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New concepts in nuclear reactor technology require precise neutron reaction data in
the intermediate and high energy range. At present, experimental and evalnated
nuclear data, particularly for (n, xn) reactions, are very scarce. Moreover, real
discrepancies exist between different databases.

The lack of experimental data is essentially due to the difficulty of measuring (n, xn)
reactions. No universal method applicable to all isotopes exists. One of the possible
methods is the in-beam y-ray spectroscopy and neutron time of flight technique on white
neutron beams. In this way one actually directly measures (n, xny) reaction cross-sections.
These serve as a starting point in the subsequent derivation of (n , xn) reaction cross-sections

using nuclear models. This method was applied with a natural lead sample at the GELINA
white neutron beam facility in Geel, Belgium.

woyds:  (m, Xm) veactions, cross-Section, y-vay spectrosc
rray sp opy

INTRODUCTION

In the last ten years, with increasing world
energy demands, there has been a renewed interest
in nuclear energy production. However, existing
nuclear technologies present several serious draw-
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backs that hinder its further development. The clas-
sical uranium cycle can ensure an energy supply for
only a limited time. The disposal of radioactive
waste has still to find satisfactory solutions, espe-
cally in terms of environmental and social accept-
ability. Improved safety is desirable as well.
Solutions were sought in several directions,
including Fast Breeder, Molten Salt, and Hybrid
(accelerator-driven) reactors. Accelerator-driven
Systems (ADS) have attracted much scientific at-
tention in the last decade [1]. Management of radio-
active waste is defined as one of the priorities in
nuclear research under the Fifth and Sixth Frame-
work Programs of the European Community. At
present, there are three European collaborations
dedicated to producing fundamental nuclear data of
importance for ADS systems and waste transmuta-
tion technologies. These are MUSE (Multiplication
de Source Externe), HINDAS (High and Interme-
diate Energy Nuclear Data for ADS), and nTOF
(neutron Time Of Flight) [2]. The present work has
been done in the frame of the n'TOF collaboration.
An ADS is a hybrid system that consists of a
particle accelerator as an adjunct to a subcritical
nuclear reactor [3, 4]. In a sub-critical reactor, the
number of neutrons originating from fission is not
sufficient to overcome the losses (due to leaks and
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the absorption of neutrons). Therefore, a chain
reaction cannot be self-sustained and in order for
the reaction to proceed, one needs to continuously
supply neutrons from an external source. In an
ADS, these external neutrons are created by spalla-
tion, when a medium energy proton beam reacts
with a heavy target (usually lead). The supply of
neutrons is proportional to the proton beam inten-
sity which can be modified precisely and with a very
short time constant. The proton beam plays the role
of the control bars in a reactor, the difference being
that it is proactive rather than reactive: if it fails, the
reaction stops and it can never lead to overheating.

As for the commercial energy production,
besides the point of safety, ADS have an additional
advantage over critical reactors: the use of thorium
as a nuclear fuel. Interest in using thorium (232Th)
as a nuclear fuel exists for years, since it is three times
as abundant in the earth's crust as uranium. Also, all
of the mined thorium is potentially useable in a
reactor, compared to the 0.7% of natural uranium,
meaning that some 40 times the amount of energy
per unit mass might be available. A thorium reactor
would work by having thorium-232 capture a neu-
tron to become thorium-233, which decays to ura-
nium-233, which fissions.

Finally, the overall dynamics of nuclear reac-
tions with the high external neutron flux is such that
the ADS can be successfully used for waste trans-
mutation.

The successful development of a hybrid reac-
tor and even the design of a demonstrator require
knowledge of a wide range of nuclear data. The data
bases are relatively well filled below 20 MeV and
nuclei involved in the uranium cycle, but for those
involved in the thorium one and for high neutron
energy, the situation is not satisfactory. The experi-
mental data are very scarce and if they exist, very
imprecise. Concerning the evaluated data, real dis-
crepancies exist between the different databases.

