Si, 10+24 a/cc 0.007421   0.007421 0.000800 

Zr, 10+24 a/cc  0.044009  0.044009 0.029400 

Sn, 10+24 a/cc  0.000515  0.000515 0.000400 

Sum of Atoms 0.037103 0.044524 0.059230 0.140857 0.142600 

 

Photon and neutron tallies. The MCNP input deck simulates 252Cf(s.f.) as a source of both neutrons and 

γ-rays. This allows us to perform the validation of neutron and gamma leakage spectra in one run with 

single MCNP input file. Because of such option, both neutron and photon tallies were included in the 

input deck for iron spheres. 

Two photon tallies are available there to score the absolute energy flux of the γ-rays leaking: 

1) from bare Cf-source - point detector (tally 105) located in the air at distance 102.5 cm (the iron 

sphere, i.e. cell 6, has to be voided for that);  

2) from the outer surface of the iron sphere – track length averaged flux (tally 104) in the spherical 

layer (cell 52) of 0.5 cm thickness located at 1.55 cm above outer sphere radius R. For this the 

spherical surfaces 51 (Si(Li) front plane) and 52 (its rare plane) has to be settled by user at radii 

R + 1.55 ± 0.25 cm. Additional segmentation of this tally by cylinder 53 of radius 0.059 cm is 

also possible, if user wishes to model absolutely exact the sensitive volume of the Si(Li) detector 

(our check has shown the acceptable agreement with the spectrum averaged over the whole 

spherical cell 52). 

If the user wishes to compute neutron leakage spectra then he has to address to the point detector tallies 

5 and 15 (proton recoil gas proportional detectors D1, D2 and D3) at distance 108 cm or tally 4 (3He-Si 

detector) close to iron sphere surface, for more details see [7, 8]. It is worse to note that in the case of 

the thickest (minimum leakage) KFK Fe sphere of diameter 40 cm the 15 cm long PVC shadow bar was 

shown to be slightly transparent for the fast neutrons [34]. Accounting for such shadow bar in our MCNP 

simulations results to (1 – 8)% decreasing of C/E for neutron leakage in interval (0.05 – 5.0) MeV. 

The results of the MCNP calculations, i.e. the neutron and γ-rays tallies, are the particle spectral yields 

in whole solid angle 4π. The normalization is per one total neutron from spontaneous fission of 252Cf, 

i.e. per ν(tot) = 3.7676 neutrons. 

The MCNP perturbation card allows estimation of the sensitivities to the nuclear reaction cross sections 

and to other parameters of the benchmark. The input deck contains an example of perturbation cards to 

compute sensitivities to the partial neutron cross sections with a help of 10% variation of the iron shell 

density. 

Other details are available in the MCNP input deck as self-explaining comments.  
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5. Sample validation of ENDF/B-VIII.0 against the γ-ray spectra from KFK (and IPPE) iron 

spheres with a Cf-source 

 

252Cf encapsulated source. The calculated absolute energy distribution of γ-rays from the bare KFK Cf-

source is compared with experimental one in Fig. 5.1 (the “KFK fit” designates the fit and energy 

extrapolation used by KFK experiment authors for source representation in their discrete ordinate 

transport calculation [4]). Underestimation of our calculations below 0.5 MeV and above 2 MeV is in 

line with a warning given by the authors of the KFK experiment: “quantitative interpretation of the 

measurements will be restricted to the energy region between 0.5 and 2 MeV" [5]. This tendency 

of too high yield of γ-rays above 2 MeV is also confirmed, as seen in Fig. 5.1, by the γ-ray spectrum 

measured independently at IPPE up to 9.1 MeV [11]. 

The energy spectrum of γ-rays created by (n,xγ) reactions on materials of the matrix containing 

californium and two capsules was also calculated. It is seen that primary gammas from spontaneous 

fission of 252Cf dominate by one-two orders of magnitude over the secondary ones created by neutrons 

in the Cf-source structure materials. 

