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Abstract
Emission of prompt gamma rays following (n,n’), (n,p) and (n,α) reactions induced by irradiation of a calcium carbonate 
 (CaCO3) sample with a beam of fission neutrons was investigated with a modified version of the FaNGaS (Fast Neutron-
induced Gamma-ray Spectrometry) instrument operated at the Heinz Maier-Leibnitz Zentrum (MLZ) in Garching. The neutron 
spectrum has an average energy of 2.30 MeV and at sample position the fast neutron flux was (1.13 ± 0.04) ×  108  cm−2  s−1. 
The measurement was performed at an angle of 90° between neutron beam and detector. In total, we claim the identification 
of 38 prompt gamma lines, from which we have assigned 12 to the (n,n’) reaction in calcium (7 for 40Ca, 1 for 42Ca and 4 
for 44Ca), 1 to the 12C(n,n’)12C reaction, and 2 to the (n,n’) reaction in oxygen (1 for 16O and 1 for 18O). The other observed 
gamma lines are attributed to the 40Ca(n,p)40K reaction (20 lines) and to the 40Ca(n,α)37Ar reaction (3 lines). Relative 
intensities and fast neutron spectrum averaged partial cross sections of the gamma lines are presented and compared with 
available literature data. Our results were found to be in good agreement with available literature data but also improved and 
complemented it, as we have pointed out possible errors and identified new lines. Additionally, for a counting time of 12 h 
the detection limits of calcium, carbon and oxygen were determined as 5, 13 and 64 mg, respectively.
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Introduction

The feasibility to perform accurate chemical elemental 
analysis using prompt gamma rays induced by fast neutrons 
was demonstrated in various works in the past [1–5], worth 
mentioning our efforts with the instrument FaNGaS (Fast 
Neutron-induced Gamma-ray Spectrometry) [6–10], which 
was installed at the Heinz Maier-Leibnitz Zentrum (MLZ) in 
2014 and since then continuously optimized to improve the 

peak-to-background ratio, i.e. counting statistics. The fast 
neutrons are produced by a highly-enriched uranium (93% 
235U) converter plate immersed into the moderator of the 
FRM II (Forschungsreaktor München II). The neutron beam 
is extracted at the beamtube SR10 (Strahlrohr 10) through 
a set of filters and collimators into the experimental room 
of the MEDAPP (Medical Application) facility [11]. The 
gamma radiation, induced by the interaction of the fast neu-
tron beam with the sample, is detected by a well-shielded 
high-purity germanium (HPGe) detector that is mounted 
on a heavy iron carriage and arranged perpendicular with 
respect to the neutron beam axis. Besides numerical and 
experimental optimization studies aiming to reduce the beam 
background and to reach lower detection limits, another 
major purpose of FaNGaS is to build up a comprehensive 
data catalogue of (n,n’γ) reactions using state-of-the-art of 
gamma-ray spectrometry. These data are intended to meet 
the increasing demand for reliable knowledge on (n,n’γ) neu-
tron inelastic scattering reactions observed in the industrial 
and scientific community of nuclear science and technol-
ogy [12–14]. The data shall cover every naturally abundant 
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element of the periodic system and comprise information on 
relative intensities and isotopic partial gamma-ray produc-
tion cross sections measured at an angle of 90° between neu-
tron beam and spectrometer. Recently, a relational database 
of inelastic neutron scattering (n,n’γ) data was developed 
[15] from the only available database in this field: the “Atlas 
of Gamma-rays from the Inelastic Scattering of Reactor Fast 
Neutrons”, published by Demidov et al. in 1978 [16]. This 
“Demidov Atlas”, however, to our knowledge has never been 
validated yet. Furthermore, a lack of relevant information 
about the data processing is observed at some points, con-
cerning the procedure for the correction of capture interfer-
ences for example. This circumstance impedes an accurate 
understanding and interpretation of available data. In our 
previous works [9, 10], we were always able to point out the 
need for a meticulous reevaluation and to provide enhanced 
and also additional nuclear data.

Within this work, we present the results of the 
measurement of prompt gamma rays produced by (n,n’)-
inelastic scattering and (n,p)- and (n,α)-capture reactions 
of fast neutrons on calcium, carbon and oxygen. The 
measurement was performed with a new version of the 
FaNGaS instrument comprising a renewed shielding of the 
spectrometer as well as an upgraded multi-leaf collimator 
(MLC) of the MEDAPP facility [17]. The fast neutron flux at 
the sample position was again determined by irradiating the 
iron foil previously investigated with the former version of 
the FaNGaS instrument [9]. Relative gamma-ray intensities 
and fast neutron spectrum averaged partial gamma-
ray production cross sections are presented including 
comparisons with available literature data. Additionally, we 
present elemental detection limits for calcium, carbon and 
oxygen.