The (n, xn) reactions have little importance in
critical reactors where the flux of neutrons above
1 MeV is very low. In ADS, where there is a high
flux of neutrons produced by spallation, these reac-
tions are very important. They intervene in the flow
of neutrons and thus modify the criticality. More-
over, they modify the spectrum since they, in addi-
tion, convert fast neutrons (E,, > 5 MeV) into slow
ones (E, < 1 MeV).

Elements targeted for (n, xn) cross-section
measurements include actinides (such as 23*U and
239241py, targeted by nTOF, or 233U targctcd by
HINDAS), shielding materials (such as *°Fe tar-
geted by HINDAS), and spallatlon target materials
(Pb and Bi). Lead is an important component of the
shielding for neutron radiation as well. Large
amounts of data already exist for lead to restrict the
parameter space for nuclear model calculations.

Also, there is very good spectroscopic information
on discrete levels and y-branching ratios for all lead
isotopes reached by (n, xn) reactions up tox = 9.
This information is important for a correct interpre-
tation of the measured y-production cross-sections.

One method to study neutron-induced reac-
tions is to use high-resolution in-beam y-ray spec-
troscopy with either a pulsed “white” neutron
source or a quasimonoenergetic neutron source. In
this way one actually directly measures (n, xny)
reaction cross-sections. These serve as a starting point in
the subsequent derivation of (n , xn) reaction cross-sec-
tions using nuclear models. With a white beam, one can
measure neutron cross sections over the whole incident
neutron energy range in a single experiment. In this case,
neutron energy has to be determined by the time of flight
method [5, 6].

In general, neutron induced reactions leave the
residual nuclei in highly excited states, which sub-
sequently decay via y-cascades to their ground states
in typically three to four steps. The initial intensity
distribution over a very large number of highly
excited levels is collected in the first few excited
levels, which then decay to the ground state. Such
transitions between low-lying levels are identified
by their characteristic energies in the y-emission
spectrum. In this way, the production cross-sections
for several transitions in a number of residual nuclei
can be measured simultaneously over a wide inci-
dent neutron energy range in a single experiment.

Since the residual nuclei are mostly formed
with relatively large angular momenta, direct tran-
sitions to the 0+ ground states of even-even nuclei
are strongly inhibited. In even-even nuclei, often
more then 90% of the y-cascades proceed to the
ground state via 2+ levels [5]. Thus for even-even
residual nuclei, we get nearly the total production
cross-section by counting the first 2+ to the ground
state y-ray transitions. The partial cross-sections not
included in this measurement result from those
y-rays in the cascade that bypass the first 2+ excited
state, and those reactions that leave the residual
nuclei in the ground state. Their contribution can
be calculated using nuclear models.

This technique can also be used when the final
nucleus is not even-even. In this case, several partial
production cross-sections are obtained by counting
given y-ray transitions, and the total production
cross-section must be deduced through nuclear
model calculations. The partial production cross-
sections are of interest because they indicate the
population of individual states including isomeric
ones. They are therefore of interest for comparison
with the result of nuclear model calculations.

The present article describes a measurement of
neutron reactions with natural lead. The prompt
y-ray spectroscopy method was used at the
GELINA (Geel Electron Linear Accelerator) white
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neutron beam at Institute for Reference Measure-
ments and Materials (IRRM), Geel, Belgium. Next
sections describe the experiment, give the proce-
dures used in deriving y-production cross-sections
from the raw data and the calculation of the meas-
ured cross-section and describe the basic features of
nuclear reaction calculation. In the last section, the
experimental and theoretical results are presented,
compared and discussed.

EXPERIMENTAL SETUP

The measurements were performed at IRMM
on the GELINA white neutron beam facility.

The beam

GELINA is a linear electron accelerator that
produces a pulsed electron beam whose energy
spectrum extends from 70 to 140 MeV. The beam
frequency is 800 Hz. The electron pulse duration at
the impact point is about 1 ns, thanks to the mag-
netic compression system of the facility [7]. At the
moment of the impact, the system generates a
logical £, pulse that can be used as the time reference
for the creation of the neutron pulse. This signal is
wired to all control rooms and experimental areas
for the sake of time of flight measurement.