 

Fig. 5.1.  γ-ray spectra from the bare Cf source (top):  symbols - measurements at KFK and IPPE (for 

comparison); curves – KFK fit/extrapolation (black curve) and calculations by MCNP with 

ENDF/B-VIII.0: total (red solid curve) and contribution from (n,xγ) reactions on matrix and 

two capsules (red dashed curve).  C/E ratios (bottom): integrated over the selected energy 

intervals - red histogram, grey area – experimental uncertainties.  
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The leakage γ-ray energy spectra were calculated by MCNP with cross section data from ENDF/B-

VIII.0 [17] for three KFK iron spheres of outer diameters 25, 30 and 35 cm. The results are displayed 

and compared with measured data in Figs. 5.2 and 5.3. The spectra of the γ-rays originated in the bare 

Cf-source (i.e., primary gammas from 252Cf(s.f.) and secondary ones from the neutron reaction on  source 

structure materials) and transmitted through the Fe sphere are separately plotted. It is seen that their 

contribution decreases from ≈ (50 – 70)% to ≈ (20 – 30)% when the iron shell thickness increases from 

12.5 to 17.5 cm. It means that in the case of the rather thick iron layer (≥ 20 cm) the Fe(n,xγ) reactions 

will make the dominant contribution to the transmitted γ-rays, whereas the direct γ-rays from the bare 
252Cf source will be substantially attenuated. 

The validation of the evaluated transport data is usually performed in terms of Calculation over 

Experiment (C/E) ratios. The bottom parts of Figs. 5.2 and 5.3 plot the C/E ratios after integration of the 

experimental and calculated γ-ray leakage spectra over rather broad energy intervals. The integration 

boundaries were selected to capture the specific structures (such as peaks, change of the energy trend, 

etc.) observed in the experimental energy distributions.  

 

 

 

Fig. 5.2.  Comparison of the spectra of γ-rays leaking from Fe spheres of diameter 25 and 35 cm fed 

by the 252Cf source in the center. Symbols – KFK measurements. Curves – MCNP transport 

calculations with ENDF/B-VIII.0: primary γ-rays born in the bare Cf source and transmitted 

through Fe sphere (pointed curve), secondary γ-rays produced by the Fe(n,xγ) reaction in 

iron sphere (dashed), and total leakage (solid). Bottom parts plot the corresponding C/E 

ratios integrated in the energy intervals selected to capture the visible γ-ray spectra features.  

 

As a conclusion from the KFK benchmark exercise we may conclude that ENDF/B-VIII.0 

underestimates the γ-ray leakage by (20 – 40)% in the energy interval 0.5 – 2.0 MeV, which was 

recommended by the KFK experiment authors for the quantitative validation. 
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Since the iron spheres of the outer diameter 30 cm was also measured at IPPE, the cross-comparison of 

the validation conclusions derived from two independent experiments has interest. The results shown in 

Fig. 5.3 (right half-part) demonstrate the comparable (30 – 40)% underestimation when the ENDF/B-

VIII.0 cross section data are used for n-γ transport in iron. It is worthwhile to notice that authors of IPPE 

experiment have also highlighted such underestimation of γ-ray yield [14]. 

 

 

 

Fig. 5.3. The spectra of γ-rays leaking from the Ø30 cm Fe sphere fed by the 252Cf source (left) and 

comparison with IPPE (right). Symbols – KFK and IPPE measurements. Curves – MCNP 

transport calculations with ENDF/B-VIII.0. Bottom parts plot corresponding C/E ratios 

integrated in the energy intervals selected to capture the γ-ray spectra features.  

 

Fig. 5.4 depicts the calculated sensitivity of the γ-ray leakage spectra from the KFK iron sphere of 

Ø30 cm with a Cf-source to the variation of the neutron elastic, inelastic and capture cross sections on 

the materials of the sphere in the several energy intervals. Sensitivities were computed by MCNP 

employing the perturbation cards. The energy intervals were selected to capture the energy regions 

below the first excited level in 56Fe, i.e. 0.847 MeV, and above.  

