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Abstract

The total cross sections of the *2C(d,py1)**C (Ey = 3089 keV) ,"*C(d,py2)**C (Ey = 3684 keV)
and YC(d,pys)*3C (Ey = 3854 keV) reactions, as well as differential cross sections for (d,po),
(d,p1) reactions and (d,do) elastic scattering were determined in the 740-2000 keV deuteron
energy range using a self-supporting natural carbon foil and detecting the gamma-rays and
particles simultaneously. In order to test the validity of the measured gamma-ray producing
cross sections, benchmark experiments were performed using kapton foils with two different
thicknesses. Both the obtained gamma- and particle production cross section results were
compared with data existing in literature, and in the case of (d,p,) the experimental
differential cross-section data were compared also with the theoretical evaluated values.

PACS: 29.30.Kv; 82.80.Ej; 81.70.-q; 25.45.-z
Keywords: DIGE; Cross sections for gamma-ray and particles; Eq = 0.74-2 MeV; 2C+d
reactions



1. Introduction

Particle Induced Gamma-ray Emission (PIGE) spectroscopy is an excellent tool to measure
the concentration of light elements such as carbon. The *2C(d,py)*C nuclear reaction has
already been applied in materials science for the determination of carbon in steels [1] and to
characterize high purity, high performance thin films produced by metal-organic chemical
vapour deposition (MOCVD) technique. Regarding the characterization of thin films, the
advantage of the PIGE method is its sensitivity; it is capable to detect rather low carbon
concentrations and C/O ratios in the presence of different kind of substrates [2, 3].

Gamma-ray production yields in deuteron induced nuclear reactions (d-PIGE) for thick targets
were published in [4] for several deuteron energies; however, for precise quantitative analysis,
the cross section of the reaction as a function of deuteron energy is needed. To our best
knowledge, the following cross section measurements exist in literature: Tryti et al. [5, 6]
studied primarily the behaviour of this reaction in terms of nuclear physics, while the aim of
the later measurements [7, 8] was the application of the resulted cross sections for elemental
analysis (archaeometry and geology, respectively). The comparison of the published cross
sections revealed rather large discrepancies.

The aim of this work is to determine reliable cross section data for the **C(d,py)**C nuclear
reaction by carrying out the measurement of gamma-ray producing cross sections with the
detection of gamma- and particle yields simultaneously. In this paper we report on the
measurements of the total *2C(d,py:)*C (Ey = 3089 keV), **C(d,py2)**C (Ey = 3684 keV) and
2C(d,pys)*™®C (Ey = 3854 keV) reaction cross sections, as well as differential cross sections
for (d,po), (d,p1) reactions and (d,do) elastic scattering, respectively. In order to test the
measured cross sections in relation to the thick target yields, benchmark experiments were
performed. Both the obtained gamma-ray and particle production cross section results were
compared with data existing in literature, and in the case of (d,p,) it was a possibility to
compare the experimental differential cross section data with the theoretical evaluated values
published by Abriola et al [9] recently.

The present work is part of a Coordinated Research Project organized by IAEA [10, 11] and
the experimental results will be incorporated into IBANDL (lon Beam Analysis Nuclear Data
Library, www-nds.iaea.org/ibandl/).

2. Experimental

The measurements were carried out at the 5 MV Van de Graaff accelerator of Atomki. The
energy calibration of the accelerator for protons was performed with the 992 keV resonance of
the %' Al(p,y)*®Si reaction. Besides the calibration with protons, the 1449+1.5 keV resonance
[12] of the *2C(d,py)**C reaction was also used to check the energy calibration.



The experimental set-up consisted of a target chamber with a long Faraday cup, a coaxial type
HPGe detector of 170 cm® volume positioned at an angle of 55° relative to the beam direction
at a distance of 9.5 cm from the target, and an ion implanted Si detector with 500 um active
depth and 13 keV energy resolution was placed at an angle of 135° relative to the beam
direction at a distance of 4.15 cm from the target. A copper collimator with a hole diameter of
3 mm was used in front of the Si detector. The determination of the solid angle of the Si
detector was done with a Th(B+C) radioactive source with a well known activity. The solid
angle was found to be 4.11+0.10 msr. The detailed description of the experimental set up
including the absolute efficiency determination of the HPGe gamma detector is presented
elsewhere [13].

