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Abstract

The Ag-109(n, 2n)Ag-108m, BuL-151(n, 2n)Eu-150 and Eu-153(n, 2n)Ba-152
cross sections have been measured in the neutron energy interval of 13.7 -
14.9 MeV. The measurements were performed at the neutron generator N3-400
of the Radium Institute using (D-T) neutrons. At the same facility the
upper limit hits been obtained for the W-182(n, n'a)Hf-178m2 cross section.
Neutron capture of the Mo-98 that lead ultimately to the production of the
long-lived Tc-99 has been studied at neutron energies 0.7 - 2.0 MeV. For
these purposes, the Van de Graaf accelerator (EE-5) was employed that
produced monochromatic neutrons in the (p-T) reaction. . Both at EE-5 and
NG-400 measurements, special efforts were made to minimize neutron spectrum
impurities which unavoidably arise in irradiation environments.

1.Introduction

A growing social thrill for ecological problems demands an especial
attention to the disposal of radioactive waste, among which long-lived
radionuclides are of great importance [1], Recently, an IAEA. CRP was
established that is devoted to calculations and measurements of long-lived
radioactivity produced in the fusion reactor. In view of the high complexi-
ty of similar investigations, the needed data were extrernally poor up to
the last time [2].

One of the main experimental difficulties is the necessity to work
with rather weak "useful" activities hidden usually in a much mare
intensive background. For measurements of corresponding cross sections,
high power neutron sources seem to have an obvious advantage because they
spare the time of sample irradiation and activity measurement, and besides,
allow to diminish to some extent uncertainties caused by finite sizes of
samples and detectors.

However, high power neutron sources, as a rule, generate neutrons of
spectra which are studied far not so well as, for example, spectra of

* This work was carried out under IAEA scientific agreement No. 5677
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neutrons produced by conventional neutron generators. So in the cases when

the cross sections to be measured change rapidly in the covered neutron

energy interval, this nay lead to somewhat ambiguous results (e.g. in

region near the reaction threshold). An additional uncertainty emerges when

the measured or interfering cross sections have a much higher value at the

lower neutron energies (e.g. the (n, g)-reaction), where scattered neutrons

can produce considerable effects which are difficult to correct for. In

the similar situation, the low current accelerators should be prefered

where rather pure neutron fields can be generated.

Among the cross sections measured by us in the frame of this

agreement, two were expected to have high sensitivity to contaminations of

neutron spectra, namely, the Eu-153(n, 2n)Eu-152 and Mo-98(n, g)Mo-99 cross

sections. Three other reactions appeared to be less sensitive to

peculiarities of the real neutron facilities. Unfortunately, disturbance of

neutron spectra is not the only error source, and in order to increase the

relaibility of the final results, it is highly desirable to conduct

measurements under conditions that differ as strongly as possible. From

this point of view, it is very interesting to compare the data obtained at

irradiation in pure but weak neutron fields with those obtained at

irradiation by moderate and power neutron fluxes.

2.Experimental proceedures

2.1. Sample preparation

In our measurements we used various forms of samples assembled in

packages of several types. In the Mo-98(n, g) reaction study, metallic

disks of the natural molybdenum 0.3 mm thick and 14.1 mm in diameter were

used. Each of them was installed in the middle of an assembly which

also contained pairs of the Au- and In-foils used as neutron flux monitors.

The total thickness of the assembly was 1.5 ran.

The Ag-109(n, 2n)Ag-108m cross section were measured with two types of

sample packages. The first used the enriched Ag-109 (99.4%). This was a

metallic powder encapsulated in a lavsan packet and arranged in a thin-wall

plastic tube together with two similar packets containing the enriched

europium isotopes (see below). In front and in the back of the packets, the

niobium foils •were mounted to determine the neutron flux. Typically, such a

sample package was 14.5 mm in diameter and 7 mm in hight.

The other type of samples used in the Ag-109(n, 2n) experiment -was a

metallic foil of natural silver sandwiched between the niobium foils.

This sandwich was 0.7 inn thick and 14.1 rrm in diameter.

