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Abstract. Good knowledge of cross section neutron induced reactions on Zr becomes of importance due to
the use of zirconium as structural material in reactors, its applicability in neutron dosimetry and the theoretical
model testing. Thin Zr foils (0.05 mm thickness, 99.2% purity) were irradiated in the quasi-monoenergetic p-Li
neutron fields, the proton beams from NPI CAS variable-energy cyclotron U120M at proton energies 20.33,
22.44, 24.69, 27.64, 29.85, 32.31 and 35.11 MeV. Li target with carbon stopper was used for the generation
of neutron flux. The reaction 7Li (p,n) produces the high-energy quasi-monoenergetic neutrons with a tail to
lower energies. The flux density and neutron spectra were evaluated by MCNPX code and validated with set of
measurements including Time-Of-Flight and Proton recoil Telescope and additional activation monitors. The
pneumatic tranfer system enables the investigation of short living isotopes. The foil activity determination
was performed by the nuclear spectrometry method employing two calibrated HPGe detectors. The reaction
rates for natZr(n,*)89m,89g,89Zr, 87m,87,88,89m,90m,91m,92,93,94,95Y and 87m,91,92Sr were obtained and cross sections were
extracted. The preliminary results are discussed.

1 Introduction

Zirconium is an important reactor material, but till recently
its cross section database, especially for neutron treshold
reactions, was rather weak. The available data mostly cov-
ered the energy region up to 15 MeV. Besides applications,
the excitation functions of neutron threshold reactions are
of the considerable interest for testing of nuclear models.
The theoretical description of (n,p) and (n,α) reactions on
Zr isotopes was recently done in Ref. [1]. The Fast Neu-
tron Generator (FNG) facility at the NPI CAS variable-
energy cyclotron U120M provides quasi-monoenergetic
neutron fields in the region of 16 - 34 MeV (see [2]).

2 Experimental arrangement

A neutron irradiation experiment was performed at NPI
CAS Řež. The standard 7Li(p,n) reaction on a thin
lithium target induced by 20-35 MeV proton beam from
the variable-energy cyclotron U120M was used for the
production of quasi-monoenergetic neutron field. A self-
supporting Li target cooled by 5◦C alcohol stream and a
carbon stopper were utilized.

The stacks of foils (Zr,Co) to be irradiated were placed
86 mm from the production target. For the cross section
determination of short-living isotopes (minutes to ten min-
utes region) the pneumatic transfer system was used. In
that case the rabbits with irradiated foil were placed in the
distance of 42 mm from the front of Li target. The samples
were located in the axis of the neutron field.

The time profile of the neutron source strength during
the irradiation was monitored by the proton beam current
∗e-mail: simeckova@ujf.cas.cz

Table 1. Characteristics of separate runs

Ep(MeV) Irr.time(s) Q(µC) Imean(µA)
20.31(15) 31286 1.807E+05 5.78
22.44(15) 24031 1.446E+05 6.01
24.76(15) 29587 1.774E+05 6.00
27.51(15) 30371 1.818E+05 5.99
29.85(15) 32199 1.992E+05 6.19
32.31(15) 26489 1.876E+05 7.08
35.11(15) 29773 1.752E+05 5.89

on the neutron-source target, recorded by a calibrated in-
tegrator on a PC time synchronized with the gamma spec-
troscopy device.

3 Data acquisition and methods of results
evaluation

The natZr disks (of 99.2 % purity, Goodfellow product) of
15 mm diameter and 0.05 mm thickness were irradiated
in seven separated runs in various neutron fields (see Ta-
ble 1). Futhermore, for the production cross section deter-
mination of short lived isotopes the samples were irradi-
ated roughly 5 minutes and transported in front of HPGe
detector during 30 - 40 s.

3.1 Neutron fields

The reaction 7Li(p,n) produces the high-energy quasi-
monoenergetic neutron spectra with a monoenergetic peak
at the energy of the incident protons (corrected for Q value
and broadened because of the proton ionization losses in
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Table 2. Inventory of the observed radioactive nuclides

Nuclide T1/2 Eγ(keV) Iγ(%)
87mY 13.37 h 380.8 78
87Y 79.8 h 484.8 89.7

388.5 82
87Sr 2.803 h 388.5 81.9
91mY 49.71 min 555.6 95
91Sr 9.63 h 1024.3 33

749.8 23.61
93Y 10.18 h 266.9 7.3

947.1 2.09
95Y 10.3 min 954.0 16

the lithium target) and the continuum spectra at lower en-
ergies (Figure 1).The neutron spectra and fluxes were cal-
culated by MCNPX code using 7Li(p,n) cross section data
from libraries LA150H and JENDL-4.0/HE. The MCNPX
calculated spectra were corrected according to the experi-
mental measurements of the peak neutrons using the Time-
Of-Flight method and the HPGe measurements of the pro-
ducted 7Be activity in the lithium target. Details are given
in [3].