It is observed that the γ-rays leakage increases when elastic scattering increases, however and only when 

neutron energy exceeds 0.85 MeV – threshold for reaction 56Fe(n,n’γ). The inelastic collisions act 

practically similar but in the opposite direction. Sensitivity to the capture and to (n,2n) cross sections 

are several hundred times lower than to elastic and inelastic. This points to the small fraction of the 

thermal and high energy (threshold for 56Fe(n,2nγ) is 11.399 MeV) neutrons in the system. 
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Summary  

 

The new entry for the SINBAD database was created. It comprises the KFK measurements of the γ-ray 

leakage spectra from three iron spheres of the outer diameter 25, 30 and 35 cm with spontaneously 

fissioning 252Cf source in the center. The experiment was performed in 1977 and was an extension of 

the pervious benchmark where the neutron leakage spectra were measured. The latter is already available 

in the SINBAD database.  

Following the SINBAD requirements, the new entry includes the short (abstract) and more detailed 

descriptions of facility, methods and final numerical results with uncertainties which are necessary to 

 

Fig. 5.4.  Energy sensitivity of the γ-ray leaking from the KFK iron sphere of Ø30 cm with a 252Cf 

source to the variation of the neutron elastic (top), inelastic (middle) and capture (bottom) 

cross sections on the materials of the sphere in the indicated energy intervals. Calculations 

are done by MCNP with ENDF/B-VIII.0.  
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validate the evaluated nuclear data in this benchmark. To facilitate this task the MCNP input deck was 

created and included in this new SINBAD entry.  

The specific (and new) feature of the proposed input deck is the modelling of 252Cf(s.f.) as a source of 

neutrons and γ-rays, both from prompt and delayed emission. It allows to get gamma and neutron 

responses in one MCNP run. The modelling of 252Cf(s.f.) as a source of neutrons is straightforward since 

the prompt neutron spectrum is a neutron standard and contribution of the delayed neutrons is relatively 

small.  

The challenge in the 252Cf(s.f.) source modelling is the energy distributions and multiplicities of the γ-

rays. Fortunately the prompt gamma emission was already measured in dozens of experiments and also 

theoretically studied. This information was used in present work to assess the prompt γ-ray spectrum 

and multiplicity. The situation is turned to be much worse for the delayed γ-ray emission: we managed 

to find and use the relevant data produced only back in 1965. For the nuclear data validation and another 

californium applications it would be useful to establish the reference prompt and delayed γ-ray energy 

spectra and their multiplicities. 

Assembled MCNP input deck was used for sampling radiation transport calculations with ENDF/B-

VIII.0 neutron reaction cross section data. It was shown that this library underestimate the γ-ray yield 

within 0.5 – 2.0 MeV by 20 - 40%. The comparable underestimation was found in the similar IPPE 

benchmark carried out a few years later than KFK. 

It turns out that KFK and IPPE has measured the γ-ray leakage spectra from iron sphere of the same 

outer diameter 30 cm. It gave us a unique option to compare directly (also and more precisely through 

C/E analysis) two independent measurements and confirm the agreement between them. This valuable 

fact increases the reliability of conclusions derived from validation analysis of both benchmarks. 

 

Acknowledgment 

 

One of the authors (S.S.) acknowledges Prof. S.-H. Jiang for providing the numerical data obtained in 

the KFK iron γ-ray leakage experiment, important details about measurements and review of this report. 

 

 

References 

 

1. “Shielding Integral Benchmark Archive and Database (SINBAD)”,  available on the NEA Data 

Bank web-site: https://www.oecd-nea.org/science/wprs/shielding/. 

2. “International Criticality Safety Benchmark Evaluation Project (ICSBEP)”,  available on NEA 

Data Bank web-site https://www.oecd-nea.org/science/wpncs/icsbep/. 

3. Subgroup 47 “Use of Shielding Integral Benchmark Archive and Database for Nuclear Data 

Validation” of the Working Party on International Nuclear Data Evaluation Co-operation, 

Nuclear Energy Agency, Paris. 