For the Bu-151(n, 2n)Eu-150 and Eu-153(n, 2n)Bu-152 cross section

measurement, also two variants of samples were prepared. The first

contained oxides of the enriched Eh-151 (97,5%) and Bα-153 (99.2%) as well
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as the enriched met&lic Ag-109 (see above). Three packets with distinct
isotopes were placed in a plastic tube parallel to each other. The
caiman neutron flux was determined by the niobium foils framing the
packages.

In the second variant, the oxide of the natural europium was
thoroughly mixed with the niobium oxide. The use of a homogeneous
mixture, of the studied and reference nuclei reduced considerably the
uncertainties connected with the geometrical factor in irradiation and
activity measurement. Each sample weighed about 1 g. The ratios of the
Eu-153-, Eu-151- and Nb-93-nuclei were 4.63 : 4.24 : 1.

Since the W-182(n, n'a)Hf-178m2 cross section was expected to be very
small, the close geometries of irradiation and measurement are highly
desirable. Therefore, a homogenious mixture of tungsten acid and niobium
cocide was used initially. The total weight of this sample was 12.9 g, and
it contained 14.4 nuclei of W-182 per a Nb-93 nucleus.

As before, another type of sample package was used for this cross
section measurement too. Ten metallic foils of the natural tungsten were
placed close to the neutron target. The eleventh foil was sandwiched
between two niobium foils and distanced from the target at 42 ran. This was
used to obtain in the same experiment the W-182(n, 2n)W-181 cross section,
relative to which the W-182(n, n'a) cross section could be determined most
convenient. The size of each W-foil was 11 mm * 0.1 mm.

2.2. Irradiation conditions

The Mo-98(n, g)Mo-99 reaction was studied in the 0.7-2.0 MeV
neutron energy range. Irradiations were conducted using monochromatic
neutrons of the 3H(p, n)3He reaction. The proton beam diameter of the
Van de Graaf accelerator was about 2 mm. During irradiation the beam was
rotated drawing a circle with the diameter up to 8 mm on the
titanium-tritium target. Since the target was cooled by an air jet, the
beam current was restricted by the magnitude of 8 microA.

The sample package contained the Mo-, Au- and In-foils was located at
0 deg with respect to the incident beam direction and 23 mm from the
target. The irradiations were performed at proton energy of 1.6, 2.1, 2.3,
2.b and 2.8 MeV that corresponded to the mean neutron energy of 0.74, 1.26,
1.46, 1.76 and 1.97 MeV. The neutron energy spread (FWHM) resulted from
proton slowing-down in the target and angular dependence of neutron energy
was 0.12, 0.11, 0.10, 0.10 end 0.09 MeV, respectively. These quantities
were calculated using the recommended cm.s. data on the (p-T)-reaction
kinematics [1] end the sheets of charged particle energy losses in
materials [2].

The samples were irradiated usually 12 hours, accumulating neutron
fluence (3 - 5)*1012 n/cm2. Small neutron flux variations were registered
by means of a long counter.
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The Ag-109(n, 2n)Ag-108m, Eu-151(n, 2n)Eu-150, Eu-153(n, 2n)Eu-152 and

W-182(n, n'a)Hf-178m2 cross sections were measured at the neutron generator

NG-400 using the H-3(d, n)He-4 reaction neutrons. Irradiations were carried

out at the accelerating voltage varied from 240 to 280 kV. The mean neutron

energy determined mainly by the angle relative to the deuteron beam line

was ranged from 13.6 to 14.9 MeV.

At the study of the Ag-109(n, 2n), Eu-151(n, 2n) and Eu-153(n, 2n)

reactions, sample packages were placed at different angles at the distance

of 3 - 4 cm from the target. The total neutron fluence collected by a

sample was (2 - 5)*10*2 n/an*.

In the case of the W-182(n, n'a) cross section measurement, the

samples occupied a position close to the target at 0 degrees relative to

the beam. The water cooling of the target was used. The mean value of the

neutron fluence recieved by the "sample was ~ 1014 n/cm2.

Space-energy neutron distribution was calculated for real experimental

conditions using the recommended data on kinematic characteristics of the

(D-T) reaction [1] and the specific ionization losses of deutrons in

various substances [2] (Fig. 1).