3.2 Gamma spectroscopy measurement

The gamma-rays from irradiated foils were measured re-
peatedly by two calibrated HPGe detectors of 50% effi-
ciency and of FWHM 1.8 keV at 1.3 MeV. The inventory
of the observed radioactive isotopes was taken from the
Lund/LBNL Nuclear data Search [4] and is presented in
Table 2.

3.3 Cross section evaluation

Experimental reaction rates were calculated from the spe-
cific activities at the end of irradiation corrected to the de-
cay during the irradiation using total charges and foil char-
acteristics as well.

The reaction rate RR is defined as the number of pro-
duced residual nuclei per atom of the sample target and
per number of the incident protons (of neutron source). It
corresponds to the integral over energy of a product of the
neutron spectral fluency φ at the position of the sample and
the cross section σ.

In the determination of cross section in the energy in-
terval of neutron peak, the neutron spectra of each i-run
were split into the parts corresponding to the the energy
interval of separate monoenergetic peak j and the rest part
corresponding to the low energy tail of the spectrum (Fig-
ure 1). In this procedure, the following set of equations

RRi =

k∑
j

σ jφ ji � E j +

lEmin=15MeV∑
lEth

σlφli � El (1)

was solved using minimalization procedures with respect
to cross section σ j in the j-energy interval. Here k is total
number of runs (k=7), l is number of the energy interval
corresponding to the energy bin ( 0.25 MeV) in evaluated

Figure 1. Spectral neutron flux of the 7Li+p reaction at sample
position x = 86 mm. Proton incident energies are shown.

spectral neutron flux, Eth - theshold of the reaction and
Emin = 15 MeV (corresponds to the lowest energy which
we are able to determine cross section using only our mea-
sured data).

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 fist run
j = 1 (of about15 MeV). In other cases, experimental
cross sections from EXFOR database (σl) were utilized
in the calculation (1).

4 Results and discussion

Natural zirconium consists of five stable isotopes. The
neutron cross sections were studied previously mainly
only up to 15 MeV. We determined neutron cross sec-
tions for the 89m,89g,89Zr, 87m,87,88,89m,90m,91m,92,93,94,95Zr and
87m,91,92Sr for the first time. In the next figures typical
examples of our resulting cross section in the energy re-
gion 15 - 34 MeV are shown together with the data of the
other authors from EXFOR databases and compared to the
TENDL 2017 neutron library [5]. All data are renormal-
ized to the natural abundance of Zr. The statistical errors
of the activity determination were 1-2%, the beam charge
uncertaity was 5%. Sensitivity analysis [3] using the data
libraries (LA150H, JENDL-4.0/HE) resulted in the esti-
mated neutron flux uncertainties from 3% up to 7.5%.

The cross section data for the natZr(n,x)87mY reaction
(see Figure 2a)) and for the natZr(n,x)87Y reaction (see
Firure 2 b)) are determined for the first time. Our data
are in agreement with TENDL 2017 library.

In the case of 87mSr production (see Figure 2 c)) we
had to take into acount the more recent data of other
authors studying 90Zr(n,α) reaction up to 15 MeV, Ref
[6], [7], [8] and [9]. No data were observed for the
natZr(n,x)87mSr reaction in energy region above 15 MeV.
Our data from long-time irradiation and short-time one are
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a) b)

c) d)

e) f)

Figure 2. Production cross sections of the natZr(n,x)87mY (a), natZr(n,x)87Y (b), natZr(n,x)87mSr (c), natZr(n,x)91mY (d), natZr(n,x)91Sr
(e) and natZr(n,x)92Sr (f) reactions. Literature data and TENDL 2017 curves are renormalized to the natural abundaces of Zr. The blue
points corresponds to the long time irradiation, red ones the the short irradiation.
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a) b)

Figure 3. Production cross sections of natZr(n,x)93Y a) and natZr(n,x)95Y b) reactions.

in a mutual agreement. They are in a rough agreement and
with TENDL 2017.

The natZr(n,x)91mY reaction cross sections shown in
Figure 2 d) are evaluated on the base of our experimen-
tal data and data from Refs. [7], [10], [8], [9], [11] and
[12]. Our data are in full agreement with the TENDL 2017
library.

On the other hand the data for natZr(n,x)91Sr (mainly
the 94Zr(n,α)91Sr in that energy region of interest) are
higher than TENDL 2017 evaluated curve - see Figure 2
e). For cross section determination we used the experi-
mental data of Ref. [6], [7], [8], [9] and [13].

Similar case is for the reaction natZr(n,x)92Sr shown in
Figure 2 f), where TENDL 2017 underestimated experi-
mental data, mainly for (n,α) reaction. Besides our data
there is only one old measurement [14].

In the Figure 3 a) the production cross sections for the
natZr(n,x)93Y are shown together with the data of authors
[7] and [12]. All the data are in agreement up to about 22
MeV.

In Figure 3 b) the cross sections of the natZr(n,x)95Y,
where the only 94Zr(n,d)95Y reaction is posible, are shown
together with the data of authors [15] and [16].

Some of preliminary data of natZr(n,x) reactions are
presented. Data are in satisfactory agreement with the
TENDL 2017 library. Discrepances are in the 20-30 MeV
region. Data analysis will continue.
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