/ \ International Atomic Energy Agency INDC(SLK)-002
INDC(SLK)-002
Vy & Distr.: L

INDC  INTERNATIONAL NUCLEAR DATA COMMITTEE

CROSS SECTIONS OF THE $0(n,ory) REACTION AT 14.7 MeV
S. Hlava¢, P. Oblozinsky, 1. Turzo, L. Dostil and J. Kliman
Institute of Physics, Slovak Academy of Sciences
842 28 Bratislava, Slovakia

(Final Repoﬁ for IAEA Research Contract No. 6970/RB)

August 1994

IAEA NUCLEAR DATA SECTION, WAGRAMERSTRASSE 5, A-1400 VIENNA



INDC(SLK)-002
Distr.: L

CROSS SECTIONS OF THE '°O(n,ory) REACTION AT 14.7 MeV
S. Hlavagé, P. Oblozinsky, I. Turzo, L. Dostil and J. Kliman
Institute of Physics, Slovak Academy of Sciences
842 28 Bratislava, Slovakia

(Final Report for IAEA Research Contract No. 6970/RB)

August 1994



Reproduced by the IAEA in Austria
August 1994



CONTENTS

INMrOQUCHION v vtveieen s oennrosesnsosasansnssoscncaanannas 1
EXperiment  ........ciieiieerinneenntictnonecanornnenneananns 2
2.1. Experimental SEIUD ... ....citiiiiiiiiieiteitiitenieeanns 2
2.2. HPGe photon detector  ........cceuveenvenneecnnsasennannns 2.
2.3, EleCHOMICS ... ivuierenneenneeecneeensronaasenancnnasanns 4
2.4. Oxygen sample and the course of the experiment ............. .. 6
Qualitative analysis of the y spectrum  «...oovevveviiiineiinn.., 7
3.1. Basic features .......ciiiiiiiiiii ittt 7
3.2. Doppler broadening ..........ciiiiiiiiiiiiiiii it 8
Results and DiSCUSSION .. ..ieiienineerenrroeronsoscnsesananssnns 10
4.1. Peak areas ... ..i.iiiiiiiiiiiet ettt tienteattaasnns 10
4.2, COITECHIONS ... ..uiveesrennninensonesceeecaseooeesonnnnnns 13

4.3, DISCUSSION et vvenenenorenaaensassonsssecsasesssosnssensnans 14

CONE UM IOINS L.ttt s s ee s seeesussossasasssnesenssencensannsa 18



1 Introduction

Cross sections for production of charged particles in fast neutron interactions are of recent
interest in view of their importance in the conceptual and technical design of fusion
reactors. This interest is emphasized also by the International Atomic Energy Agency in
Vienna via its current Coordinated Research Program ”Improvement of neutron induced
helium production cross sections”.

Cross section of the reaction 0(n,a)'®C is relevant for a specific reason. Animportant
characteristic of a fusion reactor is the neutron multiplication in the reactor wall. The
reactor wall is a complex structure with different components, one of those being made
of Be. Neutrons are multiplied partly in the reactor blanket via (n,2n) reaction on Be.
Neutron multiplication constant is usually determined experimentally in a manganese
bath. For precise determination of this constant, careful analysis of neutron interaction
in the whole experimental setup is necessary. One of the important points is the neutron
interaction with water, especially elastic and inelastic interaction with oxygen. Apart
from elastic scattering on oxygen, neutrons undergo also (n,a) reaction with ®0 and are
thus lost for the multiplication process. Therefore a good knowledge of the cross section
for this reaction is necessary. Requested precision of the (n,a) cross section is better than
10% (1).

At present, the cross section of !*0(n,a) in the 14 MeV neutron energy range is
known to about 20-30%. Direct measurement of a particle production is rather tedious
and only several measurements were performed so far, the most recent and most complete
by Bormann[3]. From these measurements follow that only a small part of the cross
section goes through the o channel directly to the ground state of the final nucleus 3C.
Borman’s results [3] show that more than 80% of the intensity goes to the excited levels
that depopulate afterwards via 4 decay. This opens up a new possibility for cross section
measurements. Instead of the « particle production measurement, one can determine
population of excited levels due to (n,a) reaction by measuring 4 rays emitted after
discrete level depopulation.

Production cross section of 2 prominent 7 lines with energies 3684.4 keV and 3853.6
keV is reported in the literature. To our knowledge, around 10 measurements of discrete v
ray production in 0(n,ay) were performed so far. However, the situation with existing
experimental data is highly unpleasant. Most of the measurements were done several
decades ago using low resolution Na(T1) spectrometers or Ge(Li) detectors with very low
* efficiency and rather bulky samples. At the incident neutron energies around 14-15 MeV
the literature data show rather great discrepancies. For the 3684.4 keV transition at 14.5
MeV the cross sections vary from 20 mb to 65 mb. The situation with the 3853.6 keV
transition is similar and the observed differences could be expressed by a factor of 3.