Modifications of the FaNGaS instrument

Two major modifications of the FaNGaS instrument were 
performed. The first one concerns the shielding of the 
HPGe detector to decrease the beam background, and 
the second one the collimation of the fast neutron beam 
due to an upgrade of the MEDAPP facility. In the origi-
nal version of the FaNGaS spectrometer, the detector was 
shielded against neutron’ and gamma ray’ background 
with three layers made of 30 cm thick polyethylene (PE, 
outer layer), 1 cm thick boron carbide  (B4C, intermedi-
ate layer) and 15 cm thick lead with 4% antimony (inner 
layer) [7]. The lead-antimony bricks were mounted into a 
1 mm thick carrier frame made of steel. In a second ver-
sion shown in [9], the front shielding made of a 30 cm 
thick PE layer was replaced by a layer of borated PE 
with 20 wt%  B2O3 (BPE) of same thickness in order to 
increase the absorption of thermal neutrons. The origin of 

gamma lines attributed to the beam background observed 
in that spectrum is discussed in [7, 9]. For further reduc-
tion of the beam background and also to facilitate the 
access to the electromechanically cooled HPGe detector 
the shielding was upgraded. To avoid the production of 
the long-lived radionuclide 124Sb  (T1/2 = 60.3 d), the lead-
antimony bricks were replaced by blocks of lead-copper 
(Pb99.94Cu, standardized nomenclature according to DIN 
17640–1 [18]), keeping the total thickness to 15 cm. The 
steel frame as well as the intermediate layer of boron car-
bide was removed. The 30 cm thick PE outer layer was 
replaced by a BPE layer of same thickness. Compared to 
the previous version [9], the BPE layer covers the full front 
area of the spectrometer. Additionally, two BPE plates 
with a thickness of 3 cm can be fixed on both sides of 
the shielding. For gamma-ray collimation, the previous 
cylindrical lead collimator was reduced to 10 cm in length 
and placed as close as possible to the detector. The rest 
20 cm in the cylindrical aperture (diameter: 10 cm) of the 
front shielding were filled with a BPE collimator of same 
dimensions (inner diameter: 6 cm, wall thickness: 2 cm, 
length: 20 cm). The spectrometer setup at the experimental 
position is shown in Fig. 1. The rear part of the shielding 
is composed of two doors made of BPE and two movable 
lead stones to access to the detector (see Fig. 1).

In addition, the MEDAPP facility was provided with 
a new MLC, mounted into the biological-shield wall 
separating the irradiation room and the filter bench bunker 
[17]. The leaves consist in the beam direction of a sequence 
of Fe, BPE (20 wt% B), Fe with BPE inlays, Al and BPE. 
They are 62 cm in length with a thickness varying between 
1.15 and 1.75 cm. For comparison, the leaves of the former 
MLC were 50 cm long and 1.5 cm wide, and made of a 
sequence of Fe, PE and Pb (in the beam direction) [11]. The 
collimator/filters set-up installed in the filter bench bunker 
[9] is still used for pre-collimation of the fast neutron beam. 
The aperture of the new MLC is set to Anew = 5.8 × 5.8  cm2, 
almost identical to this set with the former MLC, Aold = 6 × 6 
 cm2. As shown in Fig. 1, the new MLC protrudes around 
30 cm from the biological-shield wall. For this reason the 
spectrometer is shifted 43 cm away from the biological-
shield wall and the distance between sample-irradiation 
position and fast neutron source (235U converter plate in 
reactor pool) increases from hold = 548 cm to hnew = 591 cm. 
The distance between the sample and the HPGe detector 
is kept unchanged to 67  cm. Compared to the former 
irradiation geometry, a reduction of the fast neutron flux 
at sample position is expected due to the increase of the 
distance between sample and neutron source.

The fast neutron flux for the new irradiation geometry Φnew 
can be estimated from the fast neutron flux measured for the 
former irradiation geometry Φold = (1.40 ± 0.05) ×  108  cm−2  
s−1 [9] as follows:
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with A∕h2 as the solid angle subtended at the neutron source 
by the collimated neutron beam. The value of Φnew obtained 
by means of Eq.  (1) is (1.12 ± 0.04) ×  108   cm−2   s−1 and 
corresponds to a reduction of 20% of the fast neutron flux 
at sample position.

The beam background spectrum measured with the new 
shielding of the HPGe detector is shown in Fig. 2 together 
with that one measured with the former shielding. The overall 
detector count rate is reduced by a factor of 1.5 (3827  s−1 vs. 
5736  s−1) and the detector dead time by a factor of 1.7 (8.59% 
vs. 13.59%). The count rates of the background gamma lines 
are reduced by factors ranging between 1.4 and 3.7 depending 
on their production reactions and places.

(1)Φnew = Φold ∙

(
A∕h2

)
new(

A∕h2
)
old

Experimental

Prompt gamma radiation produced by interaction of fast 
neutrons with a calcium carbonate  (CaCO3) powder sample 
of natural composition with a mass of 2.402 g (Ca: 0.962 g, 
C: 0.288 g, O: 1.152 g) was investigated with the FaNGaS 
instrument described in the section above. The powder was 
filled into a small PTFE (Polytetrafluorethylene) bag and 
compressed to a thickness of about 1 mm. The PTFE bag 
carrying the sample was attached to a thin PTFE rod and 
irradiation of the complete sample surface area was ensured 
by a laser-assisted alignment. The sample was tilted by an 
angle of 45° with respect to the neutron beam axis and irra-
diated for a total of 8.60 h. The gamma-ray spectrum was 
counted for 6.46 h (live time) with the electromechanically 
cooled coaxial HPGe detector of the FaNGaS instrument 
(50% relative efficiency and 2.1 keV energy resolution 
(FWHM) at 1.33 MeV [7]). The distance from the sample 