4. S.-H. Jiang and H. Werle,  „Messung und Berechnung der durch 252Cf-Spaltneutronen in Eisen 

induzierten γ-Felder“,  Report KFK-2444, Karlsruhe 1977. 

5. S.-H. Jiang and H. Werle,  “Measurement and Calculation of Californium-252 Fission Neutron-

Induced Gamma Fields in Iron”,  Nucl. Sci. Eng. 66 (1978) 354. 

6. S. H. Jiang and H. Werle,  “Measurement and calculation of 252Cf-fission neutron induced gamma 

fields in iron”,  NEACRP-L-196, NEA Paris, 1977.  

7. H. Werle, H. Bluhm, G. Fieg et al.,  „Messung und Berechnung der Neutronenleckage-Spektren 

von Eisenkugeln mit einer 252Cf-Quelle im Zentrum“,  Report KFK-2219, Karlsruhe 1975.; 

English translation:  "Measurement and Calculation of the Neutron Leakage Spectra of Iron 

Spheres with a Cf-252 Source at the Center",  Report  EURFNR-1317 (1975).  

https://www.oecd-nea.org/science/wprs/shielding/
https://www.oecd-nea.org/science/wpncs/icsbep/
https://www.oecd-nea.org/download/wpec/sg47/
https://www.oecd-nea.org/download/wpec/sg47/
https://publikationen.bibliothek.kit.edu/200011353
https://www.oecd-nea.org/upload/docs/application/pdf/2020-01/neacrp-l-1977-196.pdf
https://publikationen.bibliothek.kit.edu/270008785


21 

 

8. H. Werle, H. Bluhm, G. Fieg et al.,  "Neutron Leakage Spectra from Iron Spheres with a Cf-252 

Neutron Source in the Centre",  Proc. of the Specialists Meeting on Sensitivity Studies and 

Shielding Benchmarks, Paris,  Oct 1975.  

9. H. Werle, F. Kappler, D. Kuhn, “Karlsruhe Sphere Measurements”,  in "Results of the First Four 

Single-Material Experiments in Iron" (R. Nicks, compiler), Report NEACRP-U-73, OECD/NEA 

May 1976, p. 8. 

10. SINBAD collection: „Karlsruhe Iron Sphere Benchmark Experiment“,  SINBAD Abstract NEA-

1517/43. 

11. L.A. Trykov, J.I. Kolevatov, A.N. Nikolaev et al.  “Experimental Researches of Outflow Spectra 

of Neutron and Gamma Radiations for Spheres from Iron”,  Preprint IPPE-943, Obninsk, 1979 (in 

Russian). 

12. I.V. Gorjachev, J.I. Kolevatov, V.P. Semenov, L.A. Trykov,  “Integral Experiments in Problem of 

Transport of Ionizing Radiations”, Book,  Energoatomizdat, Moscow, 1985 (in Russian). 

13. L.A. Trykov, J.I. Kolevatov, I.S. Volkov,  “Methods of calibration of spectrometers with the help 

of radionuclide sources of neutrons”,  Preprint IPPE-1730, Obninsk, 1985 (in Russian). 

14. L.A. Trykov A.A. Dubinin and V.A. Chernov,  “Experimental and computed spectra of neutrons 

and photons emitted from spherical iron models with a 252Cf source at the center”,  Atomic Energy 

98 (2005) 50; translated from Atomnaya Energiya 98 (2005) 54. 

15. G. Manturov, E. Rozhikhin, L. Trykov (Evaluators),  “Neutron and photon leakage spectra from 

Cf-252 source at centers of six iron spheres of different diameters”,  ICSBEP Handbook, 

ALARM-CF-FE-SHIELD-001. 

16. MCNP - a general-purpose Monte Carlo N-Particle code: https://mcnp.lanl.gov/ . 

17. D.A. Brown, M.B. Chadwick, R. Capote et al., “ENDF/B-VIII.0: The 8th Major Release of the 

Nuclear Reaction Data Library with CIELO-project Cross Sections, New Standards and Thermal 

Scattering Data”, Nuclear Data Sheets 148 (2018) 1 

18. “NJOY21 - NJOY for the 21st Century”; available on: https://www.njoy21.io/NJOY21/ . 