In our laboratory, we recently developed highly specialized system suitable for photon
production measurement in 14 MeV neutron induced reactions. It consists of a continuous
14 MeV neutron generator, associated a particle system for timing purposes and neutron
flux determination, and variety of photon detectors for continuous as well as discrete
photon energy ranges. Due to that we found it possible to perform precise up-to-date
measurement of *Q(n,ay) cross section.

In the following paragraphs, we describe first the experiment, then we proceed to the
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analysis of 4 spectra and in the last part we discuss obtained results.

2 Experiment

Measurements were performed at the neutron generator of the Institute of Physics in
Bratislava [2]. Schematic view of the experimental setup is shown in Fig.1. The experi-
ment is based on the time-correlated associated particle method and the setup is designed
in a way to utilize fully the advantage of strong spatial and time correlations between
neutrons and alpha particles for background reduction.

2.1 Experimental setup

A beam of magnetically separated 150 keV D* ions bombarded a water cooled TiT target
of 4.5 cm diameter. The beam itself was restricted to a diameter of 5 mm by a diaphragm
placed close to the target. This diaphragm is very important for correct geometrical
adjustment of the whole setup. The beam current at the TiT target was about 50-80 pA.

Neutrons were produced in the TiT target by the T(D,n)e reaction. Associated o
particles were detected by a fast plastic scintillation counter placed at an angle of 135°
with respect to the D* beam. We used fast plastic scintillator, similar to NE102, with
thickness of 100 ym and diameter of 4.0 cm. A movable diaphragm with dimensions of
1.5 x 1.5 cm? at the distance of 37.5 cm from the TiT target determined the solid angle of
the a particle detector. Transversal movement of this diaphragm allowed fine adjustment
of the neutron cone position. The gain of the a particle detector and the threshold were
calibrated with a built-in ' Am « source (E, = 5.5 MeV).

Associated neutrons collimated electronically by « particles flew first through an iron
collimator and then through an opening in a combined concrete/polyethylene wall which
fully separated neutron source and photon detector. The angle between deuteron beam
and the axis of collimated neutron beam was 45° resulting in the mean neutron energy in
the cone of 14.7 MeV and an energy spread of about 400 keV.

Sample position at the distance of 270 c¢m from the TiT target was fixed, but the
neutron cone position was experimentally adjusted to the sample position by the movable
diaphragm in front of the associated a particle detector. The size of the neutron cone
at the sample spot was 14x14 cm?, thus the samples were always inside the cone, even
taking into account possible shifts of the deuteron beam along the TiT target. Behind
the sample, a NE213 (412 cm x4 cm) scintillation detector was located to control the
cone position by measuring the ratio of nxa coincidences to single neutrons.

2.2 HPGe photon detector

Photons emitted from the sample were registered by a HPGe detector, which was placed
at the distance of 18.7 cm from the sample and an angle of 125° with respect to the axis
of the collimated neutron beam. The angle of 125° was chosen to set the second Legendre
polynomial to zero thus avoid problems with unknown angular distribution of 4 rays.
The detector had a sensitive volume of 244 cm® and the FWHM energy resolution of 1.96
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Figure 1: Simplified sketch of the ezperimental setup. D, and D, denote diaphragms that
define the beam spot and the solid angle of the a particle detector, respectively.

keV at the 1332 keV ~-ray energy. The intrinsic time resolution was rather poor, about
13 ns, due to rather large detector dimensions. The HPGe detector, with axis oriented
perpendicularly’to the detector - sample direction, was surrounded by a lead shielding in
order to further reduce the background caused by scattered neutrons. _

The efficiency determination of the HPGe detector up to about 4000 keV was nec-
essary for the present experiment. The only suitable isotopic source with high energy
photons close to this energy range is *Co. The absolute full energy peak efficiencies were
measured with calibrated 52Eu, 2*Na sources and uncalibrated *¢Co source. The #*Na
source was prepared by Al foil activation with 14 MeV neutrons during the experiment
and its activity was measured with an absolutely calibrated Ge(Li) detector at the IRK
Vienna [4]. The relative efficiency for high energy photons measured with *¢Co up to 3547
keV was normalized to the low energy points measured with other two sources. During
efficiency measurements a few runs were made, with v-sources located at different points
of the sample surface. The final detector efficiency , shown in Fig.2, was obtained by
averaging these runs, thus the influence of the sample and detector geometrical sizes were
taken into account. The final curve was obtained by fitting the experimental points with
the commonly used polynomial function

log (E,) = an x (log E,)", (1)

n=0

where ¢(E.,) is the absolute full energy peak efficiency for photons with the energy L,
and p, are fitted coefficients. Efficiency decreases at low energies due to a relatively high



threshold which was necessary to improve the time resolution. In the high energy region
the efficiency is sufficiently linear in the log-log plot of Fig.2. This guarantees that the
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Figure 2: Absolute full energy peak efficiency for the 2{4 ¢cm® HPGe detector. Detector
to source (center to center) distance was 18.6 cm. The line is a fit of eq. 1. to the
experimental data. Two arrows bellow 4000 keV denote the energies of two v transitions
for which we extrapolate the measured efficiency.

required extrapolation from the last experimental point at 3547 keV to 3684 and 3853
keV photon energy, shown by arrows in Fig.2, is plausible.