Fig. 1  The left picture shows the FaNGaS spectrometer with the 
upgraded shielding at experimental position: 1 front side of the new 
MEDAPP multi-leaf neutron beam collimator; 2 holder for small 
samples made of Teflon; 3 HPGe-detector shielding; 4 iron support 

frame. The upper right picture shows the rear part of the shielding 
with opening doors made of BPE (borated polyethylene) to access to 
the detector after removing of some lead stones (down right picture)
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towards the detector endcap is 67 cm and the measurement 
was performed at an angle of 90° between neutron beam axis 
and detector. The acquired spectrum was analyzed with the 
HYPERMET-PC software [19] and it is shown in Figs. 3 
and 4. Prompt gamma rays emitted from the (n,n’γ) inelastic 
scattering of fast neutrons as well as gamma rays induced 
by (n,p) and (n,α) reactions were identified using the NuDat 
3.0 database [20] that provides nuclear data from various 
evaluations for all isotopes relevant to this work [21–30]. 
Presence of gamma rays from (n,γ) reactions and possible 
interferences was checked with the prompt gamma neutron 
activation analysis (PGNAA) database [31].

Additionally, the prompt gamma-ray spectrum of the same 
iron foil (m = 1.282 g, dimensions: 25 × 25 × 0.25  mm3) inves-
tigated with the former version of the FaNGaS instrument 
[9] was measured in order to determine the fast neutron flux 
at the sample position. In this case, the irradiation time was 
15.21 h and the counting time 12.84 h (live time). The fast 
neutron flux was obtained by comparing the count rates of 

the most intense gamma lines of 56Fe at 846.9, 1238.3 and 
1810.9 keV induced by inelastic scattering of fast neutrons in 
the two experiments (Table 1). The mean value of the ratios is 
0.807 ± 0.006 and leads to a value of the fast neutron flux of 
(1.13 ± 0.04) ×  108  cm−2  s−1 which agrees very well with the 
value estimated from the change of the solid angle.

As a certain fraction of neutrons scatters towards the 
spectrometer, we have found that the count rate of lines 
attributed to the background is increased depending on their 
origin. For the calcium carbonate sample, we found a mean 
factor of 2.11 ± 0.29 and for the iron sample a mean factor of 
1.20 ± 0.12. These scattering factors were utilized to correct 
for interfering background lines. Possible interferences from 
single (SE) and double (DE) escape peaks were not identi-
fied and therefore no issue.

Method

Inelastic scattering (n,n’), (n,p)- and (n,α)-capture reactions 
are induced exclusively by fast neutrons due to an associated 
energy threshold close to the MeV regime. The net peak 
area PE� of a prompt gamma ray induced by fast neutrons in 
the aforementioned reaction types can be described by the 
following relationship:

where m (g) is the mass of the considered element, M is 
the molar mass (g  mol−1), NAv the Avogadro constant 
(6.022 ×  10–23   mol−1), h the isotopic abundance, εEγ the 
full-energy-peak efficiency, < σEγ(90°) > the fast neutron 
spectrum averaged partial gamma-ray production cross 
section  (cm2) for an angle of 90° between neutron beam 
and detector, Φfast the integral fast neutron flux  (cm−2  s−1), 
tc the counting live time (s), fn the neutron self-shielding 
factor and fEγ the gamma self-absorption factor. Even tilted 
at an angle of 45° the sample is thin enough (effective 
thickness ~ 1.4  mm) to neglect the absorption of fast 
neutrons, i.e. fn ~ 1 and the absorption of gamma rays with 
energies higher than about 100 keV, i.e. fEγ ~ 1.

Prompt gamma rays induced in  CaCO3

In total, 38 prompt gamma ray lines were observed and iden-
tified. These gamma rays are listed in Table 2. From all 38 
lines, 15 were found to belong to (n,n’γ)- and 20 to (n,p)- and 
3 to (n,α)-reactions. From the 15 (n,n’γ) reactions 12 lines are 
assigned to calcium (7 for 40Ca, 1 for 42Ca and 4 for 44Ca), 
2 to oxygen (1 for 16O and 1 for 18O) and 1 to carbon (12C). 
The (n,p) and (n,α) reactions both originate from the 40Ca 
isotope, i.e. the reactions 40Ca(n,p)40K and 40Ca(n,α)37Ar, 

(2)
PE�(90

◦) =
m

M
⋅ NAv ⋅ h ⋅ �E� ⋅ ⟨�E�(90

◦)⟩ ⋅�fast ⋅ tc ⋅ f n ⋅ fE�

Fig. 2  Beam background spectra measured with the new and former 
spectrometer shielding. The origin of prominent lines attributed to the 
beam background is discussed within our former publications [7, 9]
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respectively. As relative light nuclei, calcium, carbon and 
oxygen are potentially subject to Doppler broadening [32]. 
The line at 3904.8 keV from the 40Ca(n,n’γ)40Ca reaction 
and the line at 4441.1 keV from the 12C(n,n’γ)12C reaction 
show a broadening because the gamma rays are emitted in 
flight, i.e. the time scale of the nuclear lifetime of the respec-
tive excited states is smaller (~ fs [20, 33]) than the stop-
ping process of the recoiling nucleus. The gamma line at 