The neutrons are produced in a uranium target
[8] bombarded by these electrons. The target is
constantly rotating in order to avoid overheating.
Gamma rays created by electron bremsstrahlung
provoke (y, n) and (y, f) photonuclear reactions
through which neutrons are emitted. Neutron en-
ergy spectrum at the GELINA facility reaches its
maximum in the interval of 1 to 2 MeV. At 14 MeV,
neutron fluency is reduced by a factor of ~150.

The neutrons, then, pass through collimators
and penetrate several beamlines extending radially
outside the target area. Experimental rooms are

Figure 1. Sample and the detectors. The CLOVER
detector is seen in the left

Counts
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TOF [us]
Figure 2. Typical y detection time statistic collected
over several hundred thousand beam pulses. The
y-flash peak is clearly visible at 0.662 ps. The bump
between 4 and 18 ps belongs to the neutron-induced
y-rays

installed along the beamlines at various distances,
according to the application of each one.

The sample and the detectors

The experimental area used in this experiment
was in the beamline number 3 at 200 m from the
neutron source. The natural 6 mm thick lead sample
was placed at 198.551 m, inside the room. The
diameter of the sample was 6 cm. The HPGe CLO-
VER detector was placed at 12 ¢cm from the sample,
at 135° with regard to the beam (see fig. 1).

CLOVER is an HPGe-based detector devel-
oped by Canberra EURISYS. It contains four
closely packed HPGe crystals mounted in a com-
mon cryostat in order to improve the detection
efficiency. The resulting efficiency is more than a
simple sum of four independent crystal efficiencies.
In the case where the full y-ray energy is deposed in
more than one crystal, it can be restored by adding
it back from parts.

The y-flash

At every beam pulse, bremsstrahlung y-rays
also travel through the beamline at the speed of light
and arrive at the experimental areas before the
neutrons. They diffuse at the target and interact
with the detector. This y-flash appears always at a
fixed time after ¢, (fig. 2). Bearing in mind that the
cables transmit the £, signal with a delay, the y-flash
is used to perform the absolute £, calibration for the
TOF measurement.

However, y-flash causes also some technical
difficulties. As the fastest neutrons arrive only sev-
eral microseconds later (2.5 ps for 20 MeV neu-
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trons), the pulses induced by the fastest neutrons
often ride on the tails of y-flash pulses. It is very
difficult to resolve such pileups using analog elec-
tronics without a heavy deterioration of the energy
resolution. A solution had to be sought using digital
methods.

Digital spectroscopy methods

Digital spectroscopy is a common name for
techniques where the detector preamplifier signal is
sampled at very high rates, of the order of tens or
hundreds of millions samples per second, and the
dara so obtained treated numerically. The goals of
this treatment are essentially the same as with the
analog methods:

(a) to extract the quantities of interest, such as
the pulse heights and forms, as well as the interac-
tion time,

(b) to suppress non-essential information, or
’noise”,

(c) to reduce the data to a manageable level,
and

(d) to represent the results in an intelligible
manner.

The basic concept of digital methods has many
common points with analog methods. However,
digital methods offer some important advantages
over the analog ones. First, the fidelity of samples
can be maintained indefinitely, and their offline
treatment is always possible. Digital filters are casy
to design and offer much flexibility. Finally, if the
system is saturated, its recovery time depends on the
preamplifier, rather then of the slow pulse shaping
circuit [9].

In the present work, because of the presence
of the y-flash, it was critical to ensure fast counting,
1. €., the possibility of precise measurement of pulses
close to each other in time, without a significant loss
of energy resolution. Digital filtering allows pro-
ducing pulse shapes with flat tops and finite lengths,
ensuring the best compromise between the conflict-
ing demands of good energy resolution and high
instantaneous counting rates.

One of the factors that put the most severe
limitations to any nuclear spectroscopy system
based on high-volume Ge detectors is the so-called
ballistic deficit effect. Briefly, it is a combined con-
sequence of the variation of the pulse rise time in
Ge detectors, and the exponential decay of its pre-
amplifier signal. An elegant solution to this problem
is the mathematical elimination of the exponential
decay in the digitally sampled preamplifier signal
[10, 11]. A trapezoidal shaping method based on
this idea was implemented in the software that was
used for digital data treatment in this work.