2.3 Electronics

The block-scheme of electronics is shown in Fig.3. For shaping, timing and logic purposes
we used NIM electronics. Data taking was performed using the CAMAC system.
Outputs of both 4 and « detectors were splitted to obtain independent time and
energy signals. Essential for the whole electronics is fast overlap coincidence (ORTEC-
ESN Co04010). This coincidence determined whether a detected 4 ray was correlated
with an « particle and therefore with a neutron, since we are interested only in prompt
v rays. Moreover, the timing was determined by the o particle detector. Therefore, a
HPGe timing signal was formed to have the width of 200 ns, the timing signal of the a
detector was kept short (~ 20 ns) and delayed by such an amount that the correlated «
signal arrived in the middle of the HPGe timing pulse. Thus, the timing of the overlap
coincidence output was given by the delayed « signal. Dead time (or data acquisition
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busy) flag was also fed to this coincidence in anticoincidence mode to prevent a new
interrupt until the old event was finished. Qutput of the overlap coincidence started both
TDCs, opened gates for all analog signals and after same delay (100 ps to allow for data
digitalization) generated LAM in the CAMAC system.

Energy signal from HPGe goes via a shaping amplifier (Silena 7400) to the NIM
ADC (ND 8102) and the ND-CAMAC interface. Time signal is shaped in a timing filter
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Figure 3: Simplified block scheme of the electronics. NIM and CAMAC electronics is
separated by a dash line. The abbreviations represent following electronic modules: Amp -
shaping amplifier, TFA - timing filter amplifier, CFT - constant fraction timing discrimi-
nator, PSD - pulse shape discriminator, Co - fast overlap coincidence, Del - analog delay,
GG - gate generator, TAC - time-to-amplitude converter, ADC - amplitude-to-digital con-
verter, QDC - charge-to-digital converter, I/0 - input/output register interrupt and dead
time handling, S; - scalers.

amplifier(ORTEC 4700) and goes to the constant fraction timing discriminator (Canberra
2160). One CFT output goes directly to the overlap coincidence, the second is delayed
and stops the time-to-analog converter (Canberra 2043). Its analog output is digitalized
in the CAMAC ADC (Polon 712). The second output of the timing amplifier is fed to



the input of the CAMAC charge-to-digital converter (Gan’elec 1612F) which was used to
determine the shape of the HPGe signal by integrating in gates of two different lengths.
By measuring the shape of the HPGe signal we intended to correct for the time walk
caused by different charge collection times in the large HPGe and so improve the timing
resolution. In this study, however, the time correction was not yet applied. Analog signal
of the o detector was fed to the second input of the QDC to measure energy of the o
particles. '

Pulses from the neutron detectors were processed by the pulse shape discriminator
(Canberra 2160A) and the constant fraction timing discriminator. The rate of the nxa
coincidences was determined by TDC(Canberra 1443) with single channel analyzer output
adjusted on the prompt peak. All signals important for monitoring purposes, i.e. a,v X &,
n and nxa, were counted in 100 MHz CAMAC scalers. '

Our CAMAC system was interfaced via the HYTEC 1330 crate controller to the
IBM PC/AT personal computer, where an on-line program for the data acquisition was
running. [8]. This program allowed simultaneously the following:

e take data from defined CAMAC modules (in our experiment 4 converters and 4
scalers). The readout cycle was started by an accepted LAM signal that simultane-
ously raised the dead-time flag,

e write the data on an event-by-event basis in the list mode into two ping-pong data
buffers located in the high memory of the personal computer,

e write automatically filled buffers into a file on the local disk,
e create and fill requested spectra from input data stream, and
e display the requested spectra.

The list mode data files were transferred after the experiment via the ethernet com-
puter network to the disc of the remote computer IBM/RS6000.

In the off-line analysis, data were rewritten into a N-tuple form [9] and then analysed
by a powerful analyvsis package PAW developed at CERN [9]. In the first step we looked
at the time spectrum that shows a prompt coincidence peak superimposed on the random

background. Then. the limits of the prompt peak as well as two background regions on
both sides of the peak were determined. The background regions were choosen in such
a way that the random area under prompt peak and sum of two random background
windows were identical. In the next step a net energy spectrum from the N-tuple was

formed by adding events in the prompt time window and subtracting events in the both
background time windows. The net energy spectrum was analysed afterwards in a classical
manner.