19. S. Simakov, U. Fischer,  “Remarks from use of SINBAD”,  Meeting of SG47 “Use of Shielding 

Integral Benchmark Archive and Database for Nuclear Data Validation”,  24 June 2019, NEA 

Headquarters, Paris.  

20. S. Simakov, U. Fischer,  ”KIT contribution to SG-47: progress since June 2019”,  Meeting of 

SG47 “Use of Shielding Integral Benchmark Archive and Database for Nuclear Data Validation”,  

WebEx meeting 12 May 2020, NEA Headquarters, Paris. 

21. S. Simakov, U. Fischer,  ”SINBAD new/updated Entries: KFK γ-ray leakage and ORNL O-

broomstick neutron transmission”,  Meeting of SG47 “Use of Shielding Integral Benchmark 

Archive and Database for Nuclear Data Validation”,  WebEx meeting, 11 May 2021, NEA 

Headquarters, Paris. 

22. R. Gold,  “Compton recoil gamma-ray spectroscopy”,  Nucl. Instr. Meth. 84 (1970) 173 

23. M.G. Silk,  “The energy spectrum of the gamma radiation in the DAPHNE core”,  J. Nucl. 

Energy, 23 (1969) 308. 

24. H.E. Korn,  “Messing der Energieverteilung der Gamastrahlung in einem schnellen Brüter“,  

Diplomarbeit,  Universität Karlsruhe,  Report KFK 2211 (1975). 

25. RSIC Computer Code package PSR-099 „SPEC-4: Calculated Recoil Proton Energy Distributions 

from Monoenergetic and Continuous Spectrum Neutrons“, Radiation Safety Information 

Computational Center, Oak Ridge National Laboratory. 

26. Tables of Radionuclides. Recommended data. Laboratoire National Henri Becquerel.  

27. A.D. Carlson, V.G. Pronyaev, R. Capote et al.,  “Evaluation of the Neutron Data Standards”, 

Nuclear Data Sheets 148 (2018) 143. 

28. E.J. Axton,  “Evaluation of the thermal constants of 233U, 235U, 239Pu and 241Pu, and the fission 

neutron yield of 252Cf”,  Report GE/PH/01/86,  Central Bureau for Nuclear Measurements, Geel 

1986. 

29. T.R. England,  ENDF/B-VIII.0 file for 252Cf(s.f.) data, MAT 3644, private communication (1990). 

30. D.H. Stoddard,  “Radiation Properties of Californium-252”,  Report DP-986, Savannah River 

Laboratory, Aiken, S.C., 1965. 

31. D.H. Stoddard and H.E. Hootrnan,  “252Cf Shielding guide”, Report DP-1246,  Savannah River 

Laboratory, Aiken S.C., 1971. 

https://www.oecd-nea.org/science/wprs/shielding/sinbad/kfk_fe/kfk-abs.htm
https://www.oecd-nea.org/science/wprs/shielding/sinbad/kfk_fe/kfk-abs.htm
https://doi.org/10.1007/s10512-005-0168-8
https://doi.org/10.1007/s10512-005-0168-8
https://mcnp.lanl.gov/
https://doi.org/10.1016/j.nds.2018.02.001
https://www.njoy21.io/NJOY21/
https://www.oecd-nea.org/science/wpec/sg47/meetings/2019_june/documents/8-Simakov.pdf
https://www.oecd-nea.org/download/wpec/sg47/meetings/2020_may/documents/Simakov-SG47.pdf
https://www.oecd-nea.org/download/wpec/sg47/meetings/2021-05/documents/Simakov_SG-47-2021.pdf
https://www.oecd-nea.org/download/wpec/sg47/meetings/2021-05/documents/Simakov_SG-47-2021.pdf
https://publikationen.bibliothek.kit.edu/200008777/3811410
http://www.nucleide.org/DDEP_WG/DDEPdata.htm
https://doi.org/10.1016/j.nds.2018.02.002


22 

 

32. A. Trkov, P.J. Griffin, S.P. Simakov et al.,  “IRDFF-II: A New Neutron Metrology Library”, 

Nuclear Data Sheets 163 (2020) 1. 