2.3 Neutron field study

In order to reveal the role of scattered neutrons, some special

measurements were performed. So, measuring Mo-98(n, g)Mo-99 cross section

at the B3-5, we carried out two runs of irradiations, with the water

cooling of the target and with the air one. In all cases both the Au- and

the In-foils were used for neutron fluence determination. Consequently, in

each irradiation the two fluence magnitudes could be obtained, which had

quite different sensitivities to the scattered neutron contamination,

because one of the reference reactions had the threshold about of 0.4 MeV

(the In-115(n, n')In-115m reaction) and the other had the cross section

raising as 1/v in the low energy region (the Au-197(n, g)Au-198 reaction).

The ratio of these two neutron fluence magnitudes differs in the consi-

dered cases. The use of the water cooling increases the relative

Au-activities by 1.2 - 1.6 times. It is worth noticing that the thickness

of the water layer was approximately 3 mm in that case.

To illustrate the effect of neutrons scattered by light materials of

the target chamber we carried out another experiment at the NG-400 in

which the water cooling of the target •was used, and besides, the polyethy-

lene "head" with the walls of 10 mm was put on the target chamber. In such

a manner, the Au-197(n, g)Au-198 and In-115 (n, n')Ih-115m cross sections

were determined, which have a high sensitivity to the anall contamina-

tion of neutrons with Eh < 1 MeV and En = (1-6) MeV, respectively. In Fig.

2 they are compared with the corresponding cross sections measured under

the normal conditions, where the production of scattered neutrons was redu-

ced: we used the thin wall chamber (2.2 mm) and the thin target backing
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Fig. 1. Space-energy distribution of neutrons generated

in T(d, n)-reaction. The target thickness - 1 icg/crcs2.

(0.3 mtrj), cooled by the air jet. The experimental hall has the dimensions

10 m * 10 in * 6 m.

For the determination of the slow scattered neutron contribution it is

very convenient to use natural europium (47.8% Eu-151 and 52.2% Eu-153).

Eu-152 isotope is formed simultaneously in the flux of fast neutrons due to

both Eu-153(n, 2n) reaction and Eu-151(n, g) one. The latter reaction was

proceeded mainly by capture of scattered slow neutrons. The contribution of

the Eu-151 (n, g) reaction in our case was " 1%. The same type of

measurement we carried out using another neutron generator NG-200. This

generator had the rotating target and water cooling (neutral yield '10
1 2

n/s). The experimental room was comparatively snail. In this case the

Eu-151(n, g) reaction contribution was 15 - 20%. We can compare our

results with the data of the JAERI (great rotating target, neutron yield >

10
1 2
 n/s, small experimental roan). For the accelerator the contribution

of this (n, g) reaction was about 40%. We consider there is a correlation

between experimental conditions and scattered slow neutron contribution.

This is a sum effect of neutrons scattered by target chamber, surrounding

materials and by the walls. So using natural europium gives a good

possibility of the neutron field analysis.

We carried out the measurements of the neutron react ions

Al-27(n, a) and In-115(n, n') based on the Nb-93(n, 2n) reference

reaction cross section. It was assumed Nb(n, 2n) cross section

at the 14.5 MeV neutron energy was equal 460 * 5 mb and was

constant in the 13.5 - 15.0 Mev interval in the limits of * 2%. These
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measurements were performed to compare the results of the determination of
the reference reaction cross section under various experimental conditions.
From the comparison of our results with another data [5 - 7] it was
found that there is a rather good agreement between them.

2.4. Activity measurement

The induced gamma-activities were measured with a Ge(Li)-detector
having the energy resolution 2.7 keV and peak efficiency 7.9% at 1332.5 keV
gamma-ray energy. A computer DVK-3M fitted for on line data acquisition was
provided with a program set adapted for gamma-activation analysis.

The gamma-spectrometer efficiency was determined by means of standard
gamma-sources, activities of which were attestated with error of 1.5 - 2.0%
at the confidence probability of 0.99.

The calibrations were periodically repeatet showing constancy of the
efficiency value in bounds of 0.5% for the gamma-ray energy range
200-3000 keV.

Corrections for gamma-ray self-absorbtion and the change of the effec-
tive distance between the sample center and the detector center were
measured experimentally. Besides, we have a possibillity to deduce these
corrections using the code SPEDAC aimed to the volume gamma-activity mea-
surement that yielded fairly close results. Typically, those were of order
of several percent, though in individual cases they could exceed 40%
(the large homogenious tungsten sample).