6129.3 keV originating from the 16O(n,n’γ)16O reaction inter-
feres with the decay line of 16N (Eγ = 6128.6 keV, Iγ = 67.0%, 
t1/2 = 7.13 s [34]), that is formed via the 16O(n,p)16N reaction. 
However, the interference can be neglected since the cross 
section (fission spectrum average for kT = 1.35 MeV, taken 
from [35]) of the 16O(n,p)16N reaction (44.72 μb [35]), is 
considerably lower than that of the 16O(n,n’γ)16O reaction 
(4.92 mb [35]) and its contribution to the net count rate is 

Fig. 3  Gamma-ray spectra in 
the energy range 0–3000 keV 
acquired during 23,240 s 
counting live time for the 
calcium sample (red) and during 
51,506 s for the beam back-
ground (black). Prompt gamma 
rays induced by (n,p) reactions 
(K-40) and (n,α) reactions 
(Ar-37) are written in black. 
Prompt gamma rays issued 
from (n,n’) inelastic scattering 
of fast neutrons are written in 
bold. Abbreviations SE and 
DE indicate single and double 
escape peaks, respectively. The 
origin of prominent lines attrib-
uted to the beam background 
is discussed within our former 
publications [7, 9]
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only 1.36 ± 0.20%. Intensities of gamma lines were calcu-
lated relative to the 3905-keV line (100%, 40Ca) for calcium 
and to the 1982-keV line (100%, 18O) for oxygen, both emit-
ted from the (n,n’γ) reaction of the first low-lying 2 + states. 
Relative intensities are given along with the values deter-
mined in [16] in columns 4 and 7 of Table 2. In order to sup-
port the discussion of obtained results, Table 2 also contains 

the reaction thresholds taken from [36, 37] for each reac-
tion in column 1 in brackets and Fig. 5 shows the neutron 
energy spectrum of the FaNGaS instrument as described in 
this work together with the neutron energy dependence of 
the grouped microscopic cross sections averaged over each 
neutron energy bin for every reaction that we have observed. 
Grouped cross sections were obtained by processing nuclear 

Fig. 4  Gamma-ray spectra 
in the energy range 3000–
8000 keV acquired during 
23,240 s for the calcium sample 
(red) and during 51,506 s for 
the beam background (black). 
Prompt gamma rays induced 
by (n,p) reactions (K-40) are 
written in black. Prompt gamma 
rays issued from (n,n’) inelastic 
scattering of fission neutrons are 
written in bold. Abbreviations 
SE and DE indicate single and 
double escape peaks, respec-
tively. The origin of prominent 
lines attributed to the beam 
background is discussed within 
our former publications [7, 9]
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data from the latest evaluated nuclear data file (ENDF) 
library (ENDF/B-VIII.0 [38]) with the NJOY Nuclear Data 
Processing System (Version 2016) [39, 40]. In comparison 
to [16], we have observed 32 from 38 listed lines resulting 
from the reaction of fast neutrons. All lines of carbon and 
oxygen were observed. For calcium, lines listed at ener-
gies of 1345.6, 1369.5, 2951.9, 5250, 5628 and 5902 keV, 
respectively, were not observed in our measurement. Accord-
ing to NuDat 3.0 [20], the lines at 1345.6 and 5250 keV 
belong to the same excited level (E* = 5248.8 keV) of the 
40Ca(n,n’γ)40Ca reaction. As depicted in Fig. 5 and as given 
in [36, 37], the energy threshold of this reaction is around 
3.44 MeV, which is already above our mean neutron energy 
of 2.30 MeV. Our integral fast neutron flux is defined for an 
energy range of 60 keV ≤ En ≤ 20 MeV, but with respect to 
Fig. 5 the effective activation flux, integrated over the limits 
of the cross-section curve, is (2.19 ± 0.08) ×  107  cm−2  s−1. 
This shows that only 19.4% of our defined fast neutron flux 
of (1.13 ± 0.04) ×  108  cm−2  s−1 is able to induce inelastic scat-
tering in 40Ca. Although Demidov et al. have a smaller mean 
neutron energy (0.631 MeV), they have irradiated a much 
higher calcium mass (11.3 g [16] vs. 0.962 g in this work) 
for a longer time (24.2 h [16] vs 6.46 h counting live time). 
Therefore, it might be possible that the detection limit was 
not reached in our measurement. The evaluated nuclear struc-
ture data (ENSDF) file of the (n,n’γ) reaction of 40Ca from 
[41] available on [20] gives differential cross sections dσ/dΩ 
for a measuring angle of 125° and several discrete neutron 
energies between 4.85 and 8.05 MeV. From our iron meas-
urement [9] we can observe that the correction for the anisot-
ropy becomes negligible for high-energy lines, i.e. the angu-
lar distribution factor W(125°)/W(90°) ≈ 1. For the energy 
range between 6.45 to 8.05 MeV in [41], the ratio in percent 
of differential cross sections between the lines at 5250 and 
3905 keV is 21.8 ± 6.4%, which agrees well with the relative 
intensity of 27 ± 5% from [16]. Therefore, even though the 
gamma-ray spectrum is not shown beyond 3 MeV in [16] and 
the relative intensity of the 5250-keV line is in the range of 
other lines clearly observed, we can assume that Demidov 
et al. have seen this line due to their higher irradiated mass. 
The line listed at 1369.5 keV is unassigned in the Demidov 

