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E. Šimečková,∗ P. Bém, V. Burjan, M. Götz, M. Honusek, V. Kroha and J. Novák
Nuclear Physics Institute, 25068 Řež, Czech Republic
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An accurate knowledge of the cross section for neutron-induced reactions on 59 Co is of importance due to use of cobalt as a structural material in fission and fusion reactors, its applicability in
neutron dosimetry and for testing theoretical models as well. The thin Co foils (0.25 mm thickness,
99.9% purity, Goodfellow product) were irradiated in the quasi-momoenergetic p-Li neutron field.
For the production of the neutron fields, the proton beam from the NPI energy-variable cyclotron
U120M at proton energies 19.8, 25.1, 27.6, 30.1, 32.7, 35.0 and 37.4 MeV and thin 7 Li target with
carbon stopper were used. The reaction 7 Li(p, n) produces the high-energy quasi-monoenergetic
neutrons with tail to lower energies. The flux density and neutron spectra were evaluated by
MCNPX code using 7 Li(p, n) cross section measurement of other authors and including correction
to the NPI target layout. The time profile of the neutron source strength during the irradiation
was monitored by the proton beam current on the neutron-source target, recorded by a calibrated
current-to-frequency converter on a PC. Au foils were used as additional monitors. The foil activity determination was performed by the nuclear spectrometry method employing two calibrated
HPGe detectors of 23 and 50% efficiency and of FWHM (Full Width Half Maximum) 1.8 keV
at 1.3 MeV for gamma-ray measurement. The reaction rates for 59 Co(n, p)59 Fe, 59 Co(n,α)56 Mn,
59
Co(n, 2nα)54 Mn, 59 Co(n, 3n)57 Co, 59 Co(n, 2n)58m Co and 59 Co(n, 2n)58g Co were obtained. Integral activation cross sections were estimated. The preliminary results are discussed.
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I. INTRODUCTION
An accurate knowledge of the cross section for
neutron-induced reactions on 59 Co is of importance due
to the use of cobalt as a structural material in fission
and fusion reactors, its applicability in neutron dosimetry and also for testing theoretical models. However,
the neutron cross section data above 20 MeV are very
scarce. The Fast Neutron Facility at the NPI energyvariable cyclotron U120M provides quasi-monoenergetic
neutron fields in the region 16 – 36 MeV [1].
II. EXPERIMENTAL ARRANGEMENT
A neutron irradiation experiment was performed at
NPI Řež. The standard 7 Li(p, n) reaction on a thin
∗ E-mail:

lithium target induced by 19 – 37 MeV proton beam
from the energy-variable isochronous cyclotron U120M
was used for the production of a quasi-monoenergetic
neutron field. A self-supporting Li target cooled by 5◦ C
alcohol stream and a carbon beam stopper are utilized.
The stacks of foils (Au, Co, Nb) to be irradiated were
placed at two distances (48 and 88 mm, respectively)
from the production target to test the effect of the fluxdensity gradient in the vicinity of neutron source. The
samples were located on the axis of neutron field.
The time profile of the neutron source strength during the irradiation was monitored by the proton beam
current on the neutron-source target, recorded by a calibrated current-to-frequency converter on PC keeping
time synchronization with the gamma spectroscopy device.
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Table 1. The characteristics of the irradiation runs.
Ep [MeV]
19.84 ± 0.15
25.13 ± 0.15
27.63 ± 0.15
30.08 ± 0.15
32.56 ± 0.15
35.02 ± 0.15
37.44 ± 0.15

Irr. Time [s]
71670
59790
45990
81720
73627
69960
72783

Q [µ C]
3.371E+5
2.715E+5
2.227E+5
3.442E+5
3.402E+5
3.097E+5
3.211E+5

Imean [µ A]
4.70
4.54
4.84
4.21
4.62
4.43
4.41

Table 2. Table 2 Inventory of the observed radioactive
nuclides and corresponding production reaction. ∗ invisible
γ-transition.
Nuclide

Reaction T [MeV] T1/2

59

Fe

n,p

0.8

44.5 d

56

Mn

n,α+

0.0

2.58 h

54

Mn

n,2nα+

17.5

312 d

57

Co

n,3n

19.4

272 d

58

Co

n,2n

10.6

70.9 d

58m
60

Co

Co

n,2n
n,γ

9.04 h
0.0

5.27 y

Eγ [keV]
1099.3
1291.6
846.8
1810.8
834.8
122.1
136.5
810.8
864.0
24.9∗
1332.5
1273.2

Iγ [%]
56.5
43.2
98.9
27.2
99.98
85.6
10.68
99
0.68
0.04
99.99
99.97

3. Cross Section Evaluation

Fig. 1. (Color online) Spectral neutron flux of the 7 Li+p
reaction evaluated by MCNPX code at the sample position
x = 88 mm. Proton incident energies are shown.