33. S. Simakov et al. “Benchmarking of the latest Neutron and Gamma Transport Cross Sections for 

Oxygen, Iron and Uranium in clean Benchmarks driven by D-T, 252Cf and Reactor sources”, IAEA 

Technical Meeting on Long-term International Collaboration to Improve Nuclear Data Evaluation 

and Evaluated Data Files, 18 – 21 Dec 2017, IAEA Headquarters, Vienna TM INDEN 2017, 

34. S. Simakov et al.,  „Validation of the latest JEFF and ENDF Evaluations by Iron Spheres with 

14 MeV pulsed and 252Cf sources“, JEFFDOC-1851, Apr 2017;  „Validation of the latest JEFF and 

ENDF transport  cross sections for Oxygen, Iron and Tantalum by benchmarks driven by D-T, 
252Cf or Am-Be sources  EFFDOC-1342, Nov 2017;  “Iron Sphere Benchmarks with 252Cf source: 

IPPE cf. with KFK and NIST”, EFFDOC-1373, Nov 2018, NEA Headquarters, Paris. 

35. N. Otuka, E. Dupont, V. Semkova et al.,  "Towards a More Complete and Accurate Experimental 

Nuclear Reaction Data Library (EXFOR): International collaboration between Nuclear Reaction 

Data Centres (NRDC)",  Nuclear Data Sheets 120 (2014) 272. 

36. A.B. Smith, P.R. Fields, A.M. Friedman,  “Prompt Gamma Rays Accompanying the Spontaneous 

Fission of Cf252”,  Phys. Rev. 104 (1956) 699. 

37. H.R. Bowman and S.G. Thompson,  “ The prompt radiations in the spontaneous fission of 

Californium-252”,  2nd Int. Atom Energy Conf., Geneva 1958, vol. 15 (1958) 212. 

38. G.V. Val'skii, D.M. Kaminker, GA Petrov, L.A. Popeko, “Concerning the emission times of γ-

quanta as a results of fission”,  Sov. Jour. of Atom Energy 18 (1965) 279. 

39. K. Skarsvag,  “Time distribution of γ-rays from spontaneous fission of 252Cf”,  Nucl. Phys. A153 

(1970) 82. 

40. F. Pleasonton, R. L. Ferguson, and H. W. Schmitt,  “Prompt Gamma Rays Emitted in the 

Thermal-Neutron-Induced Fission of 235U”,  Phys. Rev. C6 (1972) 1023. 

41. V.V. Verbinski, H.Weber and R.E. Sund,  “Prompt Gamma Rays from 235U(n,f), 239Pu(n,f), and 

Spontaneous Fission of 252Cf”,  Phys. Rev. C7 (1973) 1173. 

42. N.N. Ajitanand, R.K. Choudhury, S.S. Kapoor et al.,  “Determination of Fragment Isotopic Yields 

in the Fission of 252Cf Accompanied by Light Charged Particles”,  Nucl. Phys. A246 (1975) 505.  

43. G.S. Brunson,  “Multiplicity and Correlated Energy of Gamma Rays Emitted in the Spontaneous 

Fission of Californium-252“,  Report LA-9408-T, Los Alamos 1982. 

44. E.A. Sokol, G.M. Ter-Akopyan, A.I. Krupman,  “Experiments on the spontaneous fission gamma 

photons from 248Cm, 252,254Cf, 256Fm, and 259Md”,   Atomnaya Energiya 71 (1991) 422; translation 

Sov. J. of Atom Energy 71 (1971) 906. 

45. D. Pandit, S. Mukhopadhyay, S. Bhattacharya et al.,  “Coherent bremsstrahlung and GDR width 

from 252Cf cold  fission”,  Physics Letters B690 (2010) 473. 