Atlas and belongs probably to the background as we have not 
identified a peak with significant statistics and the evaluated 
nuclear data in NuDat 3.0 does not propose a reasonable cor-
responding transition. The gamma ray listed at 2951.9 keV is 
also unassigned by Demidov et al. and might be another mis-
take as again no transition is found in NuDat 3.0. Curiously, 
in the visual excerpt of their spectrum this line is neither seen 
nor marked accordingly. The gamma-ray peaks at 5628 and 
5902 keV both belong to the 40Ca(n,n’γ)40Ca reaction [20, 
25] and should be present in the spectrum from Demidov 
et al. due to the higher irradiated mass and longer exposure 
time. Presence of these lines in [16] is supported as the dif-
ferential cross-section ratios [41] relative to the 3905-keV 
line are 14.8 ± 3.2% (5628 keV) and 9.6 ± 3.2% (5902 keV), 
respectively, which is under consideration of the large errors 
in well agreement to the relative intensities of 21 ± 5% and 
16 ± 5% given in [16]. Nevertheless, these lines require high 
excitation energies above 5 MeV and in principle one would 
expect to observe such lines better in our measurement due to 
the higher mean neutron energy (2.30 MeV vs. 0.631 MeV). 

On the other hand, compared to [16] also 6 new 
gamma lines related to calcium were identified. The line 
at 1613.58 keV from the 40Ca(n,p)40K reaction was prob-
ably unresolved by Demidov et al. due to the worse detector 
resolution and the close-lying line at 1611.24 keV coming 
from the 40Ca(n,α)37Ar reaction. According to [31] the line 
at 2009.76 keV could arise from the 40Ca(n,γ)41Ca reaction, 
but as stronger capture lines were not observed we exclude 
this possibility. In [25] available on NuDat 3.0 [20] a transi-
tion of 2009.5 keV for the isotope 40Ca induced by a (p,p’γ) 
reaction [42] from a level at 7623.11 keV is proposed. In 
view of this high excitation energy and also 12 MeV neutron 
energy used in [42] with respect to our neutron spectrum we 
do not find the aforementioned transition reasonable, rather 
we cautiously assign this line to the 40Ca(n,n’γ)40Ca reaction 
assuming that it might be a transition not captured in NuDat 
3.0 yet. The low-energy gamma ray at 29.77 keV from the 
40Ca(n,p)40K reaction could not be detected by Demidov 
et al. since the measurement was limited to gamma-ray 
energies down to 120 keV [16]. The line at 2289.7 keV was 
assigned to the 40Ca(n,p)40K reaction, although according 
to NuDat 3.0 [20, 25] it might be also fed by the inelastic 
scattering reaction in 40Ca. However, with respect to Fig. 5 
we assume the contribution of inelastic scattering to be neg-
ligible since the required excitation energy (E* = 6025.5 keV 
[20, 25]) is far above our neutron mean energy of 2.30 MeV.

The line at 29.77 keV was corrected for gamma self-
absorption analytically with the following relationship [31]:

(3)fE� =
1 − e

−
�

�
⋅�⋅l

�

�
⋅ � ⋅ l

Table 1  Count rates (CR) of the three most intense gamma lines of 
56Fe produced by inelastic scattering of fast neutrons measured from 
the same iron foil with the old and new version of the FaNGaS instru-
ment. The distance between the foil and the detector was identical 
(67 cm) for the two measurements

Eγ(keV) CRold  (s−1) CRnew  (s−1) CRnew/CRold

846.9 156 ± 6 126 ± 7 0.81 ± 0.05
1238.3 12.5 ± 0.6 10.0 ± 0.4 0.80 ± 0.05
1810.8 5.9 ± 0.4 4.8 ± 0.3 0.81 ± 0.07



5736 Journal of Radioanalytical and Nuclear Chemistry (2022) 331:5729–5740

1 3

Table 2  Prompt gamma rays of calcium, carbon and oxygen induced by fast neutrons on  CaCO3

Ethr is the threshold energy of the considered reaction taken from [36, 37], Eγ is the gamma-ray energy, (PEγ(90°)/εEγ) ×  10–8 the net counts in 
the gamma-ray peak divided by the full-energy-peak efficiency, IR the relative intensity of the gamma ray and < σEγ(90°) > the fission neutron 
spectrum averaged isotopic partial cross section for gamma-ray production at an angle of 90° between neutron beam and detector determined 
with Eq. (2). R is the residual calculated by means of Eq. (5)
a Corrected for background interferences
b40 Ca(n,γ)41Ca excluded and no clear identification in NuDat 3.0 [20], cautious assumption. With regard to our neutron spectrum, it is 
questionable if this line really comes from the high level at 7623.11 keV or if it is a transition not captured in NuDat 3.0 yet
c Doppler-broadened
d (PEγ)/(εEγ·fEγ) with fEγ = 0.731 ± 0.022, i.e. gamma self-absorption calculated after Eq. (3) with data from NIST XCOM [43]
e Wrong level energy assigned by Demidov et al.