2.4 Oxygen sample and the course of the experiment

From the very beginning we searched for a suitable oxygen sample to perform relative
rather than absolute cross section measurement. We needed sample with an additional
element for which a photon production cross section is well known and easy to measure.
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The ratio of oxygen and reference element should be also reasonable in order to get
faworable statistics for all photons detected. We have chosen CrQ; sample for the following
2 reasons: '

e the cross section for the production of the 1434.1 keV « line from 32Cr(n,n’y) is
known to be (847+23) mb, i.e. with uncertainty of only 2.7% [5],

e CrOj is a chromium compound with the highest oxygen content.

Our sample consisted of 147 g of CrO; in a powder form which was filled in the
polyethylene flask with dimensions of ¢46 mmx60 mm. The polyethylene itself does not
contain oxygen, so no correction in this respect was necessary. However, after the exper-
iment we measured the water content in our powder sample and found that it contained
0.4% of water by weight. We corrected our result for this additional oxygen content in
the sample.

At an early stage of the experiment we performed a test measurement to see the
detector performance at high photon energy as well as background level and performance
of the whole setup. In this test experiment we used slightly different geometry than in
the final measurement with the CrO; sample at a larger distance from the TiT target,
HPGe detector at the angle of 90° and with the energy scale up to about 7 MeV of the v
energy. In this setup we irradiated the sample and measured the 4 spectrum for 26 hours.

In the final measurement, we moved our sample and detector closer to the TiT target
to increase the neutron flux density at the sample and moved the HPGe detector to the
angle of 125° (see setup described in 2.1). In this geometry we have slightly higher random
background, but our net count rate was increased. The energy range of HPGe detector
was also reduced to get optimal energy = 0.5 keV per channel. Total irradiation time in
the final experiment was 50 hours.

3 Qualitative analysis of the v spectrum

3.1 Basic features

The high energy part of the 4 spectrum obtained in the test experiment at 90° is shown
with all identificd structures in Fig.4. Correct interpretation and analysis of this structures
is crucial for several photon production cross sections in the (n,ay) channel. At the
high energy end. the spectrum is dominated by the 6129 keV 4 line from the inelastic
neutron scattering ou '*O. High efficiency of our HPGe detector for high energy photons
is demonstrated by the fact that the full energy peak is more intense than both single
and double escape peaks even at this very high photon energy. Both v lines at 3684 keV
and 3853 keV from the '*0(n,ay)'3C reaction are also clearly seen. Next characteristic
feature in the spectrum are broad structures in the whole energy range. Some of these
structures can be identified as Compton edges of various peaks.

To identify and analyse the other structures, we have to keep in mind that our reaction
system is very light and the recoil velocity of the reaction product can therefore reach
rather high values, usually not observed at so low incident energies. Together with very
short lifetimes of several populated levels this may result in Doppler broadening of 4
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Figure 4: High energy part of the v spectrum obtained in the test ezperiment at 9(P.
Observed sharp peaks and broad structures in the spectrum are identified according to
their origin, CE, SE and DE denote the Compton edge, single and double escape peaks,
respectively. Hatched regions mark Doppler broadened peaks. For each zdentzﬁed ~ peak
the lifetime of the initial level is indicated.

lines which depopulate these levels. Detailed analysis of Doppler broadening is rather
- complicated, nevertheless, on the basis of our measured spectrum we can make several
conclusions discussed below.

3.2 Doppler broadening

The Doppler broadening can be observed ‘when photons are emitted from a moving nu-
cleus. This may occur when the velocity of the emitting nucleus is high and the lifetime
of the nuclear level is shorter than the stopping time of the recoiling nucleus. In the
spectrum on Fig.4 we can see several broad structures, that we identify as 4 peaks with
various degree of Doppler broadening. The width of the broadened peak depends not only
on the lifetime of the corresponding level, but also on the feeding pattern of this level.
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Here we are not able to make a quantitative discussion of the Doppler broadening for
reasons which will be clarified soon, but we start our qualitative analysis with a simple
case of a nuclear level which is popula.ted only by particle feedmg In this case the average
Doppler shift AE, can be expressed as [6)

&E, = F(r)E,f, cos(8), 2

where E. is emitted photon energy, 3, is the recoil velocity in units of c, § is the observation
angle and F(7) is the function which takes into account stopping of the recoiling nucleus
as well as the lifetime of the decaying level.

