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Neutron capture cross section of *>Mn from irradiation with cold and reactor neutrons
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The neutron capture cross section of **Mn was measured with cold and reactor neutrons by the activation
method, relative to the well-known cross section of **Co. Three targets containing a total of ~10'® atoms **Mn
in the form of chloride salt were prepared using a stock solution obtained from activated accelerator waste in the
course of the ERAWAST initiative at Paul Scherrer Institute, Switzerland (PSI). Natural cobalt salt was added
to the sample material as an internal neutron flux monitor. The total numbers of **Mn and ¥Co atoms in the
target were deduced via mass spectrometric measurements at PSI. Cold-neutron activation was carried out at the
ICON beamline at PSI. Reactor activation was performed at the LVR-15 research reactor of Research Centre
Re? in a well-moderated neutron field of an outer reactor channel. The thermal-neutron capture cross section
and the resonance integral were determined by the cadmium ratio method. The induced activities of **Mn and
%0Co were quantified by high-resolution y-ray spectrometry. The obtained thermal-neutron capture cross section
of 76.5 £ 1.4 b agrees well with previously reported results. The uncertainty of this value could be reduced by
almost an order of magnitude with respect to older measurements and is on a level comparable to stable nuclides.
The resonance integral of 43.1 £ 1.2 b was obtained for the real reactor spectrum with epithermal-spectrum

shape factor o = 0.025.
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I. INTRODUCTION

3Mn (12 ~ 3.7 Ma) is expected to be one of the major
short-lived radionuclides produced during core-collapse su-
pernovae explosions [1,2]. It can undergo further nuclear reac-
tions due to its long half-life, which may influence the isotopic
abundances of neighboring stable isotopes. Additionally, it
can serve as a sensitive chronometer to date processes in the
early solar system [3] and to determine the exposure time of
terrestrial material to high energetic cosmic radiation [4].

The thermal-neutron capture cross-section measurements
reported in [5-8] are the only ones performed to determine
any neutron capture cross section of “>Mn so far. Millard Jr.
[5] and Honda et al. [6,7] irradiated samples containing >>Mn
extracted from meteoritic material in a research reactor and
deduced the cross section from the 3*Mn production. Wolfle
et al. [8] obtained the cross section measuring the decrease
of the >*Mn production rate due to >*Mn burn-up during a
587 day long reactor activation. A thermal-neutron capture
cross-section value of 70 £ 10 b is given in the current edition
of the Atlas of Neutron Resonances by Mughabghab [9],
based on these measurements. This value is nowadays used as
a reference, e.g., for anchoring the 53Mn(n,)/) Cross sections
predicted on the base of nuclear models available in the
TENDL evaluated nuclear data library [10-14].

Neutron activation analysis (NAA) has been a very sensi-
tive method to quantify the total content of 3Mn, used since
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the beginning of the measurements of this isotope in mete-
oritic or geological samples. Englert ez al. [15] demonstrated
the high sensitivity of NAA, which is capable of reaching
detection limits of 10~ g >*Mn per g iron matrix. At present,
accelerator mass spectrometry (AMS) is capable of realizing
detection limits of 107'® g/g [4]. However, samples with
such extremely low >*Mn concentrations are not common.
Typically the >*Mn concentration ranges from 10~'* g/g [4]
as a lower bound for terrestrial samples to 10~ g/g [15] as a
upper bound for meteorite samples. Therefore, NAA remains
a very convenient technique for Mn quantification in both
types of samples, as recently discussed by Yants et al. [16]. If
the »Mn to °Mn ratio is sufficiently high, NAA will have
a practical advantage over AMS due to the overall lower
cost, less complex sample preparation and higher sample
throughput. Since a basic requirement for NAA is the precise
value of the neutron capture cross section, a reduction of its
uncertainty is directly transformed into an improvement in the
accuracy of the NAA results.

In the framework of the ERAWAST project [17], various
rare and exotic radionuclides for research and application have
been extracted from a large variety of accelerator originated
sources (components of the accelerator, muon production tar-
gets, beam dumps, irradiated test samples, as well as specially
designed filter devices installed into the cooling circuits). The
source of the >*Mn material used in this experiment was the
copper beam dump of the former “Bio-Medical-Area” at PSI,
which was irradiated with a 590 MeV proton beam delivered
by the PSI ring cyclotron with an integrated dose of about
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0.16 Ah. The measured concentration of >*Mn close to the
beam axis was about 10'® atoms per g copper [18]. About
500 g of highly radioactive copper chips were collected before
the final disposal of the remaining parts of the beam dump
and served as source of >*Mn and other exotic nuclides. As of
today, several 10'® atoms *Mn were extracted from about 5 g
of the Cu beam dump material, purified and made available
for various experiments.