Reaction (Ethr) This work From Demidov Atlas [16] R

Eγ (keV) (PEγ(90°)/εEγ) ×  10–8  
(count)

IR(relative) (%)  < σEγ(90°) > 
(mb)

Eγ (keV) IR(relative) (%)

40Ca(n,n’γ)40Ca (3.44 MeV) 754.41 ± 0.07 0.53 ± 0.03 13.5 ± 0.9 1.45 ± 0.14 755.0 ± 0.4 15 ± 3  − 0.48
1307.49 ± 0.26 0.16 ± 0.03 3.93 ± 0.88 0.42 ± 0.10 – – –
1374.32 ± 0.13a 0.36 ± 0.03 8.99 ± 0.89 0.97 ± 0.12 1375.7 ± 1.0 10 ± 2 -0.46
1876.91 ± 0.19 0.35 ± 0.04 8.78 ± 1.09 0.95 ± 0.13 1877.5 ± 0.9 7.8 ± 1.2 0.61
2009.76 ± 0.23b 0.28 ± 0.04 6.96 ± 0.95 0.75 ± 0.12 – – –
3736.89 ± 0.13 5.28 ± 0.17 133 ± 6 14.3 ± 1.2 3736.9 ± 0.8 123 ± 9 0.93
3904.76 ± 0.28c 3.96 ± 0.14 100 10.8 ± 0.9 3904.2 100 –

42Ca(n,n’γ)42Ca (1.56 MeV) 1524.62 ± 0.07 0.87 ± 0.05 22.1 ± 1.4 355 ± 34 1524.4 ± 0.4 20 ± 3 0.63
44Ca(n,n’γ)44Ca (1.18 MeV) 726.17 ± 0.11 0.50 ± 0.07 12.5 ± 1.9 46 ± 8 726.3 ± 1.0 12 ± 3 0.14

1126.03 ± 0.11 0.34 ± 0.03 8.51 ± 0.85 31 ± 4 1125.5 ± 1.0 8.2 ± 2.0 0.14
1156.78 ± 0.05 3.90 ± 0.14 98 ± 5 359 ± 31 1156.9 ± 0.5 87 ± 6 1.48
1499.88 ± 0.28 0.21 ± 0.04 5.38 ± 0.93 19.6 ± 3.7 1500.6 ± 0.8 4.6 ± 1.2 0.52

40Ca(n,p)40K (0.54 MeV) 29.78 ± 0.05 63 ±  4d 1589 ± 121 171 ± 18 – – –
769.89 ± 0.07a 9.56 ± 0.29 241 ± 41 26 ± 2 770.3 ± 0.2 204 ± 10 2.49
843.54 ± 0.06a 0.86 ± 0.15 21.7 ± 3.9 2.34 ± 0.45 – – –
891.19 ± 0.05 1.66 ± 0.07 42 ± 2 4.52 ± 0.41 891.6 ± 0.4 59 ± 7  − 2.30

1158.93 ± 0.10 0.83 ± 0.06 20 ± 2 2.27 ± 0.23 1159.1 ± 0.8 26 ± 4  − 1.15
1247.29 ± 0.16 0.27 ± 0.03 6.77 ± 0.90 0.73 ± 0.11 1247.5 ± 0.6 7.5 ± 2.2  − 0.31
1302.88 ± 0.18 0.27 ± 0.04 6.76 ± 0.93 0.73 ± 0.11 1303.0 ± 0.6 8.1 ± 2.0  − 0.61
1613.58 ± 0.12a 0.04 ± 0.01 1.06 ± 0.17 0.11 ± 0.02 – – –
1618.68 ± 0.15 0.39 ± 0.04 9.89 ± 1.08 1.06 ± 0.14 1616.8 ± 1.0e 17 ± 4  − 1.72
1929.02 ± 0.22 0.17 ± 0.03 4.29 ± 0.66 0.46 ± 0.08 1929.2 ± 1.6 6.1 ± 1.0  − 1.51
2007.13 ± 0.30 0.22 ± 0.04 5.43 ± 0.92 0.58 ± 0.11 2007.8 ± 0.9f 8.3 ± 1.3  − 1.80
2017.39 ± 0.21a 0.17 ± 0.05 4.40 ± 1.20 0.47 ± 0.13 2017.8 ± 0.9 5.8 ± 1.2  − 0.82
2039.49 ± 0.19 0.38 ± 0.04 9.68 ± 1.00 1.04 ± 0.13 2040.4 ± 1.0 8.0 ± 1.3 1.02
2046.72 ± 0.24 0.29 ± 0.04 7.43 ± 0.95 0.80 ± 0.12 2047.8 ± 1.5 4.8 ± 1.1 1.81
2069.85 ± 0.30 0.32 ± 0.04 7.99 ± 1.15 0.86 ± 0.14 2068.3 ± 1.6 6.0 ± 1.2 1.20
2073.55 ± 0.12a 0.45 ± 0.08 11.3 ± 2.1 1.22 ± 0.24 2073.4 ± 1.0 13 ± 2  − 0.57
2289.66 ± 0.21g 0.28 ± 0.02 6.95 ± 0.67 0.75 ± 0.09 2289.8 ± 1.2 11 ± 2  − 1.92
2366.25 ± 0.50 0.18 ± 0.04 4.54 ± 0.98 0.49 ± 0.11 2366.6 ± 2.0 4.8 ± 1.0  − 0.19
2545.64 ± 0.27 0.52 ± 0.06 13.2 ± 1.5 1.42 ± 0.19 2545.1 ± 1.0 14 ± 2  − 0.31
3683.79 ± 0.37 0.16 ± 0.03 4.15 ± 0.71 0.45 ± 0.08 – – –