It is the function F(r) which prevents quantitative analysis of the Doppler broadening
in our case, because we lack experimental information on stopping of *3C in the heteroge-
nous CrO; sample. In the very simple case of the homogeneous sample this function may
be approximated by {6]

F(r) =

a+71’ (3)
where a is here the average stopping time with a typical value a ~0.1 ps and 7 is the
lifetime of the level. For our case of the powder sample, we may expect for a somewhat
higher values. From the velocity of incident neutrons and the mass of the target we get
B ~0.01 for the recoil nucleus which gives maximal Doppler shift of =40 keV for a photon
of 4000 keV energy. The Doppler broadening may reach up to more than twice of this
value, depending on the kinematics of the reaction including also angular distribution of
emitted o particles. The Doppler broadening can be observed only for levels with lifetime
shorter than = 0.1 ps. For v lines depopulating levels with longer lifetime there will be
no observable broadening.

The above picture is valid only in the case of direct particle feeding of the level in
question. Wherr the level is feeded by « decay from higher levels, the broadening depends
on lifetimes of these levels. For instance, when a short-lived level is feeded from a level
with a long lifetime we will not observe any broadening since photons are emitted from
the nucleus already at rest.

In our 4 spectrum we see the sharp peak at 6129 keV as well as its single and double
escape peaks from the inelastic neutron scattering on ®0. The lifetime of the 6129 keV
level of 0 is 7= 18 ps and according to our simple picture one should not observe any
broadening in this case, because of 7 > a. The next prominent peak is at 3853 keV and
its single escape comes from the decay of the 12.5 ps level in 13C and it is also sharp.

All other observed peaks show some broadening. The peak at 2742 keV we identify as
the 2= —3~ transition in 60, where the lifetime of the 2~ level is 7= 0.12 ps, the value
at which we should start to observe the Doppler broadening. This is actually the case,
because of the width of this peak is several times higher than the intrinsic resolution of
our detector at this energy.

The broad structure at 4440 keV we identify as the Doppler broadened 4 transition
2* — 0% from '*0O(n,n’a)'?C. The lifetime of the 2* level at 4439.5 keV is only 42 fs
and the observed broadening is rather high. Next two broad structures in the observed
spectrum are peaks near 6408 and 6608 keV which we identify as single escape peaks from
6919 and 7117 keV 7 transitions. They depopulate levels with lifetimes of 4.2 fs and 8 fs,
respectively and because of this short lifetime the both peaks are broad.
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The structure at 3684 keV, which we identify as the full energy peak from the 3/2- —
1/2~ transition in the '®0(n,av)'3C reaction shows a peculiar shape. A rather sharp part
with apparently no broadening is superimposed on a broad structure. This is an example
of a more complicated feeding of the 3/2 level with the lifetime of only 7= 1.6 fs. Here,
T € a and in the case of simple particle feeding we should observe a very broad peak.
In addition, the 3/2~ level is feeded by the v transition from the 5/2% level at 3853.6
keV with the lifetime of 12.5 ps [14]. This part of intensity is sharp, similarly to the
3853.6 keV v transition itself, because the lifetime is in this case effectively determined
by the decay of the long-lived level 5/2% . Unfortunately, we were not able to observe the
5/2% — 3/2~ transition experimentally because of its very low energy of 169 keV.

By thorough inspection of Fig.4 one can identify a small broad structure at = 3100
keV. This may correspond to the 3088 keV 1/2* — 1/2" transition from the *0O(n,a7)!*C
reaction. The lifetime of the 3088 keV level in 3C is also very short, 1.5 fs, therefore we
expect rather strong Doppler broadening, similar to the 3684 keV transition. Unfortu-
nately, this structure is masked by the single escape peak from the broadened 3684 keV
transition, which together with the apparent weakness of the 3088 keV ~ transition makes
its positive identification difficult.

All other broad structures in the spectrum can be explained by the response of our
HPGe detector as Compton edges of various full energy peaks.

To summarize our analysis of the high energy part of the spectrum, we see that the
Doppler effect plays an important role in the v spectrometry of the very light systems. In
our special case of the %0(n,av)'C reaction one should take these effects into account
especially in the analysis of the 3684.4 keV transition.

4 Results and Discussion

4.1 Peak areas

The observed v ray energy spectrum with random background subtracted is shown in
Fig.5. The most prominent peak is 1434 keV from the reference reaction 32Cr(n,n’y). Both
high energy peaks 3684.4 and 3853.6 keV from the reaction '*Q(n,ay)'3C are visible at
the right hand side of the spectrum. There are many others peaks in the spectrum, mainly
in the low energy region. The majority of them originated in the neutron interactions
with Cr. Broad structures with asymmetric shapes around 600 and 800 keV are from
interactions of elastically scattered neutrons with Ge in the HPGe itself. The broadening is
caused by absorption of recoil energy in the HPGe crystal. We were not able to determine
any significant intensity which would correspond to the low energy transitions between
excited levels of 13C, i.e., 596 and 765 keV.