Digital data acquisition

Signals from the four CLOVER segments
were digitally sampled using analogue to digital
converter (ADC) modules developed at Institut de
Recherches Subatomiques (IReS), Strasbourg.
Each of the modules contains two fast ADC circuits
that are capable of sampling the signals at a rate of
65 MHz. Two such modules were sufficient to
sample the four CLOVER outputs. The sampled
data was stored on four hard disks of 120 GB each,
in order to be treated later. Some basic data treat-
ment was, however, immediately done for acquisi-
tion monitoring purposes.

The time of flight interval chosen for the
measurement extended from 1 to 26 us after the £,. This
corresponds to neutron energies down to 0.3 MeV. In
this interval only one y-ray was detected each 40
beam pulses. In order to reduce the average data
transfer rate and the memory usage, the acquisition
was triggered only when detector pulses were pre-
sent in this interval. The two ADC modules were
equipped with logical circuits that generated logical
“selection” signals when interesting y-rays are detected.
This selection circuit is represented in the fig. 3. In the
upper branch, the logical ¢, signal, supplied by the
accelerator, was shaped and delayed using a gate/de-
lay (G/D) element in order to create the logical gate
corresponding to the chosen time of flight interval.
In the lower branch of the circuit, two discriminator
elements were used to signal the presence of pulses
in the series of samples and logical OR (OU) was
performed between their signals. Coincidences of
the signals from the upper and the lower branches
were detected using a logical AND (ET) element.
The selection signal so obtained was then reshaped
to duration of 25 us using a G/D element for its use
in the next stage. This signal correctly tells when
y-rays have been detected inside the chosen time of
flight interval, but it is created with a variable delay
with respect to the #y. In order to preserve the time
information with respect to the #; in the series of
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Figure 3. Logical scheme for the selection circuit
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Figure 4. Acquisition triggering circuit

samples, it was necessary to always trigger the ac-
quisition with a fixed delay after the . This purpose
was achieved using the “triggering” circuit sche-
matically shown in the fig. 4. It unites selection
signals from both ADC modules and creates a
triggering signal with a fixed delay with respect to
the #y. In its upper branch, logical OR (OU) was
applied between the selection signals from the two
modules. In its lower branch, the #; was delayed by
26 ps using a G/D element. The acquisition was,
then, triggered by the coincidence between the
signals in the two branches of this circuit. At every
trigger event, 60 us of signal were stored, including
2.5 ps before and 57,5 ps after #,.

Digital data treatment

The acquired data were treated offline, using
a PC with digital signal treatment software devel-
oped by the authors.

The principal information to be extracted
from the samples were the pulse heights (indicating
y-ray energy) and their detection times (indicating
incident neutron energy). The pulse heights were
extracted using the trapezoidal shaping technique
[10, 11], while the detection times were precisely
determined using the digital triggering method pre-
sented by C. L. Mihailescu in his doctoral thesis
[12].

Since the y-pulses induced by the fastest neu-
trons are very close in time to the y-flash, one has
to use the trapezoidal technique with very short
shaping times. However, short shaping times sacri-
fice the energy resolution. Some compromise trape-
zoid parameters had to be found in order to reach
as high neutron energies as possible.

The parameters to adjust were the durations
of the trapezoid rising edge and flat top. The total
length of a shaped pulse is made up of 2 times the
rising edge and one flat top. Two consecutive pulses
can be separated if the time distance between them
is at least one trapezoid length. Full separation of
shaped pulses is necessary when one needs to deter-
mine the baseline for each one of them (fig. 5a).
However, if the input signal baseline is sufficiently

stable, one can assume a constant baseline in the
shaped array. Then the shaped pulses need not be
completely separate. It is sufficient to ensure that
one pulse does not interfere with the flat top of the
other (fig. 5b). In the case of CLOVER detectors,
it was possible to work that way. This allowed
approaching the y-flash closer in time, and reaching
higher neutron energies. In spite of the rapidly
decaying neutron flux at higher energies and the low
statistics of the present run, it was possible to deduce
the cross-sections up to 14 MeV of neutron energy.
The trapezoid parameters were 2 pus rise time, and
1 ps flat top, which was close to the maximum
allowed by the requirement to measure 14 MeV
neutrons. Figure Sc represents a case from which
pulse heights cannot be extracted.