The target was a self-supporting natural carbon foil (thickness: 1.9*10'® atom/cm?) with an
evaporated palladium layer on its back surface (thickness: 2.7*10'" atom/cm?). The number of
target nuclides was determined with a-RBS technique directly before and after the cross
section measurements and under the same experimental conditions using the SIMNRA
program [14]. The applied a-energy was 1.5 MeV. At this incident energy the backscattering
of alpha particles can be considered as pure Rutherford on both C and Pd [15]. In order to
check the stability of the target, and also the possible build-up of carbon on its surface, the
thin target gamma-ray and proton yields were re-measured in several energy points directly
after finishing the actual yield measurements. Comparing the a-RBS thickness data that was
obtained before and after the yield measurements, and also on the basis of the gamma-ray and
proton yield re-measurements, we can conclude that the damage of the target and the carbon
build-up on its surface were below 5%, so within the uncertainties; in addition, the overall
sum of these deviations was close to zero. Figs. 1 and 2 show the gamma-ray and particle
spectra of the target measured simultaneously at 2.0 MeV deuteron energy. The interaction of
the beam with the carbon contaminants of the experimental set-up has to be taken into
consideration because it also gives a contribution to the measured gamma-ray yields thus
decreases the accuracy of the calculated cross sections. Our test measurements carried out
with an empty target holder at different gamma energies showed that this contribution is
(3+1)%, thus we corrected our final results with this value.

Gamma-ray yields for the 3089, 3684 and 3854 keV gamma-lines of the *C(d,py)*C
reaction and *C(d,po)**C, **C(d,p1)**C, ™'C(d,do)™C reaction particle yields were measured.
The measurements were performed starting from 2000 keV deuteron energy and descending
to 740 keV with 2-20 keV steps depending on the structure of the excitation function, and was
repeated at certain deuteron energies several times. Typical beam current and collected charge
were 25 nA and 7 pC, respectively. The simultaneous collection of gamma-ray and particle
spectra as it was proposed in reference [11] has the advantage of the independent
determination of the beam charge with the RBS monitoring of the Pd layer, which helps to
avoid systematic and stochastic uncertainties of charge integration.

3. Cross section calculations and discussion of the results



3.1 Gamma-ray production cross sections

The total gamma-ray production cross section was determined according to the following
equation:

Yy (Ey,0
0y (Eo,0) = s (1)

where Y, (E,,0) is the measured y-ray yield (i.e. the net area of the y-ray peak) at deuteron
energy Eq and y-ray detection angle 6, N, is the number of incident projectiles, N is the
number of carbon nuclei per square centimeter and eans(E,) is the absolute detection efficiency
of the HPGe detector at the corresponding gamma-ray energy [10]. This formula is valid only
if the cross section is varying only little within the target thickness, which requirement is
satisfied approximately for the entire energy range except at resonant energies. Therefore, the
calculated and presented gamma-ray production cross section values are considered as

averaged ones for the finite thickness target.

To avoid the errors stemming from the direct measurement of incident charge, we calculated
the number of incident projectiles N, from the following equation:

Ys(Eo.B)
N, = 2

14 dURu;f}Z(Eo.B)*QSNt_Pd )
where Y;(E,, B) is the measured scattered particle yield for the palladium layer on the target
(i.e. the net area of the scattered projectile peak) measured at deuteron energy Eq and particle
detection angle B, doruin(Eo,f)/d2 is the Rutherford cross section for palladium at deuteron
energy Eo and particle detection angle 5 and Ni.pq is the number of palladium nuclei per square

centimeter [10].

With this method, we had to ascertain the target nuclide numbers with high precision for both
components, and determine the parameters of the experimental system, the solid angle of the
particle detector and the absolute efficiency of the HPGe detector. In the calculation of the
elastic backscattering cross section for palladium, the changes in the energy of deuterons
while moving through the carbon layer had to be taken into account, too.