We determined areas of all peaks by the simple algorithm in which we selected the
peak region and two background regions on both sides of the peak in question. Then,
we integrated the peak region and determined background by linear interpolation of two
background windows. We used this procedure for all narrow peaks, i.e., for 1443.1 keV,
3853.6 keV and the narrow part of the 3684.4 keV transition. Very difficult task was the
area determination of the broadened 3684.4 keV transition. Although the whole procedure
is the same as for narrow peaks, the difficulty arise with setting of both background and
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Figure 5: Net energy spectrum obtained in the CrOs+ n ezperiment after subtraction of
random background. Only full energy peaks relevant for the cross section determination
are labeled in this spectrum.

peak regions. Typical background setting is shown in detail in Fig. 6. The background
under the peak itself was assumed to be linear and it is shown as a line. According to our
previous discussion we assume that the broadened part corresponds to the direct particle
population of the 3/2~ level at 3684.4 keV in the '3C and the sharp fraction of the full
energy peak corresponds to the population via 169.2 keV transition from the 5/2% level.

More difficult is an attempt to determine the cross section for the production of the
3088.4 keV ~ ray transition. Lifetime of this 1/2% level is 1.5 fs, the same as the lifetime
of the 3684.4 keV level. Therefore, this transition should also be broadened. Moreover,
in this region falls also the single escape peak of the broadened 3684.4 keV 4 ray. The
final energy spectrum in Fig.5 shows a structure in this region which seems to support
our interpretation. Measured efficiency of single escape peak shows that the majority of
this intensity corresponds to the single escape peak of 3684.4 keV. We determined this
part of the observed intensity from the peak area and the single escape peak efficiency
of the 3684.4 keV transition. The intensity corresponding to the 3088.4 keV transition
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Figure 6: High energy part of the v ray spectrum with 3684.4 and 3853.6 keV transitions.
Hatched regions were used for the background determination (see the straight line) under
the broadened 3684.4 keV peak.

was determined as the difference between the area of the structure near 3100 keV and the
calculated intensity corresponding to the single escape peak of 3684.4 keV.

The uncertainties of the peak areas were calculated as sum of statistical peak and
background uncertainties. For the broadened 3684.4 keV and 3088.4 keV transition we
added an additional term, which should account for somewhat subjective setting of peak
and background regions. We determined the net peak area for different peak and window
regions. From peak area variation for different region settings we got a systematic error,
which we added geometrically to the statistical errors. The final uncertainties of the
peak areas (see Tab.4.1) vary between 0.5% and 18% for 1434.1 keV and 3088.2 keV «
transition, respectively.

Experimentally determined areas net areas of the relevant peaks in both '3C and 32Cr
are summarized in Tab.4.1. Relative full energy peak efficiences of the HPGe detector are
also given in this table.

Cross sections were determined relatively to the cross section of the 1434.1 keV tran-
sition using the following formula

_ N; X €1434 X Ciy34 X fi X nsac,

ag; =
Niaza X € X C; X fia3q X misg

X 01434, (4)

where 1= 3684,3853, o; is the cross section in (mb), N; is peak area in the observed
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Transition energy(keV) | Reaction Area Rel. Efficiency
1434.1 *’Cr(n,n’y) | 522094257 1.000
3088.0 %0(n,ay) | 510+90 | 0.589+40.029
3683.8 %0(n,ey) | 84861428 | 0.52140.026
3853.6 160(n,ey) | 3573£174 | 0.504+0.025

Table 1: Peak areas of relevant peaks extracted from the ezperimental spectrum and the
relative full enerqgy peak efficiences.

spectrum, C; is the correction for 4 ray absorption in the sample, f; is correction factor
for secondary neutron contribution, ¢; is the relative full energy peak efficiency and n, is
the number of indicated nuclei in the sample.

The cross section for the production of the 1434.1 keV 4 ray was based on the data
given in Ref. [5]. The isotopic cross section of 924425 mb at 14.0 MeV was converted to
14.7 MeV using gradient of 193 mb/MeV. We corrected this cross section for the 3Cr(n,2n)
contribution assuming 9.5% abundance of *3Cr, cross section of *Cr(n,2n) reaction of 933
mb and 85% probability for production of the 1434.1 keV «4 ray in the (n,2n) reaction.
For the natural mixture of Cr we got then for production of the 1434.1 keV v ray at 14.7
MeV incident neutron energy the effective cross section of 695+28mb.

4.2 Corrections

Two kinds of corrections were applieded, according to the Eq. (1). The first one is
the simple correction for photon selfabsorption in the sample. The mean photon path
in the sample was calculated using the Monte Carlo technique. We reduced the photon
attenuation coefficients of Ref. [10] to account for reduced density of our powder sample.