40Ca(n,α)37Ar (0 MeV) 1409.61 ± 0.10a 0.74 ± 0.04 18.8 ± 1.1 2.02 ± 0.19 1409.8 21 ± 3  − 0.70
1611.24 ± 0.08 1.65 ± 0.07 42 ± 2 4.47 ± 0.40 1611.2 ± 0.6h 48 ± 5  − 0.95
2490.24 ± 0.27 0.17 ± 0.03 4.41 ± 0.73 0.47 ± 0.08 2490.0 ± 1.0 9 ± 2  − 2.16

12C(n,n’γ)12C (4.81 MeV)j 4441.14 ± 0.42a,c 5.39 ± 1.14 100 14.4 ± 3.3 4438 ± 2 109i –
16O(n,n’γ)16O (6.43 MeV)j 6129.32 ± 0.22a 2.50 ± 0.37 547 ± 121 2.20 ± 0.37 6129.3 ± 1.0 595 ± 120  − 0.28
18O(n,n’γ)18O (6.43 MeV)j 1981.69 ± 0.18 0.46 ± 0.05 100 201 ± 28 1983.0 ± 0.4 100 –
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where l (cm) is the effective thickness of the sample, μ/ρ 
 (cm2  g−1) denotes the mass attenuation coefficient  (cm2 
 g−1) and ρ (g  cm−3) is the density of the sample (for 
 CaCO3, ρ = 2.71 g  cm−3). Neglecting coherent scattering, 
the value of μ/ρ was taken from NIST (National Institute 
of Standards and Technology) photon cross sections data-
base XCOM [43]. To account for the uncertainty in thick-
ness related to the powder nature of the sample, an error 
of 10% was applied to the thickness. A calculated value of 
fEγ = 0.731 ± 0.022 indicates an attenuation of the 29.77-keV 
gamma rays by ~ 27%. For the gamma ray of second-lowest 
energy, the 726.2-keV line from the 44Ca(n,n’γ)44Ca reac-
tion, fEγ = 0.986 ± 0.001. Therefore, gamma self-absorption 
can be neglected for all observed gamma rays except the one 
at 29.77 keV.

The relationship between the relative intensities 
measured in this work and those given in [16] is depicted 
in Fig.  6 for all lines originating from calcium. The 
values have been fitted with the following semi-empirical 
function:

f Cautious assumption that this is our line from the 40Ca(n,p)40K reaction due to a relatively low excitation level energy of 2807.88 keV and 
well agreement to peak energy of 2007.71 keV given in [20, 25]. Despite roughly 2 keV difference in energy, it might also be the same line as 
observed by us at 2009.76 keV assigned to the 40Ca(n,n’γ)40Ca reaction as the uncertainty is high and the relative intensities are comparable
g Weak interference from the 40Ca(n,n’γ)40Ca reaction possible
h 1611 and 1614 keV
i Unclear how this intensity is obtained, it might be a mistake or the absolute intensity determined with the integral cross section. From our work 
the absolute intensity is 120% by using an integral cross section for fission neutrons of 12 mb with W(90°) = 1
j Only elemental data available from [36, 37]

Table 2  (continued)

Fig. 5  Neutron energy spectrum of the modified FaNGaS version as 
described within this work at sample position (right scale of y-axis) 
and neutron energy dependence of the grouped microscopic cross 
sections σi(E) averaged over the neutron energy bin i (left scale of 

y-axis) for total (n,tot), fast neutron inelastic scattering (n,n’γ), (n,p) 
and (n,α) reactions for calcium (left side) and carbon and oxygen 
(right side). Values of the (n,tot) reactions were obtained by summing 
isotopic values in each energy bin weighted with isotopic abundances

Fig. 6  Relationship between the relative intensities IR of the prompt 
gamma rays induced by fast neutron inelastic scattering (n,n’), (n,p) 
or (n,α) reactions on calcium measured in this work and the relative 
intensities IRD tabulated in the Demidov Atlas [16]. The solid line 
represents the fit of the data with Eq. (4)
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with a = 0.88 ± 0.13 and b = 1.01 ± 0.05.
The average intensity ratio IR/IRD of 0.94 ± 0.23 indicates 

a rather good agreement between the two measurements. 
To prove the consistency in a more detailed manner, Fig. 7 
shows the two sets of data in the form of a histogram of the 
residuals R in units of standard deviation [σ], calculated as:

The fit of the data agrees at the 1.2σ level and the 
Gaussian centroid is shifted by − 0.302, indicating a 
probable systematic effect. The fast neutron spectrum 
averaged isotopic cross sections for gamma-ray production 
calculated by means of Eq.  (2) with a fast neutron flux 
of (1.13 ± 0.04) ×  108  cm−2  s−1 are given in column 5 of 
Table 2.