The principal limiting factor of the previous experiments
was the small available amount of >*Mn. The experiment
with the largest amount of 3Mn conducted so far is the
cross-section measurement of Wolfle ez al. [8]. A manganese
fraction of 2 g was extracted from total 20 g material of the
Duchesne nickel-iron meteorite. This fraction contained about
1.8 x 10" atoms of 3Mn. Apart from the measurement by
Wolfle [8], the other cross-section values also depend on the
half-life of 3Mn (not better known today than 10%), since the
number of target atoms was deduced from >*Mn activity mea-
surements. This approach introduces an additional possible
systematic uncertainty as the detectors were calibrated using
>Mn, which emits relaxation radiation with identical energies
as >*Mn. However, in the case of **Mn the electron-capture
decay is allowed whereas it is second forbidden non-unique
for 3Mn according to the systematics of S-decay. This can
cause significant differences in electron-capture probabilities
from the individual electron shells and, thus, different proba-
bilities of the characteristic x-ray emission for both radionu-
clides. The amount of material available for our experiment
(~10'® atoms »Mn) is about a factor of 10000 larger than
samples of »Mn used in the previous studies which were
extracted from meteoritic material. This is sufficient to obtain
34Mn activities in the order of 100-1000 Bq even after short
irradiation times with currently available cold- or thermal-
neutron fluxes. In addition, the direct measurement of >>Mn
atom concentrations via inductively coupled plasma mass
spectrometry (ICP-MS) is possible today.

All uncertainties are calculated according to the Guide to
the expression of uncertainty in measurement [19] and are
quoted with a coverage factor k = 1, i.e., confidence level of
about 68%, if not stated otherwise.

II. MATERIALS AND METHODS

A. Sample production

The purified >*Mn fraction [20] in the form of an acidic
chloride solution was evaporated to dryness and redissolved in
approx. 0.5 mL 1 M HCI. This solution was spiked with 20 uL.
natural cobalt chloride solution (=100 mg/mL CoCl,.6H,0
in Milli-Q water) with the purpose to act as internal neutron
flux monitor during the activation experiments, utilizing the
reaction >*Co(n, y) ®*Co. Three individual samples were pre-
pared by dropping this solution on a glass wool filter disk with
a diameter of 0.6 cm, fixed on transparent pressure-sensitive
adhesive tape (PSA tape). Six droplets of the solution were
successively deposited on each filter disk. After each droplet,
the liquid was evaporated to dryness by putting the samples
on a hot (=120 °C) heating plate, leaving a solid salt residue
inside and on top of the filter. The exact amounts of the stock

(a) (b)

FIG. 1. One of the prepared **Mn samples before the activation
experiments (left) and together with the dummy target after the 3 h
reactor activation (right).

solution deposited on each target were traced gravimetrically.
The final drying of the samples was performed in a drying
cabinet (110°C, 60 min).

Subsequently, the samples were covered by a second strip
of PSA tape, forming a sandwich with the salt-loaded fil-
ter between two layers of PSA tape, positioned with their
adhesive-covered sides towards each other. A disk of 1.0 cm
diameter was punched out of this assembly, leaving a 0.2 cm
wide rim around the centrally positioned filter. To prevent
moisture uptake by the strongly hygroscopic salt, the samples
were additionally fixed between a second set of two discs of
PSA tape of 2.6 cm diameter. The left panel of Fig. 1(a) shows
one of the finished samples. A retained sample of the stock
solution was kept aside for the later analysis of the isotopic
composition and the total **Mn and *’Co content. The exact
amount was traced gravimetrically.

B. Sample characterization

3Mn and *Co contents in the stock solution were deter-
mined by multicollector ICP-MS (MC-ICP-MS) using gravi-
metric standard addition with Fe as an internal standard
[21,22] and reverse isotope dilution [23]. The absolute number
of »Mn atoms in the stock solutions used for the sample
preparation was obtained from the measured >*Mn/>>Mn iso-
topic ratio of a Mn-standard-free analyte. The *Mn signal was
corrected for isobaric interference from *Cr by monitoring
2Cr and using the measured value >*Cr />*Cr = 0.167314 +
0.000014 of the isotopic ratio. This value is strongly shifted
towards >Cr in comparison with the natural abundance of
3Cr/3Cr = 0.113386 & 0.000073 [24] as a result of the
long-term irradiation of the copper material. To obtain the
3Cr/?Cr isotopic ratio, the Cr in the stock solution was
chemically separated from Mn utilizing the method described
in [25], followed by measuring the isotopic ratio of the Mn-
free fraction using the same ICP-MS measurement scheme as
described above.