The second correction accounts for effects of secondary neutrons in the sample. Sec-
ondary neutrons are produced in the sample by inelastic scattering and their energy is
lower than the incident energy of 14.7 MeV. Excitation curves for both reference (n,n’y)
and (n,ay) reactions are rather complicated function of incident energy. In general, sec-
ondary neutrons have higher probability of producing inelastic 4 rays, in our case es-
pecially the 1434.1 keV « line than do the 14.7 MeV neutrons. The oposite is true for
v rays from (n,a) reaction because of high Q-value of this reaction. For calculation of
this correction, we followed the development at IRK Vienna [11] and used the following
formulas N,..

f-i =1- Npri'm. (5)

Naec nx 7 X fOEo Ma‘ﬁ(En’)dEm

dE,,

Nprim B Uva(EO) ’ (6)

where f; is the correction for secondary effects, do( Ey,En)/dE, is differential production
cross section for secondary neutrons of energy E. by primary neutrons of energy E,,




- 14 -

0..(En) is the production cross section for photons of energy E. by secondary neutrons
of energy E,s, | is the average path of secondary neutrons in the sample and n is the
number of the nuclei per lam®. All differential and production cros sections sections for
this formula were taken from evaluated nuclear data library ENDF/B-VI.

Photon energy | Selfabsorption | Multiple scattering
E,‘ (l\eV) Ci f,'
1434.1 0.96 0.89
3088.4 0.97 0.92
3684.4 0.98 0.91
3853.6 0.98 0.91

Table 2: Multiple scattering and selfabsorption corrections used in data evaluation.

The corrections applied for each individual 4 transition are summarized in Tab.4.2.
The estimated uncertainty of the total correction is 3%.

Energy (keV) | Transition | Cross section (mb)
3088.4 1/2t — 1/2° 3.1+0.6
3684.4 3/2= — 1/2" 53.5+5.0
3684.4° 3/27 - 1/2~ 13.0£1.2
3853.6 5/2t — 1/2~ 24.31+2.2

Sunshifted part corresponding to the v feeding from the 5/2+ level

Table 3: Cross sections for the production of discrete « transitions in the *O(n,av)3C
reaction at 14.7 MeV. Given are also cross section for production of 3088.4 keV transition
as well as cross section for indirect production of the 3684.4 keV transition.

Uncertainty in the relative full energy peak efficiency was estimated to be 5% for
photon energies above 3000 keV. The uncertainty in the correction factor is given by
the uncertainty for the secondary effects and was estimated to be 3%. The error in the
selfabsorption term was neglected, because the mean absorption length was calculated
with accuracy better than 1%. The cross sections calculated according to the formula 4
are given together with final uncertainties in Tab.3.

4.3 Discussion

The cross section of the 3684.4 keV ~ transition is strongly influenced by the interpretation
of the peak shape. Our interpretation is based on the observation that the peak shape is
caused by complex feeding scheme of the 3684.4 keV level and Doppler broadening. This
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is supported by a similar finding by Dickens and Perey [13], who observed Doppler effects
in '%0(n,av) reaction at still lower incident neutron energies between 6.4 and 10.6 MeV.

In addition, this is strongly supported by the spectroscopic information on v decay
branching of the 5/2% level. According to Warburton [14], the 5/2% level decays with the

& a4 3
“:g’*e‘?*b '}*a n"e\w-':\
& PO o a
. (2
a \ SV 2007 A
' [0' l° ; ch Q-Q 4,0%_ 5/2:. 12.5 ps
1/2*, 1.55fs
Qxy \
1/27, g.s.

IJC
Figure 7: Simplified level scheme of '*C with 4 ray branching ratios taken from Ref. [14].

probability of (62.51+0.6)% to the ground state and with the probability of (36.310.6)%
to the 3/2~ level at the 3684.4 keV, see Fig.7. It appears that we can calculate this
branching ratios from our cross section data. An agreement of branching calculated from
our cross sections with literature data would represent a strong argument in favor of our
interpretation. The v branch going through the 3/2~ level is given as the ratio of the

cross section of the sharp part of the 3684.4 keV transition oiaas” to the total population
of the 5/2% level o5/2+. One has

oy omr
b= = — s = 0.346 4+ 0.039. (7)
Os5/2+ 03853 + O3634

This value is in excellent agreement with the spectroscopic measurement [14].

The complex shape of the 3684.4 keV ~ line allows also to determine the discrete level
population in the (n,a) reaction and therefore perform direct comparison with charged
particle cross section data. The population of 5/2% and 3/2~ levels is (37.5+2.5) mb and
(40.945.3) mb, respectively. ,

Both 5/2% and 3/2~ levels have weak 4 decay branch to the 1/2* level at 3088.8 keV
with branching ratios of 1.2 % and 0.7%, respectively [14]. For production of the 3088.8
keV transition we measured cross section of (3.1+£0.6) mb, from which 0.6 mb represents
contribution from 4 branching from higher levels and for direct a particle population is
left only (2.5+0.6) mb.