Detection limit

The detection limit (DL) might be defined as the minimum 
mass of a pure element that has to be irradiated for a certain 
time in order to give a net signal above the background 
with a certain standard deviation σ. For a certain counting 
live time tc and neglecting any neutron and gamma beam 
attenuation effects, it can be calculated with Eq. (2) from the 
minimum peak area PEγ(c) that might be estimated according 
to [44] as:

(4)IR = a ⋅
(
IRD

)b

(5)R =
IR − IRD√(
sIR

)2
+
(
sIRD

)2

where BEγ is the area of the background below the gamma 
line of interest and c a predefined value for the relative 
uncertainty of the peak area. In the presence of an interfering 
peak PEγ(c) can be expressed as:

where Pint is the net area of the interfering peak.
For a counting live time of 12 h, the DL of calcium, car-

bon and oxygen were calculated for the most intense gamma 
line of each element by means of Eqs. (2), (6) and (7). The 
value of BEγ was determined from the beam background with 
HYPERMET-PC. For a value of c = 0.5, corresponding to a 
peak area uncertainty of 50%, the smallest quantity of pure 
element that can be detected is 5 mg for calcium (40Ca, Eγ = 
29.8 keV, < σEγ(90°) >  = 171 mb), 13 mg for carbon (12C, Eγ 
= 4441.1 keV, < σEγ(90°) >  = 14.4 mb) and 64 mg for oxygen 
(16O, Eγ = 6129.3 keV, < σEγ (90°) >  = 2.20 mb). It is worth 
mentioning that, in contrast to carbon and oxygen, the detec-
tion limit for calcium is derived from the (n,p) rather than 
the (n,n’) reaction. With respect to Fig. 5 this is reasoned in 
a lower reaction threshold, i.e. a greater overlap between the 
fast neutron spectrum and the cross-section curve.

Conclusions

A new version of the FaNGaS instrument operated at MLZ 
is presented. The shielding of the gamma-ray detector was 
upgraded in order to improve the beam background as 
well as to facilitate the access to the detector. Compared 
to the previous shielding the total background count rate 
was decreased by a factor of 1.5 and the count rates of 
background lines by factors ranging between 1.4 and 3.7 
depending on their origins. Additionally, due to the new 
MLC of the MEDAPP facility, the distance between the 
sample and the neutron source (uranium converter plate) 
was increased leading to a reduction by 20% of the fast 
neutron flux at irradiation position compared to the previous 
geometry (1.13 ×  108   cm−2   s−1 vs. 1.40 ×  108   cm−2   s−1). 
As the composition of the new MLC potentially enables 
moderation processes, the thermal and epithermal neutron 
flux might be increased at the sample position. This will 
be investigated in a future work as only fast neutrons were 
relevant for the present work.

The emission of prompt gamma rays in calcium, carbon 
and oxygen from (n,n’), (n,p) and (n,α) reactions was 
investigated by irradiating a  CaCO3 sample. Gamma rays 

(6)PE�(c) =

√
2 ⋅ BE�

c

(7)PE�(c) =

√
2 ⋅

(
Pint + 2 ⋅ BE�

)

c

Fig. 7  Comparison of the relative intensities of the prompt gamma 
rays induced by fast neutron inelastic scattering (n,n’), (n,p) and (n,α) 
reactions on calcium obtained in this work with the data tabulated in 
the Demidov Atlas [16] in the form of a histogram of the residuals R 
in units of standard deviation [σ] calculated with Eq. (5). The values 
of R are given in column 8 of Table 2. The solid line represents the fit 
of the data with a Gaussian
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were recorded at an angle of 90° between the FaNGaS 
spectrometer and the fast neutron beam.

In total, 38 prompt gamma rays were observed. From 
these, 20 gamma lines were assigned to the 40Ca(n,p)40K 
reaction, 15 lines to (n,n’γ) reactions (12 in Ca, 1 in C and 2 
in O) and another 3 to the 40Ca(n,α)37Ar reaction. Relative 
intensities and fast neutron spectrum averaged isotopic 
gamma-ray production cross sections were determined and 
compared to the work of Demidov et al. [16]. Intensities 
of calcium lines were calculated relative to the 3905-keV 
line (100%) of 40Ca and the intensities of oxygen lines 
were calculated relative to the 1982-keV line (100%) of 
18O. Compared to [16], 6 gamma lines of calcium were not 
observed in our measurement probably due to the lower 
sample mass and measuring time. On the other hand some 
gamma rays given in [16] are probably false identifications 
as they are not mentioned in NuDat 3.0 [20]. Apart from 
that, we have observed 6 new gamma rays compared to 
[16], thanks to our better detector resolution and higher 
mean excitation energy (2.30 MeV). The relative intensities 
of the calcium lines measured in our work agree well 
(1.2σ level) with the values given in [16]. The detection 
limits of calcium, carbon and oxygen are 5, 13 and 64 mg, 
respectively, for a counting time of 12 h.
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