Figure 5. Separation of trapezoidal pulses. (a) pulses
are well separated and both baselines can be estimated,
(b) pulses are separated enough for an accurate meas-
urement of both flat top heights, and (c) pulses inter-
fere with each other's flat top

DATA REDUCTION

The neutron energy interval from 0.31 to
14 MeV was divided into 14 bins, with one bin
from 0.31 to 1.0 MeV and 13 equal 1 MeV bins
from 1 to 14 MeV. The data collected during 30
hours run time was used to form the y-ray spectra
corresponding to these neutron energy bins, accord-
ing to the measured neutron time of flight (fig. 6).

Unfortunately, the data from only three of the
four CLOVER segments could be used, because one
of the acquisition channels presented gain variations
due to a bad electronic contact. The data from the
three valid channels were calibrated according to the
positions of 26Pb and 2%8Pb ground transition lines
and summed up in one spectrum for each of the 14
neutron energy bins.

Each of the studied y-energy peaks was fitted
using a sum of a Gaussian distriburion function and
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Figure 7. 803.1 keV peak fitted using PAW

a first order polynomial to account for the back-
ground. The fitting was done using the PAW (Phys-
ics Analysis Workstation) package developed at
CERN [13] (fig. 7). The number of counts so
obtained was normalized using the fission-chamber
neutron flux measurement results for each of the 14
neutron energy bins. The absolute overall normali-
zation was performed comparing these results to
code predictions.
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Figure 8a. Level scheme for 2°Pb showing the iso-
meric 7- state at 2200 keV and its 516 keV transition
to the 4+ state
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Figure 8b. Level scheme for 2*’Pb showing the iso-
meric 13/2+ state at 1633 keV and its 1064 keV
transition to the first excited state

RESULTS - DISCUSSION

In the analysis of the transitions one has to
consider isomeric states involved in the cascade.
When a cascade passes through an isomeric state,
the transitions that follow after it in the cascade do
not take place promptly. Such delayed transitions
are not properly correlated with the neutron energy
because the measured time of flight includes the
decay delay. According to the level schemes for
206:207pp (figs. 8a, 8b) [14], when there is more than
one isomeric state, all of the known higher lying
isomeric states decay to the lowest-energy isomer.
Thus the y-decay cross-section for the lowest energy
isomer equals the sum of the population cross sec-
tion of all isomers. In the case where the lifetime of
the lowest-energy isomer is long compared to the
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Figure 9. The cross-section for 803.1 keV prompt
y-ray production in natural lead in function of neu-
tron energy. The crosses represent experimental
points normalized to TALYS predictions. The lines
represent TALYS predictions. The dotted line repre-
sents the total cross-section for the production of
206Pb via the (n, xn) reactions. The gray line represents
the cross-section for the 2%6Pb fundamental transition
at 803.1 keV. The dashed line represents the cross-
-section for the isomeric transition at 516.2 keV, and
the solid line represents the difference of the funda-
mental and isomeric transition cross-section

neutron time of flight, the measured prompt y-yield
represents approximately the difference of the rele-
vant transition yield and its delayed part. The great-
est part of the delayed transitions occur between the
beam pulses, while the acquisition is gated off.
However, a smaller part of these y-rays get detected
at moments corresponding to the time of flight of
neutrons of lower energies. This introduces a slight
overestimate of the number of counts for these
transitions. This can be corrected by following the
number of detected isomeric state decays in the
same neutron energy bin. With the statistic acquired
in this experiment, these isomeric decay peaks were
invisible in the y-ray spectra for all neutron energy
intervals, which lead us to conclude that this correc-
tion is statistically still insignificant.