All mass spectrometric measurements were conducted us-
ing a Plasma 3 MC-ICP-MS designed and manufactured
by Nu Instruments at a resolving power above 8000 [26].
All solutions were introduced via a self-aspiring PFA-ST
MicroFlow nebulizer at approx. 50 uL/min uptake rate and
an Apex HF desolvating nebulizer (both from Elemental
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TABLE 1. Number of atoms N of **Mn and **Co in the three
samples used for activation experiments, based on MC-ICP-MS
analysis of the stock solution and the amounts m of the stock used
for preparation of each sample.

Sample 1 Sample 2 Sample 3

m (mg) 120.39 + 0.06 132.40 £+ 0.06 115.83 £ 0.06
N (10'7) **Mn 3.180 &+ 0.014 3.497 + 0.015 3.059 + 0.013
¥Co 7.887 + 0.048 8.673 + 0.053 7.588 + 0.046

Scientific). All ion beams from mass 52 (Cr) up to 59 (Co)
were collected simultaneously in Faraday cups connected to
amplifiers with 10'! Q resistors in their feedback loop. The
instrumental signal on each cup was background corrected by
subtracting the signal obtained during 120 s of measurement
prior to each analyte supplying the identical 0.28 M HNO;
solution that was used in the preparation of all standard and
sample analytes.

The isotopic ratio of each sample and standard measure-
ment is represented by the average of 100 individual 10-s-long
integrations. Instrumental mass discrimination was character-
ized and corrected for using an exponential law [27]. The
nuclide masses from the atomic mass evaluation [28] were
used. Instrumental mass-discrimination corrections for sam-
ples were done normalizing either internally to °'Fe / °Fe =
0.023096 £ 0.000036 [29] or externally, intermittently ana-
lyzing mixed natural Fe-Cr standard solutions at equivalent
signal intensities and using the mass-discrimination informa-
tion obtained by normalizing their >"Fe / 3Fe or >*Cr /32Cr
isotopic ratios to those taken from the literature. The exter-
nal mass-discrimination scheme allowed including additional
data.

Final uncertainties are derived by Monte Carlo uncertainty
propagation that includes: (i) the certified concentration un-
certainties of the utilized TraceCert >>Mn and >°Co reference
solutions, (ii) weighing uncertainties obtained from repeat-
edly weighing each dilution and additional steps during prepa-
ration of the stock-standard-mixtures analyzed for standard
addition and isotope dilution, (iii) the uncertainties of repeated
mass spectrometric analyses of each stock-standard-mixtures,
and (iv) the overall scatter in concentration results from
combining the individual results for each of the four stock-
standard-mixtures with that obtained for the Mn-standard-free
analyte of the same stock. Step (iv) is considered more robust
than regressing the five data points for Mn-standard-free an-
alyte and the stock-standard-mixtures because it reflects that
the actually measured Mn-standard-free composition defines
the y intercept of standard-addition regressions and, thus,
prevents possible bias in the value induced by scatter in the
data for the stock-standard-mixtures.

The concentrations of >*Mn and *Co in the stock solu-
tion were determined to be (1.403 & 0.006) x 10" g~! and
(3.48 £0.02) x 10'7 g7, respectively. The amounts of >>Mn
and *°Co atoms present in each sample are given in Table I.

C. Cold-neutron activation

The activation experiment with cold neutrons was carried
out at the ICON beamline [30] of the PSI spallation neutron

102 1l Ll L1l L1l L
¥ 10 =
.E E
3 o
£ 100 I
5 10 3
Ll C
T L
T 101
10 -

10_2 TTT T T T TTTT T T T TTTTI T T T T T T

107 107 107 10°
E (eV)

FIG. 2. Neutron spectrum at the ICON beamline [30,31]; the
average neutron energy is 8.53 meV.

source SINQ with a mean neutron energy of 8.53 meV. Fig. 2
shows the neutron spectrum determined at the beamport by
time-of-flight measurements [30,31]. The ICON beamline is
a user facility with primary focus on cold-neutron imaging.
The activation of the samples was performed in parasitic
mode, i.e., concurrently to other user experiments running
at the beamline. The impact on the other user experiments
was minimal, with only a slight vignetting for experiments
using the largest neutron field. An aluminum sample holder
was designed and manufactured, which could be mounted
behind the beam shutter and let most of the beam pass
unobstructed through the central rectangular opening (see
Fig. 3). In the corners of this opening, up to four samples
with a maximum size of approximately 1 x 1 cm? can be
placed. In our experiments, three positions were occupied
with the >*Mn containing samples and one by a Cividec
B6C neutron-sensitive diamond detector used for online flux
monitoring. The count-rate readout and the data recording
was realized via LabVIEW. The neutron flux at the corner
positions varies by two orders of magnitude in dependence
of the collimating aperture diameter used for the particular
imaging experiment (typically 2.0 cm, 4.0 cm, and 8.0 cm
opening diameter). Therefore, the activation was scheduled
into a time slot, in which a frequent usage of the largest
(diameter of 8.0 cm) aperture was planned, thus providing

