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Abstract

Thermal neutron capture cross-section of 26Mg, BFe, “7n, ®Zn, **Gd, '°Gd were measured
experimentally using the second Egyptian research reactor ETRR-2. Samples of ferrite Mg(1-
x)Zn,Fe,04 (where x=0.0, 0.2, 0.4, 0.6, 0.8 and 1) were previously synthesized by the sol-gel
method, for use in some hyperthermia applications, and monitor (Zr) metallic foils were
irradiated along with the samples by thermal neutrons. The induced activities in the samples
were measured by high-resolution y-ray spectrometry with a calibrated HPGe detector. The
neutron capture cross-section of the reactions were determined relative to the reference cross
section values for the **Zr(n,y)”*Zr and *Zr(n,2n)*Zr reactions as a single comparator. The
present results were compared with the literature data, the TENDL-2021 database values and
evaluated data, and in most of the cases a good agreement was found.
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Introduction

Mg—Zn ferrite is considered as one of the important
materials with potential use in many applications [1-5].
Samples of ferrite Mg(1-x)Zn,Fe,O, (where x = 0.0, 0.2,
0.4, 0.6, 0.8 and 1) were previously synthesized by the
sol-gel method to be used in some hyperthermia
applications [6, 7]. Introduction of minor concentration of
the rare earth element Gd®>" may improve hyperthermia
properties [8-12] and nuclear magnetic resonance image
(NMRI) contrast [13].

In this work, the ferrite Mg(1-x)Zn,Fe,O, samples with x =
0.2 were doped by Gd®" with different compositions in
order to be irradiated by neutrons using the second
Egyptian research reactor ETTR-2. The irradiated samples
were used for cross sections of (n,y) reactions measuring
and intercomparison for the 8Gd, '°Gd, *Fe, **Zn, ®*Zn,
Mg, as well as the (n,p) reactions of **Fe and *°Fe
isotopes. The (n,y) reactions were produced through
thermal neutron irradiation, while the (n,p) reactions of
Fe and **Fe were produced by using fast neutrons.

Natural gadolinium is used as a burnable poison in most
Light Water Reactors, LWRs, to account for the excess of
reactivity of fresh fuels. For an accurate prediction of the
nuclear fuel cycle length, nuclear data and neutron capture
cross sections must be known with a high precision [14].

The low abundance isotopes of some elements, in nature,
are stable or have half-lives longer than several billion
years. Since these isotopes have low abundance, poor
nuclear data on their neutron capture cross sections are
available. For some low abundance stable nuclei, there are
no data available or, if exist there are large discrepancies
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between the few available data sets; especially, the cross
sections of the thermal neutron capture reactions on '**Sm,
2Gd, *Dy, '*YD, and '"Os are poorly measured. These
data play a significant role in determining neutron capture
cross sections over wide energy regions in nuclear data
evaluations [15, 16].

To measure the capture cross section for '**Gd and '°Gd,
the natural gadolinium foils (99.9% pure) were irradiated
by using thermal neutrons from the ETRR-2 reactor and
the gamma-ray activities were measured from the decay of
'3Gd and '*'Gd after neutron. In the natural gadolinium
foil, "**Gd is more abundant, and the capture cross section
for this isotope was measured well with rather small
uncertainties.

Experimental work

Samples preparation and irradiation

The samples of ferrite Mg, sZny,Gd,Fe, 04, where x =
0.0, 0.1, 0.2, 0.3, 0.4 and 0.6, y = 0.025, 0.05, 0.075 and
0.1, were synthesized by sol-gel method [3].

For irradiation of samples by the neutron flux in ETRR-2
research reactor, the samples and Zr monitor foils were
placed in polyethylene vials and irradiated for short time
(10 min), and long time (60 min), respectively.

The thermal and fast neutron fluxes were measured using
Zr foils activation. After proper cooling times, the
activities of the radioisotopes produced in the target and
the monitor foils were measured, nondestructively, using
high-purity germanium (HPGe) gamma-ray spectroscopy.
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The acquisition data were collected by a multichannel
analyzer (MCA) using Gamma vision (Version 5.1, EG&G
ORTEC) software program. The HPGe detector used was
a Canberra GC-6020 model with 60% efficiency and
2.9keV energy resolution at 1332.5 keV y-ray line of “’Co.
The spectrometer was calibrated in energy and efficiency
using standard point sources of '**'>*!'**Eu, *’Cs and “Co.