Total a particle production cross section is given by the sum of all partial level popu-
lations. Naturally, in our method we can not account for direct ground state population.
For the total population of excited states in 13C we get

O+ = O3684+ 03853+ 03088 = (53.91£5.0) + (24.3£2.2)+ (3.1 £0.6) = (80.9£5.4) mb. (8)
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However, using experimental cross section for the ap branch (3] of 17.3+3.4 mb for g.s.

population, we can estimate from our 4 production cross section the total o production
cross section to be

Oo = 0aq + 0o = (80.9£5.4) +(17.3 £3.4) = (98.8 £ 6.4) mb (9)

We can now compare our results with the literature data, starting with the 4 pro-
duction. The 4 production cross section of 3684.4 transition measured in this work is
compared with known experimental data [15] in Fig.8 All these data are rather old and
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Figure 8: Cross section for production of 368{.4 keV ~ transition in the °0O(n,ay)*C
reaction between 12 and 16 MeV incident neutron energy. Our result is compared with
ezisting ezperimental data (see list in Ref. [15]. The smooth line is a spline polynomial
connecting evaluated points from ENDF/B-VI.

majority of them were obtained with low resolution Nal(Tl) detectors. Only 5 mea-
surements were performed using high resolution Ge(Li) detectors. Of them four older
measurements by Orphan, Clayeux, Nyberg and Yamamoto were handicapped by rather
low efficiency of early semiconductor detectors with the active volume almost one order of
magnitude lower than today available HPGe detectors. Only Nelson offer new data taken
with a large Ge(Li), his data show in the 14 MeV region rather strong energy dependence
and their uncertainties are also fairly large. Other literature data for production of this 5
line show also large spread between 38 and 62 mb . Our value of 53.54£5.0 mb therefore
represents an almost mean value of the older experimental data.
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The origin of the differences is not completely understood. Neglecting the Doppler
broadened part of the peak results in a substantial reduction of the peak intensity and lead
to the low value of cross section. However, this is relevant only for measurements with high
resolution Ge spectrometers and not for Nal(Tl) detectors, where this effect could not be
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Figure 9: Cross section for 3853.6 keV v transition production in the **O(n,av )" C reac-
tion. Qur cross scction is compared with other literature data and ENDF/B-VI evaluation
between 12 and 16 MeV incident neutron energy. The smooth line is a spline polynomial
connecting points given by ENDF/B-VI.

observed. Part of the differences may be explained because of our improved experimental
technique, large HP G detector with very good energy resolution and setup with relatively
low background. Relative cross section measurement also removed uncertainties usually
connected with absolute neutron flux and detection efficiency determination. With respect
to the evaluated data. our experimental point is slightly lower than the ENDF/B-VI value
of 60.4 mb at [1.53 MeV.

The literature data [13] for the 3853.6 keV + line production are summarized together
with our result in Fig.9. The experimental data may be divided into two parts. The first
group scattered around ~30 mb represent the part with less dispersion and lower values.
Measurements by Scherrer and Yamamoto show rather large uncertainties and their values
are substantially higher than the other group. Our measurement supports the former
group with lower cross sections. Origin of the discrepancies is not known. However, the
Scherrer measurement is rather old and was performed with very low resolution Nal(TI)
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spectrometer. The result given by Yamamoto is relatively new, but its uncertainty is
so high that it is even in accord with other measurements. Qur experimental value
(24.3£2.2) mb is here again somewhat lower than the ENDF/B-VI evaluation, which
gives cross section of 32.7 mb at 14.7 MeV.

Total discrete v production measured in the present work is (80.94£5.5) mb. To com-
pare this value with the total a particle production, we added ground state population
from measurement of Borman [3]. We got then for total a particle production cross section
of (98.24£6.4) mb. This value is lower than the cross section accepted in the ENDF/B-VI
evaluation for the total a particle production, which is 131.7 mb. On the other hand, our
value is in accord with the JENDL-3 evaluation which gives at 14.6 Mev cross section of
99.4 mb.

5 Conclusions

We measured discrete cross section of 4 ray production cross sections in the **O(n,ay)!3C
reaction at 14.7 MeV. We used large HPGe detector, up-to date electronics and computer-
ized multiparametric data acquisition system. Cross sections were determined relatively
to the well known reference ®?Cr(n,n’y) reaction with precission better than 10%. We
found that Doppler effects play an important role in this very light system. For the
short-lived 3/27 level we accounted for this fact and arrived at the cross section that is
comparable roughly to the mean value of other known experimental data around 14 MeV.
We determined the total discrete 4 ray production to be (80.9£5.4) mb and we deduced
the total 0 (n,a)'®C cross section of (98.9+6.4)mb. This later value is lower than the
other experimental data as well as the ENDF/B-VI evaluation, it is, however in excellent
agreement with the JENDL-3 evaluation.
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