FIG. 3. Front side (from direction of the beam) of the setup
for activation at ICON with mounted samples on three positions
(left). Rear side with attached neutron detector and preamplifier. The
opening enables passing of the majority of the beam. The samples
are mounted at the corners of the opening.
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FIG. 4. Intensity of the neutron beam at the sample positions
during the cold-neutron activation experiment as recorded by the
neutron-sensitive detector. Count rates of about 50 kCPS correspond
to the large (¢ = 8.0 cm), 5 kCPS to the middle (¢ = 4.0 cm)
aperture.

the highest neutron flux at the sample positions. The samples
were irradiated for 12 d in total, Fig. 4 presents the measured
counts per second (CPS) of the neutron detector during the
time period of the experiment. This was used as a measure of
the momentary neutron beam intensity at the sample positions
during the irradiation.

D. Reactor neutron activation

The second activation of the samples was performed in the
LVR-15 reactor at Research Centre ReZ about five months
after the activation with cold neutrons. LVR-15 is a light-
water research reactor with a maximum thermal power of
10 MW and maximum thermal-neutron flux of 10'* cm=2s~!.
Figure 5 shows the core layout during the time where the >*Mn
experiments were performed. The samples were irradiated
inside of an aluminum capsule at the position “DONA 6”
(DN-6, see Fig. 5) in the outer region of the reactor core to
assure a well-moderated neutron spectrum [32].

For neutron fluence evaluation, activation detectors of Fe,
Ni, Co (1% alloy with Al), and Zn with a diameter of 4.0 mm
and a thickness of 0.1 mm were used. Relevant dosimetry re-
actions are **Fe(n, p)>*Mn, *%Fe(n, y) *Fe, *®Ni(n, p)>%Co,
P Co(n, y)*Co, and *Zn(n, y)%Zn. The induced activities
were later measured with HPGe detector and the reaction rates
were deduced. The theoretical neutron spectrum was calcu-
lated with the MCNP code [33] and used as input spectrum for
spectral adjustments with the STAYSL PNNL software suite
[34].

As the samples were cooled directly by the primary re-
actor coolant at 50 °C-60°C, streaming through the inner
volume of the capsule, they were placed in two layers of
welded plastic bags to prevent contamination. In addition,
three “dummy”” samples were prepared in analogous way like
the 3*Mn samples, but using a mixed solution of natural iron,
cobalt and manganese chlorides in similar concentrations like
in the *Mn stock solution. One of these dummy samples was
placed in the bag with the real sample during each irradiation.

FIG. 5. Core layout of LVR-15 in the reactor cycle at the time of
33Mn activation. Color coding: fuel assemblies — purple, beryllium
reflectors — yellow, water and irradiation channels — cyan. The
irradiation position DONA 6 is highlighted in red.

The purpose of the dummy samples was to investigate the
possibility of a significant >*Mn production by fast-neutron
reactions on the unseparated impurities in the >*Mn sample.
No >*Mn activity could be measured in these dummies after
the irradiation.

Samples 1 and 2 were irradiated bare, sample 3 was
irradiated inside of a cylindrical cadmium case with wall
thickness of 0.5 mm and outer height and diameter of 6.1 mm
and 23.2 mm, respectively. Metal foil flux monitors were
put next to samples in the capsule in order to measure the
absolute neutron fluence and spectrum. Samples 1 and 2 were
irradiated for 25 min, sample 3 for 180 min. The intense y -ray
radiation in the reactor core caused a visible coloring of the
transparent PSA tape, especially for sample 3 due to the longer
irradiation period [see Fig. 1(b)].

E. Activation measurements

The produced amounts of the activation products **Mn and
®Co were quantified by high-resolution y-ray spectrometry.
The activity of each sample was measured after preparation,
after the cold-neutron activation and after the reactor activa-
tion, respectively. The activities produced in the particular
experiment were obtained as a difference between sample
measurements before and after the corresponding irradiation.
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TABLE II. Half-lives t,,,, y-ray energies E and emission probabilities ,, of 3Mn and ®Co as well as corresponding FEP efficiencies &,
determined for the geometry of the measurements. Nuclear data from [35] were adopted.