The nuclear data used for measuring the activity of **Gd,
160Gd, 58Fe, 65Zn, %87n and 26Mg isotopes, respectively, are
listed in Table 1.

The thermal neutron cross sections were calculated for
2Gd(n,y)'”’Gd, '"“Gd(n,y)'"'Gd, *Fe(n,y)’Fe, *Zn(n,y)*Zn,
%7n(n,y)*™Zn and **Mg(n,y)*’Mg reactions using thermal
neutron flux calculated from **Zr(n,y)”>Zr monitor, while
for the neutron cross section calculation of **Fe(n,p)**Mn
and *Fe(n,p)*Mn reactions, the fast neutron flux was
determined by using the *°Zr(n,2n)**Zr monitor reaction.

Table 1. Nuclear data for the **Gd, '°Gd, **Fe, *Zn, **Zn,
**Mg, *Zr and **Zr isotopes, [14-16]

Irradiated | Abundance Nuclear T eneZ-gies Iy
s 0, s 1/2 0
isotope (%) Reaction (keV) (%)
0.46 170.82 | 0.86
Mg 11.03 | *Mg(n,y)*’"Mg in | 843.76 | 71.80
1014.52 [ 28.20
153 152 153~ 1 240.40] 97.43 [30.20
Gd 0.2 Gdiny)™Gd || 10318 |22.10
360.94 |60.10
160 160 61 3.66 | 314.92 [22.70
Gd 21.86 Gd(n,y)''Gd | o 0235 T13.90
283.55 | 5.91

4449 142.65 | 1.03
¥Fe 0.28 **Fe(n,y)Fe 4 11099255650
1291.59 [43.20
#7n 49.17 $7n(n,y)*Zn 24193 1115.54 | 50.04
68 68 69m. 13.76 | 438.63 |94.85
Zn 18.45 Zn(n,y)” "Zn h 573.01 10.033
SFe 5.85 *Fe(n,p)>*Mn 3131'20 834.85 [99.98
846.76 |98.85
Fe 91.75 Fe(n,p)**Mn | 2.58 h | 1810.73 |26.90
2113.09 | 14.20

9
Zr 04 05 64.03 | 724.19 [44.27
Zrfoil | (17.38) Zrmy)"Zr g | 756,73 | 54.38
(monitor) N7r 90 89 78.41

(51.45) Zr(n,2n)°Zr | 7" | 909.10 | 99.04

Cross-section calculations

The reaction cross sections were calculated using the well-
known activation formula. As input parameters, measured
activity, flux, and number of target atoms per cm?” are used.
The experimental neutron cross-section o, for the nuclear
reaction was calculated relative to the **Zr(n,y)”Zr and
P7r(n,2n)*Zr monitor reactions using the following
equation, [17, 18]:

Np(x)é'mlmﬁXNm (1- o i )e—l,,,td (1- ol )
"’ Npmy&l i An Ny (1= e Ml )e”l.xld (1—e M )

X

(M
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where N,s), N,m are the net peak area under the y-ray
peak of interest, ¢ is the detector efficiency, [ is the y-ray
intensity, N,, is the number of target or monitor nuclei,

(1 —e M )is the saturation factor, A is the decay constant,

t; is the irradiation time, #; is the cooling time, ¢, is the

~Hd s the decay factor, and (1- e He )is

measuring time, e
a term used for correcting the decay during the counting
period. The subscripts x and m refers to the target and

monitor reactions, respectively.

For the reactions (n, p) only average cross section could be
measured and compared to that measured from previous
works, and TENDL-2021 calculations.

The uncertainties associated with the measured cross
sections include: counting statistics (2%-9%), detector
efficiency (3%), neutron flux fluctuations (2%), monitor
cross sections (2%), decay data (2%), and dead time
(1.5%). The square root of the total in quadrature of all
individual contributions for each of the formula's factors
was used to calculate the uncertainty on the mesured
cross-section. The total precentage error value was about
10% of the measured value.