46. E. Kwan, C.Y. Wu, R.C. Haight et al.,  “Prompt energy distribution of 235U(n,f)γ at bombarding 

energies of 1 - 20 MeV”,  Nucl. Inst. Meth. A688 (2012) 55. 

47. A. Chyzh, C.Y. Wu, E. Kwan et al.,  “Total prompt γ -ray emission in fission of 235U, 239,241Pu, and 
252Cf”,  Phys. Rev. C90 (2014) 014602.  

48. R. Billnert, F.J. Hambsch, A. Oberstedt, S. Oberstedt,  “New prompt spectral γ -ray data from the 

reaction 252Cf(s.f.) and its implication on present evaluated nuclear data files”,  Phys. Rev. C87 

(2013) 024601.  

49. A. Oberstedt, R. Billnert, F.-J. Hambsch, S. Oberstedt,  “Impact of low-energy photons on the 

characteristics of prompt fission 𝛾-ray spectra”,  Phys. Rev. C92 (2015) 014618 . 

50. S. De, G. Mishra, R.G. Thomas et al.,  “Measurement of prompt fission neutron and gamma 

spectra in the fast neutron induced fission of 232Th”,  Eur. Phys. Jour. A: Hadrons and Nuclei, 56 

(2020) 116. 

51. O. Litaize, D. Regnier, O. Serot,  „Prompt Fission Gamma-ray Spectra and Multiplicities for 

Various Fissioning Systems”,  Physics Procedia 59 (2014) 89. 

52. P. Talou, T. Kawano, I. Stetcu et al.,  “Late-time emission of prompt fission γ rays”,  Phys. Rev. 

C94 (2016) 064613. 

53. E.L. Reber, R.J. Gehrke et al.,  “Measurement of the fission yields of selected prompt and decay 

fission product gamma-rays of spontaneously fissioning 252Cf and 244Cm“,  J. of Radioanalytical 

and Nuclear Chemistry  264 (2005) 243. 

54. R.J. Gehrke, R. Aryaeinejad et al.,  “The γ-ray spectrum of 252Cf and the information contained 

within it”,  Nucl. Instr. and Meth. B213 (2004) 10. 

https://doi.org/10.1016/j.nds.2019.12.001
https://www-nds.iaea.org/index-meeting-crp/TM_IAEACIELO/docs/Simakov-IAEA-CIELO-Dec2017.pdf
https://www.oecd-nea.org/dbdata/jeff/jeffdoc.html
https://www.oecd-nea.org/dbdata/jeff/jeffdoc.html
https://www.oecd-nea.org/dbdata/jeff/jeffdoc.html
https://doi.org/10.1016/j.nds.2014.07.065
http://dx.doi.org/10.1103/PhysRev.104.699
http://dx.doi.org/10.1016/0375-9474(70)90757-8
http://dx.doi.org/10.1016/0375-9474(70)90757-8
https://doi.org/10.1103/PhysRevC.6.1023
https://doi.org/10.1103/PhysRevC.7.1173
http://dx.doi.org/10.1016/0375-9474(75)90662-4
http://dx.doi.org/10.1016/j.physletb.2010.05.079
http://dx.doi.org/10.1016/j.nima.2012.06.003
https://doi.org/10.1103/PhysRevC.90.014602
https://doi.org/10.1103/PhysRevC.87.024601
https://doi.org/10.1103/PhysRevC.87.024601
http://dx.doi.org/10.1103/PhysRevC.92.014618
http://dx.doi.org/10.1140/epja/s10050-020-00127-7
http://dx.doi.org/10.1140/epja/s10050-020-00127-7
https://doi.org/10.1016/j.phpro.2014.10.014
https://doi.org/10.1103/PhysRevC.94.064613
https://doi.org/10.1103/PhysRevC.94.064613
https://doi.org/10.1016/S0168-583X(03)01526-X


 
KIT Scientific Working Papers 
ISSN 2194-1629

www.kit.edu
KIT – The Research University in the Helmholtz Association