Table 1. List of transitions investigated
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Figure 10. The cross-section for 569.7 keV prompt
y-ray production in natural lead in function of neutron
energy. The crosses represent experimental points
normalized to TALYS predictions. The lines represent
TALYS predictions in the same way as in fig. 9

When calculating the derived cross-sections,
correction procedures have to be applied to ensure that
the derived cross-sections relate to the total emission
of y-rays.

The investigated transitions are listed in tab. 1.
Observed ground transition yields of both 2%Pb
and 27Pb are affected by the presence of isomers.
The excitation function for 2°*Pb ground transition
is not affected by any isomeric state.

All results were compared to the predictions
of the TALYS code (see the subsection dedicated to
the TALYS code). The effect of the isomeric states
was taken into account by calculating the differences
of ground and isomeric transition cross-sections.

Figures 9 and 10 represent the ground transi-
tion production cross-sections for 20°Pb and 207Pb,
The ground transition of 2%Pb at 803.1 keV is fed
by both 26Pb(n, n') and 2”Pb(n, 2n) reactions. The
ground transition of 2”7Pb is fed by both 2*7Pb(n, n")
and 208Pb(n, 2n) reactions. The measurement of
both of these excitation functions by the neutron
time of flight method is affected by the presence of

Isomers in residual Energy oot ol
Transition Possible feeding | Energy nucleus characteristic for # rg{[i"la:'-‘g"d_ e
investigated reactions [kc\ﬁ,} isomer decay TR TRE TR an L
jrr E [ch] 15 [ch] section
206 206
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Wepp, 3* 50+ TR B g E e 516.2 5(803,1)-0(516.2)
27pb(n, 20v)2%Phb ' “
207Pb([]., Y)Zl]?r,b
207pp (5/2)—(1/2)" | 27Pb(n, n'y)?7Pb 569.7 |13/2% | 1633.4| 0.805 s 1063.7 a(569,7)-5(1063.7)
208pby(n, 2ny)27Pb
2°7Pb{ n, y)m“Pb
pp 370" 2614.6 none 6(2614)
208 208
Pb(n, n'y)***Pb




M. Pandurovié, et al.: Measurement of (n, xny) Reaction Cross-Sections on Natural Lead Using ... 29

w0
o™
E
=
0
8
@ 29
o Bk
8
&) i
== <  Measursment: 2814.5 keV wray Production|
30 « v+ TALYS: Total *Pb Production
19 1 il — TALYS: 2614.5 keV yray Production
0 2 4 B 8 10 12 14
En[MeV]

Figure 11. The cross-section for 2614.5 keV prompt
y-ray production in natural lead in function of neutron
energy. The crosses represent experimental points nor-
malized to TALYS predictions. The dotted line repre-
sents the total cross-section for the production of 208Pb
via (n, n') and capture reactions. The solid line represents
the cross-section for the 2°8Pb fundamental transition at
2614.5 keV

the isomers. They were, therefore, compared to
the difference of TALYS predictions for the
ground transition and the isomeric transition
Cross-sections.

Figure 11 represents the ground transition
excitation function for 2%8Pb. It is fed by the neutron
capture on %Pb and the 2%8Pb(n, n') reaction. It is
not affected by any isomeric state.

The 29Pb and 2%7Pb excitation curves contain
contributions from (n, n%) reactions on the same
isotope, as well as (n, 2ny) reactions on the isotope
with one more neutron. The contributions from
(n, 2ny) reactions can be disentangled by subtract-
ing (n, n'y) contributions, as predicted by the code,
from the total excitation curve. This was done for
the 297Pb(n, 2ny) reaction, and the result, com-
pared with the relevant code prediction, is shown
in fig. 12.

The TALYS code

TALYS is a nuclear reaction calculation code
developed by Arjan Koning [15]. Itis conceived for
analysis and prediction of nuclear reactions in the
energy range extending from 1 keV to 200 MeV.
The incident particles covered are neutrons, pro-
tons, deuterons, tritons, hellions, alphas and pho-
tons. At the output, detailed data for all open
channels are produced. Many nuclear models are
implemented into it, and the code is capable of
predicting reactions in the regions that are not
covered by the existing experimental database.