Experimental procedure

Different samples of Mg sZn,,Fe, ,Gd,O4 were prepared
by sol-gel method with several Gd concentration ratios
(y = 0.025, 0.05, 0.075 and 0.1). The components weight
was carefully measured using a sensitive balance covered
by thin Al foils. The samples were irradiated for two
different irradiation times, T; = 10 sec (short time), and
T; = 60 min (long time).

After the irradiation and a corresponding cooling time, the
y-ray activity for each sample was measured using high
resolution HPGe detector for a reasonable time. The
measured y-lines were identified and attributed to each
corresponding isotopes as indicated in Table 1. The
detector efficiency curve was carefully measured at
different source detector distances using y standard
sources. The exact y-ray intensity (I,) of each line was
calculated using the related efficiency value.

The thermal neutron flux value was measured by using the
Zr(n,y) reaction. The fast neutron flux, up to 10 MeV in
energy, was estimated using the results of O7r(n,2n)¥Zr
reaction.

Results and discussion

Mg (n,y)*’Mg reaction

The thermal neutron capture cross section (oy) values were
obtained from the experimental analysis, after irradiation,
using the research reactor and the previously described -
ray spectrometer. The measured cross section value for
26Mg(n,ﬂ{)”Mg was found to be op=37.3% 3.73 mb.

The results obtained for the thermal neutron capture cross
section (op) are presented in Table 2, and the comparison
with previously measured data from literature [17-20] and
TENDL-2021 database values is shown in Fig. 1.
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Table 2. Neutron cross section for the 27Mg, 59Fe, “Zn,
m7zn, '3Gd, '°'Gd, **Mn and **Mn isotopes

Target | Nuclear reaction Cross section
Mg | *Mg(n,y)* Mg 37.3£3.73 mb
**Fe **Fe(n,y)” Fe 1300.1£130.0 mb
¥zn | *“Zn(n,y)*Zn 750.0+75.0 mb
%7n | ®Zn(ny)*"Zn 74.6+0.74 mb
2Gd | "*Gd(n,y)"’Gd 752.13£75.21 b
Gd | " Gd(n,y)'*'Gd 1450.3+0.14 mb
*Fe | “*Fe(n,p)*Mn 295.2+29.5 mb
Fe | *Fe(n,p)*Mn 34.9+3.5 mb
45
40 0"“‘“"‘"“‘““"““"""“"“""“" “““ t4+
.35
E. 30 b
g | e N b
'-3 25
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Fig. 1. Comparison of experimental values for thermal
neutron capture cross-section of **Mg(n,y)*’Mg reaction
with previous measured and TENDL-2021 data

The dotted lines were used for the average value + the
standard deviation (SD) values of previous measured data.
A good agreement was obtained for the thermal neutron
cross-section experimental and evaluated values when
comparing with averaged value of previous measured data
(solid line), within the standard deviation.

5 8Fe(n,y)5 ’Fe reaction

The thermal neutron capture cross section (op) value for
the **Fe(n,y)’’Fe reaction were found to be op= 1300.1 +
130.0 mb. The thermal neutron capture cross section (o)
value is presented in Table 2, and the comparison with
previously measured data from literature [17, 19-24] and
TENDL-2021 database values is shown in Fig. 2.
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Fig. 2. Comparison of experimental values for thermal
neutron capture cross-section of **Fe(n,y)’Fe reaction
with previous measured and TENDL-2021 data
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The experimental results are in good agreement with the
averaged value of previous measured data and TENDL-
2021 data values, within the standard deviation.

64Zn(n,y)65Zn reaction

The thermal neutron capture cross section (op) value is
given in Table 2, and the comparison with previously
measured data from literature [17, 19, 25-27] and TENDL-
2021 database values is shown in Fig. 3.
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Fig. 3. Comparison of experimental values for thermal
neutron capture cross-section of **Zn(n,y)**Zn reaction
with previous measured and TENDL-2021 data

A good agreement was obtained for the thermal neutron
cross-section experimental and evaluated values of the
47n(n,y)**Zn reaction when comparing with the averaged
value of the previous measured data (solid line), within the
standard deviation as shown in the figure.