2.5. Cross section computation

Experimental data were processed" by an IBM PC AT (286) using GAMANAL,
SPEDAC and ACTICS codes. The last, was specially written to treat, the
neutron activation information. It included various libraries, such
as energies and yields of the induced gamma-activity, geometries and
histories of the conducted irradiations, masses and sizes of the available
samples, etc. The cross sections were calculated by the formulas taking
into account two generations of the induced radioactivity.

In order to decrease the errors due to poor statistics of the treated
gamma-spectra, the mean weighted values of the cross sections were obtained
using data on all the observable gamma-peaks.

The main errors of the experimental results were the following: the
uncertainties of the fluence measurement - (2 - b)% and the uncertainties
of the induced activity determination (2 - A)%. The uncertainties of the
half life determination were included in the total errors (except Ag-10Sm).
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3. Results

Sane nuclear data en the studied reactions and. associated decay data
of products are presented in Table 1. The results of the cross section
measurements are given in Fig. 3 - 6 and in Tables 2 and 3.

Table 1. Decay data of activation products

Nuclear reaction Q-value Initial Final Half-life of Y-ray Abundance
(MeV) spin spin product Tl/2 Energy (%)

Ag-109(n,2n)Ag-108m -9.186(4) 1/2- 6+ 127(21)y 433.94 90.5(6)
614.28 89.9(21)
722.94 90.9(21)

Eu-151(n,2n)Ea-150 -7.935(4) 5/2+ 5- 35.80(10)y 333.97 96.0(30)
439.40 80.4(34)
584.27 52.6(33)

Eu-153(n,2n)Eu-152m2+g -8.553(4) 5/2+ 3- 13.33(4)y 344.28
773.91
964.13
1408.01

25.68(19)
12.96(7)
14.62(6)
20.85(8)

W-182(n,noOW-178m2 -1.773(4) 0+ 16+ 31(l)y 213.43 81.7(18)
325.57 94.1(18)
426.36 96.9(20)

+5925.6(23) 0+ 1/2+ 65.94(l)h 140.51 89.4(2)

3.1. Ag-109(n. 2n)Ag-108m

No experimental data on this reaction cross-section has been reported
before IAEA CRP. The first results were reported at the IAEA Argonne
Meeting in 1989 [8]. Our new results are presented in Fig. 3 along with
the results of JAERI [9], IAE Beijing [10] and ANL/LANL/JAERI [11].
There is a rather good agreement of the data of the four' scientific
groups at the 14.8-14.9 MeV neutron energy. The data of IAE Beijing group
are a little higher than our results. For all data the half-life of 127
years was used. New measurements carried out at FIB gave for the Ag-108m
another value of the half-life - 418 years.
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3.3. Eu-153(n, 2n)Eu-152

Our new experimental results for this reaction agree with our data

reported earlier [8] within experimental errors. From Fig 5. it can be

seen a good agreement of the cross sections obtained by various groups

[9 - 12] with our experimental results (there is some difference only
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for En - 14 MeV). All data were obtained for the sum of the states m2+g

as the state ml' (96 min) decays with 100% probability to the ground state.

3.4. W-182(n, n'a)Hf-178m2

The fluence measurements for this reaction were performed using

W-182(n, 2n)W-181 reaction. We registrated gamma-rays with 152 keV energy

(half-life 120.95 days). This ganma-ray branching was used as 0.097%.

After a cooling (150 days) the search of the 213, 325 and 426 keV

garcma-lines was carried out. We could not detect these lines definitly and

so now only the high limit of the cross section value can be given

6" < 40 mb.

3.5. Mo-98(n,zr )Mo-99

The measurements were performed in the neutron energy range 0.75-2.0

MeV. The neutron fluence was determined by Au-197(n,2T) reference reaction,

whose cross sections were taken from the ENDF-B/5 Standard File. In

Fig. 6 results of Stupegia [13], Dovbenko [14], and Trofimov [15] are shown.

The data of Ref [13] differ from results of the other groups. Cur date and

the data of Ref [14] and [15] agree rather well in the 1.5 - 2.0 Mev region

and differ for the Lower energies. .
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