III. DATA ACQUISITION AND METHODS
OF RESULTS EVALUTION

Reaction rate RR is defined as the number of produced residual nuclei per atom of sample target and per
number of incident protons (of neutron source - Fig. 1).
It corresponds to the integral over energy of a product of
the neutron spectral fluency φ at the position of sample
and the cross section σ.
In the determination of cross section in the energy
interval of neutron peak, the neutron spectra of each irun were split into parts corresponding to energy interval
of separate quasi-monoenergetic peak j and a rest part
corresponding to the low energy tail of the spectrum. In
this procedure, following set of k equations

The 59 Co disks (of 99.9% purity, Goodfellow product)
of 15 mm diameter and 0.25 mm thickness were irradiated in seven separated runs in various neutron fields.
The characteristic of each run are given in Table 1.
1. Neutron Fields

The reaction 7 Li(p, n) produces high-energy quasimonoenergetic neutrons with a tail at lower energies.
The flux density and neutron spectra were evaluated [2]
by MCNPX code using LA-150h cross section data library [3]. Evaluated spectra represented in a 211 group
structure VITAMIN-J+ - a standard energy bin structure used by EAF (the European Activation File [4]) are shown in the Fig. 1.

RRi =

i=Eth

σi Φii ∆Ei +

k
X

σj Φji ∆Ej

(1)

j=1

was solved using minimization procedures with respect
to cross section σ j in thej-energy interval. Here k is total
number of runs, l is energy interval corresponding to the
VITAMIN-J+ bin structure [4], Emin corresponds to the
last energy which we are not able to determine cross
sections for, Eth - threshold energy of reaction.
No knowledge of the activation cross section curve
was needed for the reactions having the threshold energy
above the first quasi-monoenergetic peak in the first run
j = 1 (of about 16 MeV). In other cases, evaluated cross
sections from EAF 2007 library [4] was utilized in the
calculations (1).

2. Gamma-spectroscopy Measurement

The gamma-rays from the irradiated foils were measured repeatedly by two calibrated detectors of 23 and
50% efficiency and of FWHM 1.8 keV at 1.3 MeV. The
inventory of the observed radioactive isotopes and studied corresponding reactions are shown in the Table 2.

EX
min

4. Isomeric and Ground State Decays

The 58 Co nuclei has a long living metastable isomer
Co (Table 2) decaying through the 24.9 keV gammarays immeasurable by a HPGe detector. The measured
activities of the 810.8 keV and the 864.0 keV γ-lines (Table 2) are affected by this isomer. To determine specific
58m
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Fig. 2. (Color online) Cross section of the 59 Co(n, 3n)57 Co
reaction.

Fig. 3.
(Color online)
59
Co(n, 2nα)54 Mn reaction.
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Fig. 4. (Color online) Cross section of the
reaction.

59

Fig. 5. (Color online) Cross section of the
reaction.

Co(n,α)56 Mn

59

Co(n, p)59 Fe

activities of metastable A0m and ground state decay A0g
at the end of irradiation the radionuclide generator decay
equation (2) was minimized using the MINUIT code.

Am+g (t) =


λg
A0m e−λm t − e−λg t +A0g e−λg t (2)
λg − λm

Am+g (t) is the specific activity of the sample at the cooling time t, λg and λm are the decay constants for ground
and metastable isomer, respectively. The correction for
decay during irradiation was made with a respect to this
reality, too.
IV. RESULTS AND DISCUSSION
In the Figs. 2 - 7, preliminary cross section values
from present experiment are shown together with the
data of other authors and with evaluation of the EAF
2007 neutron cross section library [4]. The errors shown

59

Fig. 6.
(Color online)
Co(n, 2n)58m Co reaction.
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correspond to the uncertainty of the activity determina-
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Fig. 7.
(Color online)
Co(n, 2n)58g Co reaction.
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