The code is organized as a chain of nuclear
models, where every model is used at a separate
stage in the calculation of cross-sections for the

e _p,wmw,h.,,zlm

Cross section [m2]
=)
&
o

10 -29
i + Measured o(B03)- 6(516)
;/ - TALYS o(B03)- 6(516)
N o o
i
10 =30} ’ ¢ : : ~
6 T 8 g 10 11 12 2 1a

En[MeV]

Figure 12. The cross-section for 803.1 keV prompt
y-ray production via the 207Pb (n, 2n) reaction in
function of neutron energy. The crosses represent the
values derived from the experimental results. The gray
line represents TALYS prediction

possible output channels. At the first stage, the
probabilities of the elastic scattering and the direct
component of the inelastic scattering are calculated
using the optical model. The optical model also
furnishes the reaction cross-section and the trans-
mission coefficients used in the pre-equilibrium and
the compound nucleus models. The exciton and
Multi-Step Direct/Multi-Step Compound models
are used to calculate the preequilibrium reactions.
The statistical model used to describe the com-
pound nucleus is an advanced implementation of
the Hauser-Feshbach theory. Compound elastic
and inelastic scattering are calculated, as well as
fission.

CONCLUSION

The feasibility of (n, xn) cross-section meas-
urement by the prompt y-method has been demon-
strated at the GELINA facility up to 14 MeV of
neutron energy. Measurements of (n, n'y) reaction
relative cross-sections were performed on 2%Pb,
207Pb, and 2%8Pb, up to the threshold for (n, 2n)
reactions. The results were found to be in good
agreement with calculations based on existing data.
It was possible to estimate the 27Pb(n, 2ny) reac-
tion cross-section, comparing the measurements
with the known data for the 2%Pb(n, n’y) reaction.
Absolute measurements of 2"7Pb(n, 2n) reaction
cross-section independent of code predictions are in
view for the beginning of 2004, on a pure 2%/Pb
sample and with more beam time. In this way, a
significant improvement in statistics is expected,
which will allow reaching 20 MeV of neutron
energy and a better precision in cross-section
values.
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MEPEILE EOMKACHHX ITPECEKA (n, xny) PEAKIIMJA HA IPUPOHOM OJIOBY
METOJOM NPOMIITHE TAMA CIIEKTPOCKOITHJE

HoBH KOHIENTH TEXHOJOTHje HYKIEaPHUX PeaKTopa 3aXTeBajy NpelLusHe NOfaTKe O HeyTPOH-
CKHM peaklHjaMa Ha CpefilbM H BHCOKMM eHeprijama. CaBpeMeHH eKCIIepMMEHTATHU IOJally V OBOj
o6macTy eHepruja He[IOBOJBHHM Cy, Toce6HO 3a peakuwje (n, xn). Tlopen Tora, nameby pasnuunTyx 6asa
nofiaTaka NOCToje 3Ha4YajHa Hecllararma.

Hepocrarak ekcriepuMeHTanHuX NolaTKa Be3aHMX 3a peakuyje (n, xn) NPBEHCTBEHO je OBE3aH
ca TemwkohaMa Mepema OBaKBOI THNa peakumja. He MocToju yHuBep3anHu MeTOJ| IPUMEH/HHB Ha CBe
nocrojehe usorone. Jenan of Moryhux MeTofa je ynorpeta y-ClleKTpOCKOIIHje M TEXHHKE MEpeHha BpeMeHa
npenera Heyrpona. Ha oBaj HawiH gupekTHO ce Mepe edpHKacHH npeceun peakumje (n, xny). Onu game
cnye 3a ofipehuBare epUKACHUX Npeceka peakimja (n, xn). OBaj METOJ] PUMEEH je Ha Y30PKY IPUPOJ-
HOT 0710Ba 03pavYeHOM GeTiM CHOTIOM HeyTpoHa Y IHCTRTYTY 3a pedhepenTHa Mepera u MaTepHjane y leny,
Benruja.