2 () E (keV) I, (%) £ (%)
*Mn 312.19 £+ 0.03 834.848 + 0.003 99.9752 + 0.0005 0.2106 £ 0.0021
0Co 19252 + 0.3 1173.228 + 0.003 99.85 + 0.03 0.1503 £+ 0.0017

1332.492 £ 0.004

99.9826 + 0.0006 0.1310 £+ 0.0015

The samples were measured with a Broad Energy Germa-
nium Detector (Canberra BEGe 2825, 18% relative efficiency)
in distance of 9 cm from the detector endcap using a ded-
icated sample holder. The full-energy-peak (FEP) efficiency
calibration was performed using a calibration source with kBq
amounts of **Mn and ®°Co, fabricated in analogous manner as
the real samples (see Sec. I A) to account in the best possible
way for the real sample geometry, activity distribution in
the filter disk and y-ray self-absorption within the sample.
A radionuclide solution containing both 3*Mn and *°Co and
characterized in terms of specific activity of both radionu-
clides was used for preparing the calibration source. The
precise activity of the calibration source was then obtained
from the mass of the solution spent for preparation of the
source. Table II summarizes the determined FEP efficiencies
¢. The half-lives ¢, the y-ray energies E, and the emission
probabilities I, taken from the compilation [35] were used for
all >*Mn and ®°Co activity measurements. Table III gives an
overview of the results of the activity measurements.

III. DATA EVALUATION
A. Cold-neutron cross section

The actual quantity measured in the experiment is not
the cross section oy, of the neutron capture reaction
3Mn(n, y)>*Mn itself, but the cross-section ratio r,, i.e.,
the relative magnitude of om, compared to oc,, the cross
section of the reaction >*Co(n, y ) ®°Co. °Co serves as internal
flux monitor during the measurements, assuming a strict 1/v
dependence of the cross section

- OMn __ YMn (1)
7 OCo Yco

with
_ AAp

= , 2
deecG ( )

where N denotes the number of atoms in the target (see
Table I), ¢/, is the half-life of the corresponding activation
product (**Mn or °Co), G is the neutron self-shielding factor,
and kg is a factor correcting for the decay of the activation
products during the irradiation period. The factor kg4, Was
calculated for both radionuclides using the irradiation history
(see Fig. 4) as follows:

In(2)A
Zi Zi exp (_ 1) t)
S 7 : (3)
i Zi

The terms in the numerator and denominator sum over indi-
vidual entries i in the log file of the neutron flux measurement.
At; gives the time difference between the recorded timestamp
of the entry and the reference time of the activity values, Z; is
the count-rate of the neutron detector. As the irradiation period
was rather short, compared to the half-lives of both activation
products, the values of kg are very close to unity (99.17% and
99.86% for *Mn and *°Co, respectively). The uncertainty of
kgec 1s well below 0.01% in both cases and was neglected in
further calculations.

The neutron self-shielding factor G was assumed to be
identical for both Mn and *°Co, as the samples were pre-
pared from an aqueous solution containing both nuclides and
a homogenous mixture of both isotopes is expected to be
kept within the solid salt precipitated after evaporation of the
solution. Thus, these terms cancel out in Eq. (1). Table IV
reports the values of 7, and the deduced capture cross sec-
tions o mn for thermal neutrons with velocity v = 2200 m/s
(corresponding to a kinetic neutron energy of 25.3 meV),

dec =

TABLE III. Pre- and post-irradiation activities of the samples as determined by y-ray spectrometry and the resulting induced activities
AA. Index “1” denotes the first, cold-neutron activation, index “2” the reactor activation. The reference times of the activities are 14.11.2017
00:00:00 for cold-neutron activation and 29.03.2018 13:00:00 for reactor activation and correspond roughly to the end of the particular
irradiation. The values of A; ;. were obtained by recalculation of A . to the new reference date.

Sample 1 Sample 2 Sample 3
54Mn 60C0 54Mn 60CO 54Mn 60C0
Aj pre (Bq) <0.5 4.26 £ 0.30 <0.5 4.45 £ 0.29 <0.5 4.35 £ 0.28
Aj post (Bq) 1441 £ 1.5 33.19 £ 0.46 200.0 £ 2.1 44.26 + 0.58 1852 £ 2.0 41.21 £ 0.55
AA; (Bg) 1441 £ 1.5 28.94 £+ 0.52 200.0 £+ 2.1 39.81 £ 0.61 1852 £ 2.0 36.85 + 0.58
Az pre (Bq) 106.7 £ 1.1 31.61 £ 044 148.1 £ 1.5 42.15 £ 0.55 1371 £ 14 39.25 + 0.52
As post (Bq) 8560 £ 85 1707 £+ 20 9639 + 96 1920 £ 22 556.5 £ 5.7 340.8 £+ 3.9
AA; (Bq) 8453 + 84 1676 + 19 9491 + 95 1878 + 21 419.5 + 4.4 301.6 £ 3.5
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TABLE IV. Cross-section ratios r, measured by cold-neutron
activation and neutron capture cross sections oy y, of 3Mn deduced
on the base of these ratios. Additionally, the nuclear data and decay
correction factors kg required for calculation according to Eq. (2)
are listed.