8 Zn(n,y)*" Zn reaction

The thermal neutron capture cross section (o) values for
the ®*Zn(n,y)*Zn reaction were found to be o, = 74.6 +
0.74 mb. The thermal neutron capture cross section (o)
value is presented in Table 2, and the comparison with
previously measured data from literature [17, 19-26, 49]
and TENDL-2021 database values is shown in Fig. 4.
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Fig. 4. Comparison of experimental values for thermal
neutron capture cross-section of *Zn(n,y)*™Zn reaction
with previous measured and TENDL-2021 data

The experimental results are in good agreement with the
averaged value of previous measured data and TENDL-
2021 data values, within the standard deviation.
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B2Gd(n, y)l 3Gd reaction

The thermal neutron capture cross section (op) value for
the '**Gd(n,y)"*Gd reaction were found to be o, = 752.12
+ 75.2 b. The thermal neutron capture cross section (op)
value is presented in Table 2, and the comparison with
previously measured data from literature [13, 28, 29] and
TENDL-2021 database values is shown in Fig. 5.
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Fig. 5. Comparison of experimental values for thermal
neutron capture cross-section of **Gd(n,y)'*’Gd reaction
with previous measured and TENDL-2021 data

The experimental results are in good agreement with the
averaged value of previous measured data and TENDL-
2021 data values, within the standard deviation.

0Gd(n, y)l ' Gd reaction

The thermal neutron capture cross section (op) value for
the '°Gd(n,y)"*'Gd reaction were found to be o, = 1450.3
+ 0.14 mb. The thermal neutron capture cross section (oy)
value is presented in Table 2, and the comparison with
previously measured data from literature [19, 30-33] and
TENDL-2021 database values is shown in Fig. 6.
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Fig. 6. Comparison of experimental values for thermal
neutron capture cross-section of '**Gd(n,y)'*'Gd reaction
with previous measured and TENDL-2021 data

The experimental results are in good agreement with the
averaged value of previous measured data and TENDL-
2021 data values, within the standard deviation.

54Fe(n,p)54Mn reaction

Average cross section for fast neutron reactions were taken
for neutron energies ranged from 1 to 10 MeV since fast
neutron flux distribution ended at about 10 MeV [47, 48].
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The average fast neutron cross section (c) value was
obtained from the experimental analysis using the
irradiation in the fast neutron channel followed by direct
gamma spectrum measurement. The fast neutron capture
cross section (o) values for the **Fe(n,p)’*Mn reaction
were found to be oy = 295.2+29.5 mb. The fast neutron
capture cross section (oy) value is presented in Table 2,
and the comparison with previously measured data from
literature [34-44, 50] and TENDL-2021 database values is
shown in Fig. 7.
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Fig. 7. Comparison of experimental values for fast neutron
capture cross-section of **Fe(n,p)**Mn reaction
with previous measured and TENDL-2021 data

The experimental results are in good agreement with the
averaged value of previous measured data and TENDL-
2021 data values, within the experimental error.

56Fe(n,p)5 Mn reaction

The fast neutron capture cross section (oy) values for the
**Fe(n,p)**Mn reaction were found to be o= 34.9+3.5 mb.
The fast neutron capture cross section (op) value is
presented in Table 2, and the comparison with previously
measured data from literature [34, 35, 38, 39, 44-48, 50]
and TENDL-2021 database values is shown in Fig. 8.
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Fig. 8. Comparison of experimental values for fast neutron
capture cross-section of °Fe(n,p)’*Mn reaction
with previous measured and TENDL-2021 data

The experimental results are in good agreement with the
averaged value of previous measured data and TENDL-
2021 data values, within the experimental error.
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Conclusions

Samples of ferrite Mg(1-x)Zn,Fe,O, (where x = 0.0, 0.2,
0.4, 0.6, 0.8 and 1) were previously synthesized by the
sol—gel method for use in some hyperthermia applications.

The activation method was used to measure the neutron
capture cross-section of the nuclear reactions **Mg, *Fe,
47n, ®Zn, °Gd, '°Gd (n,y). After neutron irradiation, the
induced activities in the samples and monitor (Zr) metallic
foils were measured by high-resolution y-ray spectrometer
using a calibrated HPGe detector.

The neutron capture cross-section of the nuclear reactions
of interest were determined relative to the reference cross
section values for *Zr(n,y)”*Zr and *°Zr(n,2n)*Zr neutron
induced reactions.
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