In order to keep statistical uncertainty low, in the case of the *2C(d,py)*>C reaction for the
Ey1=3089 keVV gamma-line, which was the most important for us because of its analytical
importance, we aimed to reach a peak area with 10000 counts. After the evaluation we
obtained 1-2% error for the net peak counts. For the gamma production reactions of Ey,=
3684 keV, Eys= 3854 keV energies, the error was 2-42% because of the lower intensities. In
the evaluation process, dead time (<1%) correction was applied.

Based on a-RBS measurements, the overall uncertainty of N.c and N¢pq Was found to be 3%
(measurements on a SiPd standard series and repeated measurements of the sample were
taken into account). The error of the solid-angle (Q2) determination of the particle detector was
2.5%, the uncertainty of the activity determination of the Th(B+C) source included.



Concerning the Rutherford backscattering calculation of the palladium layer, an error of 2% is
estimated, due to the uncertainties of the angle determination and energy loss through the
carbon layer.

The uncertainty of the absolute efficiency (eans) Of the HPGe detector is 2% at 3089 keV and
3% at 3684 and 3854 keV, based on the measured efficiency curve.

The total errors obtained from the quadratic sum of the partial uncertainties are below 6%, in
the case of the **C(d,py1)™>C reaction while it varied between 5-38% and 6-43% in the cases
of ?C(d,py»)**C and *2C(d,pys)**C reactions, respectively.

The obtained gamma-ray production cross section for the Ey;=3089 keV line as a function of
the bombarding deuteron energy and the result of measurement from 0.74 to 2.0 MeV is
presented in Fig. 3. The threshold energy for this gamma transition is 428 keV, not much
below the experimentally studied energy range. The present results can be compared with
three previous works [5-7] while the work of [8] is excluded from the comparison, because it
contains data only in a limited deuteron energy interval (1.4-1.9 MeV). A summary of the
experimental details of the three previous works and the present one is presented in Table 1.
As it is seen from Table 1. Tryti et al. gave their cross section values in arbitrary unit in their
first paper [5]. However, the experimental conditions of ref. [5,6] works were practically the
same, and the deuteron energy dependence of total cross sections given by [6] overlaps in a
large interval with the cross section values of ref. [5], thus it was possible to normalize the
two curves and to give the cross sections in the unit of mbarn in the whole energy range in
Fig. 3. Comparing the values with the present results, the curves of Tryti are only about 7%
below the present one up to about 1500 keV. At higher energies the deviation of Tryti’s data
is increasing gradually and exceeds the 25%. The excitation function of Papillon et al. [7] is
shifted towards lower energy values. This discrepancy can be most easily observed in the
position of the 1449.5 keV resonance. The resonance appears 36 keV below the literature
value. The authors certainly had a wrong accelerator energy calibration. (The other well
defined resonance at 2494 keV [12] is shifted down only with 14 keV, which means that the
wrong energy calibration can not easily be corrected.) Despite of the energy shift, these cross
section data agrees with the present values within = 5% (considering the “peaks” and
“valleys” in the two curves); however, above 1500 keV deuteron energy Papillon’s data are 8
-10% below the present ones.

Figures 4 and 5 show the gamma-ray production cross sections belonging to the 3684 and
3854 keV gamma-lines, including also the literature data. The threshold energies for these two
reactions are 1122 and 1321 keV, respectively. In the intensity of the peak of the excitation
curve of the 3684 keV gamma-line there is a deviation 6% and 17% between the present
values and that of Papillon at al.[7] and Tryti et al.[5,6], respectively, although these do not
exceed significantly the experimental errors of the three measurements. While the 3089 keV
excited state in **N has spin % and therefore the emitted gamma rays are isotropic, the 3684
keV and 3854 keV excited states of 1*N have spin values -3/2 and +5/2 , respectively, thus the
emission lines are not isotropic, thus strictly speaking the cross sections presented in Figs. 4
and 5 are not total cross sections. We performed similar gamma-ray angular distribution



measurements as it was described in our previous paper [13], and the results showed, that the
anisotropy was below 6% between 30-135 degree with respect to the beam direction in the
case of 3684 keV gamma-line at 1727 keV deuteron energy, which is within the experimental
error quoted above. We note that this small and negligible anisotropy is valid for the energy
range around the measured point only and might be different at other energies.