Sample 1 Sample 2 Sample 3
kdec,Co 9986%
kdec,Mn 9917%
To 2.017 £0.045 2.036 +£0.041 2.035 +£0.041
0o,vn (b) 75.0+£1.7 75715 75.7£1.5

calculated individually for each sample using the adopted
value of 0y,co = 37.18 £0.06 b [9].

B. Reactor spectrum

The measured fluxes of thermal (<0.5 eV), epithermal
(0.5eV-100 keV) and fast (> 100 keV) neutrons together with
the irradiation times #;; for all three samples are presented in
Table V and the calculated neutron spectra are given in Fig. 6.
The flux monitor foils were mounted externally on the cad-
mium shielding during activation of sample 3 (see Sec. II D).
Thus, the measured thermal-neutron flux is not representative
for the real neutron flux applied to the sample located inside
of the cadmium shielding. As can be seen on Fig. 6, the
thermal flux outside of the cadmium case is only about 50%
lower due to the local perturbation of the thermal-neutron
field in the vicinity of the case. The calculated fluences and
spectral shapes for samples 1 and 2 are almost identical. The
epithermal and fast regions of the neutron spectrum for sample
3 are not significantly affected by the presence of cadmium
and their shapes matches those of samples 1 and 2.

For better normalization of the activation rates in the
further analysis, the factor k4 was introduced, accounting for
the variations of the total neutron flux magnitude between
individual activations. ks was defined as the ratio of the
particular fast-neutron flux to the fast-neutron flux during the
activation of sample 1. The fast-neutron flux was chosen as a
representative measure of the total neutron flux magnitude as
itis at least affected by the presence of the cadmium shielding.

The shape of the neutron spectrum in epithermal range
is described by a 1/E'** behavior. The epithermal-spectrum
shape factor o = 0.025 £ 0.003, quantifying the deviation

1013 . . 1 . L 1 . L | —
] —Sample 1 + 2
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FIG. 6. Calculated neutron flux spectra during reactor activations
of samples 1-3. The magnitude and shape differences between
sample 1 and 2 spectra are not distinguishable in the plot. Hence,
the filled curve is representative for both samples 1 and 2.

of the epithermal part of the spectrum from an ideal 1/E
shape, was obtained by fitting the calculated neutron spectrum
between 2 eV and 30 keV. The energy dependence of o was
neglected.

C. Thermal-neutron cross section and
resonance integral calculation

The activation rates R per atom *Mn and 3°Co during the
reactor activation were calculated using the relation

AAsti)

R= —212 (4)
Niticky In (2)

The deduced activation rates R and the cadmium ratios C,
i.e., the ratios between the activation rate with and without
cadmium shield are given in Table VI. In case of a well-
moderated neutron spectrum, the activation rate R in the
neutron field with thermal- and epithermal-components can
be formulated as a sum of thermal- and epithermal-activation
rates Ry, and Ry using the Hpgdal convention [36,37]

R =Ry + Repi = Pngwo0oGm + ¢epi10(05)Gepi (5)

with the thermal- and epithermal-neutron fluxes ¢y, and
the ¢epi, corresponding self-shielding factors Gy, and Gep;,
the Westcott factor g,, the capture cross sections oy

TABLE V. Irradiation periods #;,, and energy-dependent neutron fluxes calculated using co-activated neutron flux monitor foils.

Sample 1

Sample 2 Sample 3

Thermal (cm~2s™') (1.122 +0.029) x 10"3

(<0.5 eV)

Epithermal (cm™2s7")
(0.5 eV-100 keV)
Fast (cm™2s7!)

(100 keV—-2 MeV)

tirr (S) 1500
ky (%) 100.0

(1.778 £ 0.066) x 10'2

(1.402 4 0.042) x 102

(1.107 £ 0.029) x 10'3 (4.53 £0.12) x 1012

(1.753 £ 0.065) x 10'2 (1.512 £ 0.061) x 102
(1.382 4 0.042) x 102 (1.2011 £ 0.038) x 10"

1500 10800
98.6 85.7
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TABLE VI. Measured activation rates R and cadmium ratios C
as well as the resulting cross sections oy M, at v = 2200 m/s and the
resonance integrals Iy v (@) of 53Mn and the ratio of these quantities
Qo.mn (). Whereas the values of Ry, and Rc, originate from the
activation of sample 1 or sample 2 as indicated by the corresponding
column titles, Repimn and Repic, were deduced from the activation
of sample 3 inside of the Cd case and are the same for samples 1
and 2. This approach is justified as all activation rates were properly
normalized per target atom and flux intensity [see Eq. (4)].

Sample 1 Sample 2
Rym (s7) (6.897 £0.075) x 10719 (7.143 £0.078) x 10710
Reo (s71) (3.399 £ 0.044) x 10719 (3.514 £0.045) x 10710
Repivm (s71) (5.766 & 0.065) x 10712
Repico (s71) (1.031 £0.013) x 1071
Cwn 119.6 £ 1.9 1239+ 1.9
Cco 32.98 £0.60 34.09 +£0.62
To 2.083 £ 0.037 2.085 £ 0.037
T 0.559 £0.017 0.559 £0.017
oomn (b) 775+ 1.4 775+ 1.4
Iomn (@) (b) 43.1£1.2 43.1£1.2
Qo,vn () (b) 0.557 £0.024 0.556 £ 0.023

at v=2200 m/s, and the resonance integral I[y(x). A
Maxwellian-energy distribution is assumed for the thermal
neutrons and a 1/E'*® shape in the epithermal part of the
spectrum. Activation by fission neutrons is neglected.

Experimentally, R can be assessed by activating the bare
sample, Rep; by activation of the sample shielded by cadmium.
Due to the shape of the (n, y) cross section of cadmium,
the transmission characteristics of a cadmium shield can be
described in good approximation by a step function, whereby
neutrons below the cadmium cut-off energy Ecq (thermal neu-
trons) are considered as completely absorbed, while neutrons
with energy above Ecq4 (epithermal and fast neutrons) are fully
transmitted. The exact value of Ec4 depends on the particular
geometry and wall thickness of the cadmium case [38]. The
value of Ecq = 0.55 eV is typically used and was adopted in
our experiment. The thermal-activation rate is then calculated
as the difference of the activation rates of the bare sample and
the Cd-shielded sample:

N

Repi
Fea

R ZR_Repi =R- (6)

It has to be noted that the experimentally measured
epithermal-activation rate Iéepi of the cadmium-covered sam-
ple might be lower than in the uncovered case if there is a
significant overlap between the resonances of cadmium and of
the target isotope. This is corrected by the cadmium transmis-
sion factor Fgq, defined as the ratio between the epithermal-
activation rates with and without the cadmium shield. Fcq
differs from unity only for a small number of nuclides [38] and
because no values of Fq were found in the literature for the
relevant reactions >*Mn(n, y) and P Co(n, ), during the data
evaluation it was assumed to be Fcq = 1 and thus Rep ~ Iéepi.

Combining Egs. (5) and (6), the measured cross-section
ratio r, can be expressed as [39]

_ (RMn - Repi,Mn) 8w,Co Gth,Co
(RCO

The thermal-neutron self-shielding factors Gy mn and Gy co
were assumed to be identical for reasons described in
Sec. IIT A and thus, cancel out in Eq. (7). The Westcott factor
gw.Mn 18 not known and thus, was assumed to be unity in the
evaluation. For g,, ¢, the value of 1.004 [9] was adopted. The
calculated values of r, and of the corresponding cross sections
00.Mn based on oy ¢, are listed in Table VI.

Analogous to Eq. (7), the ratio of the resonance integrals r;
can be obtained using the following relationship [39]:

(N

o .
- Repi,Co) 8w, Mn Glh,Mn

-1
(CCO - FCd,Co)Gepi,Co &w,Mn 90,Mn Gih,Mn
(CMn

As discussed earlier, both the thermal- and epithermal-neutron
self-shielding factors were assumed to cancel out in the
equation and Fgq was set to unity for both reactions. The
resonance integral Ip(«) for the experimental neutron spec-
trum characterized by the epithermal-spectrum shape factor
a can be calculated from the resonance integral I, for the
ideal epithermal spectrum with 1/E shape using the effective
resonance model [40]

Iy —0.429
Io(ar) = ( 0 w00

ry =

®)

—1 M
— Fg'vn) Gepiovin &w.Co 90.co Gin.Co

0.429¢,,00 (,,), ©)
Ca + 1)(Ecq)

where E, is the effective resonance energy as defined in
[41]. The unit of E, and Ecq is eV. The literature value
E, =136 + 7 eV for *Co [42] was adopted. The evaluation
of Eq. (9) yields a resonance integral of ¥Co of In.co(r) =
77.1 & 1.8 b. The calculated values of r; and as well as the
resulting resonance integral Iy my (o) are given in Table VI.
The ratio of the resonance integral and the thermal-neutron
cross section Oy co(«) is additionally listed in Table VI.