Benchmarking measurements

Cross section data intended for analytical purposes, either measured or evaluated, must be
verified through benchmarking experiments on well characterized targets [16].

To test the validity of our cross section data’s energy dependence, we carried out
measurements on 125 um (infinitely thick) and 16 um (580 keV thickness at Eq=2000 keV)
intermediate thick kapton ((C22H10N20s),) foils at 2000 keV deuteron energy and calculated
the mass fraction of carbon in them applying the following formula, which was derived from
equation 1 by integration:

YY(EOJG) (3)
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where fy, is the mass fraction of the analysed element, Y,(Eo,0) is the measured gamma-ray
yield on the thick or intermediate thick target (i.e. the area of the gamma-ray peak) at
projectile energy E; and gamma-ray detection angle 6, N, is the number of incident
projectiles, eans(E,) is the absolute efficiency of the gamma-ray detector correspondent to the
E, energy gamma-ray line, f; is the abundance of the isotope producing the gamma-radiation,
Nav is the Avogrado number, A is the atomic mass of the analysed element, E; is the energy
of the projectile after transmitting the target (for infinite thick targets E;=0), o(E.0) is the
absolute gamma-ray production cross section at projectile energy E and gamma-ray detection
angle 6, and S(E) is the stopping power of the projectile in the target in energy per areal mass
unit. The [[E1, Eq] o(E,0)/S(E) dE integral was calculated numerically dividing the [E1, Eo]
energy range into 2-20 keV long intervals.

The integration procedure contains two kinds of inaccuracies. One is originating from the
uncertainties of the measured cross sections, the other one is that there is no experimental
cross section data between the threshold and 740 keV. Supposing a constant cross section in
this energy range, its contribution to the total thick target yield remains below 5% and
therefore can be neglected. The value of E; for the 16pum thick kapton foil is 1420 keV. These
results are shown in Table 2. The discrepancies are lower than 4% between the calculated and
nominal mass fraction of carbon, which value remains under the average uncertainty of cross
section data. Thus the results of benchmarking process support our cross section reliability
exceedingly.

3.2 Particle cross sections

In order to increase the validity of our gamma-ray production cross sections, we compared our
particle production cross section data with the ones in literature.



The particle production cross section can be written as:

doEol) _ _YEh) (g
aQ NpN¢_cQe

where do(Eo,f)/dS is the differential particle production cross section at deuteron energy Eg
and particle detection angle S, Y(Eo,f) is the measured particle yield (i.e. the net area of the
particle peak) measured at deuteron energy Eo and particle detection angle S, ¢ is the intrinsic
efficiency of the particle detector (usually ~100%), Q is the solid angle of particle detection
(assumed to be small), N, is the number of incident ions calculated from equation (2) and Ni.c
is the number of carbon nuclei per square centimeter. Concerning the particle reactions, the
errors of the counting statistics were between 1-7%.

The characteristic final error of our particle production cross section data is 5%

The comparison with literature data is the most straightforward in the case of the 2C(d,po)**C
reaction due to the same applied detection angle and the high accuracy and theoretically well
established nature of literature data [17]. Figure 6. shows the particle production cross section
data measured at the angle of 135° by [18-21] together with the data measured in the present
work. We obtained the best similarity with the data obtained by Carvalho et al. and Kokkoris
et al. The deviation from these data is within the data uncertainties at low energy. Between
1760-2000 keV our data are below the above mentioned ones by on average 18% and 29%,
respectively.

The comparison with previous gamma and particle cross section measurements show that the
agreement with the present values is rather good regarding the quoted accuracy. Our gamma
results are somewhat above, while particle results are slightly below previous measurements,
no systematic deviations occur, which indicates that the N, values present in both calculations
(eqg. 1 and 4.) were well measured.