(E, )

IV. RESULTS AND DISCUSSION

Table VII presents the resulting >*Mn capture cross sec-
tions oy at v = 2200 m/s and the resonance integral Iy(c) as
measured in our experiment and gives an overview of previous
available literature data. Arithmetical average of the three
cold-neutron activation values or the two reactor activation
values obtained in each experiment (see Tables IV and VI) was
built. The difference between these o values for the cold- and
thermal-neutron activation is approximately 2.0 b (=2.5%),
which corresponds to around two standard deviations of the
deduced values. We suggest a value of op =765+ 1.4b
as the value of the thermal-neutron capture cross section of
33Mn. The achieved accuracy of less than 2% is almost one
order of magnitude better than in previous measurements and
comparable with thermal-neutron cross-section uncertainties
of stable nuclides.

The here selected approach, which is based on relative
cross-section measurements against well-known reference
cross sections, will generally minimize the magnitude of the
involved uncertainty sources. We will discuss here in detail a
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TABLE VII. Values of oy and [, for the reaction 53Mn(n, y)
measured in our activation experiments and previously reported
values.

oo (b) Iy (b)
Cold-neutron activation 75.44 £0.94 —
(this work)
Reactor activation 77.5+1.0 43.1+£1.2
(this work) (¢ = 0.025)
Average (this work) 76.5+1.4 43.1+1.2
(¢ = 0.025)
Millard, Jr. (1965) [5] 170 —
(with ¢, = 3.7 Ma) 95 +29
Honda et al. (1971) [7] 82+7 —
Wolfle et al. [8] 66 +7 <125
Mughabghab (6th ed.) [9] 70 £ 10 30 + 5°

2See explanation in text.

possible additional contribution to the uncertainty budget. The
determination of the total number of target atoms by ICP-MS
cannot be the cause of the observed discrepancy, since the
same samples prepared from one solution were used in both
experiments. Furthermore, the evaluation generally does not
use the absolute atomic numbers, but only the isotopic ratio of
3Mn and *°Co.

Even if Eq. (7) contains the terms R—R.p; and, thus, is
formally dependent on the difference of the absolute number
of atom in samples 1 (or 2) and 3, the influence of of Ry ~
0.01R to the uncertainty budget is negligible under the chosen
experimental conditions. Neither y-ray spectrometry can be
responsible for the discrepancy in the view of the authors. All
y-ray measurements were performed with the same detector
and sample holder, thus utilizing identical geometrical con-
ditions for all measurements. The efficiency calibration itself
was performed with a calibration source prepared in the same
manner as the measured samples, thus accounting for true
coincidence summing, volume effects, and self-attenuation in
the best possible way.

Since the individual values of oy within the particular acti-
vation experiment agree perfectly, we assume the discrepancy
is caused by a systematic effect, which does not make the
two activation measurements fully comparable at the current
state of analysis. In our opinion, the result of the cold-neutron
activation is more reliable due to the larger number of approx-
imations and assumptions necessary for the proper evaluation

of the reactor activation, e.g., about the Westcott factor or
cadmium transmission factor of >*Mn which are not known.

The reported values of oy of **Mn agree reasonably with all
previously reported measurements and their weighted average
given in [9] as shown in Table VII. Our values stand almost
exactly in the middle between the two newer measurements of
Honda et al. [7] and Wolfle et al. [8] and are within 1 and 1.5
of their reported standard deviations, respectively. Millard [5]
expressed the cross section of 3*Mn as a function of its half-
life; the original value of 170 b reported in his paper was based
on the *Mn half-life value of 2 Ma assumed at that time. The
re-evaluation using the current adopted value of 3.7 Ma [43]
yields 95 £ 29 b which is still higher, but compatible with our
values within one standard deviation.

Regarding the resonance integral, no experimental values
were found in the literature except for the upper limit stated
by Wolfle et al. [8] with respect to the thermal-neutron
capture cross section and the resonance integral of ®*Zn. The
value of 30 &5 b listed in [9] is lower than our measured
resonance integral, but it remains somewhat obscure as its
original reference is not given in the corresponding literature
list. It should be noted that our value of the resonance integral
is strictly valid only for the irradiation conditions on the used
sample position, characterized by the epithermal-spectrum
shape factor o = 0.025. The usually reported resonance
integral Iy for o = 0 is expected to be smaller by less than 5%,
but the corresponding transformation could not be performed
due to the lack of data on the cross-section shape of >>Mn.

The resonance integral can be used to improve the predic-
tions of the cross-section shape in the resolved and unresolved
resonance range, e.g., in future versions of the TENDL library,
until a differential measurement of the capture cross section
becomes available. With Qy(«) ~ 0.6, we expect rather weak
resonances and the beginning of the resolved resonance range
in the keV energy domain. This conclusion is supported by a
recent measurement of the 30 keV Maxwellian-averaged cap-
ture cross section for the reaction >*Mn(n, ¥ ) which showed
the MACS is low (=0.05%), compared to the thermal-neutron
capture cross section [44].
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