An important outcome of the present work was that the experimental results at 135° led to a
fine-tuning of the parameters involved in the evaluated curve presented in [9], which is based
on DWBA (Distorted Wave Born Approximation) and R-matrix calculations, especially for
deuteron beam energies above 1.7 MeV [22]. The new evaluated results are available to the
scientific community via the online calculator SigmaCalc 2.0 [17].

Still, according to the calculation, the position of the 1449 keV resonance is somewhat shifted
to lower energy. We note that this statement agrees with a work in progress [23] where the
large number of gamma and particle cross section results available now make it possible to
re-determine the position of the above mentioned narrow resonance around 1449 keV.

As a by-product of this work the *2C(d,p;)*3C reaction and the "™'C(d,do)™C elastic cross
section was also determined. Figure 7 shows the particle production cross section data
concerning the *2C(d,p1)*3C reaction including the literature data. In the literature, we have
found a limited number of data sets close to 135° detection angle. Poore et al. [24] carried out
their measurements at 136.1°, but only for a few energy points. Comparing our results with
these data, the agreement is satisfactory. Kokkoris et al. published data for 145° [25]. Some



deviation can be observed in the 1570-1850 keV energy range, probably caused by the
different angle of detection. Figure 8. shows the comparison of the elastic scattering cross
section data of the "'C(d,do)™C reaction, based on the present work (135°), with Kokkoris et
al. [26] (145°) and with Jeronymo et al. [27] (143.5°), as no data for the 135 degree is found
in the literature. The characteristic final error of our elastic scattering production cross section
data is 5%. In the case of Jeronimo’s data the cross section data were given in arbitrary unit
only. Therefore, a scaling factor of 195 was applied to this data set in order to have the best
agreement with the absolute value of the cross section obtained in the present work and by
Kokkoris et al. Although the measurements were performed at different angles, the obtained
cross section data are still comparable.

4, Summary

Our main goal was the determination of the gamma-ray production cross sections for the 3089
keV gamma line because of its analytical importance. In addition to these measurements new
data on *2C(d,py2)*3C (Ey = 3684 keV) y-ray producing cross sections were obtained and the
results were compared with earlier published data. The similarities and deviations were
assessed. These assessments revealed the possible uncertainties of earlier cross section
measurements and contribute to the determination of final excitation functions of **C(d,py)**C
reactions. The results of the benchmarking experiment and the obtained cross sections of the
12C(d,po)**C reaction verify the accuracy of experimental parameters and therefore increases
the reliability of the measured gamma-ray production cross sections. As a by-product we
produced new differential cross section data at 135° in the cases of *2C(d,p;)*C and
"C(d,do)™C reactions.
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Figure captions

Fig. 1. and 2. Gamma-ray and particle spectrum of the C-Pd target at 2.0 MeV deuteron
energy. (The low energy background is due to the scattering from the wall of the chamber, the
peak at channel no. 750 is regarded as electronic noise.)

Fig. 3. Gamma-ray production cross section for the 3089 keVV gamma-line as a function with
deuteron energy.

Table 1. Experimental details of the present and previous measurements

Fig. 4. Gamma-ray production cross section for the 3684 keV gamma-line as a function with
deuteron energy.

Fig. 5. Gamma-ray production cross section for the 3854 keV gamma-line as a function with
deuteron energy.
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Table 2. Results of the benchmarking process

Fig. 6. Present particle production cross section data for the *C(d,pg)**C reaction measured at
135° compared with experimental data from the literature and the theoretical excitation
function based on DWBA (Distorted Wave Born Approximation) and R-matrix calculations
[22].

Fig. 7. Particle production cross section data for the **C(d,p;)*3C reaction

Fig. 8. Elastic scattering cross section data of the "'C(d,dg)"™C reaction
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Table 1.

Ref. [5] Ref. [6] Ref. [7] Present
Thickness of carbon target ~0.36 x10'8* ~2.00x10%* 0.52x10% 1.90x 10"
(atoms/cm?)
Energy loss in target
at Ed = 1.45 MeV (keV) 21 11.2 2.9 10.5
Target backing Ta Ta Ta self supp.
Target other - Au - Pd
Target current (nA) 1000 700 70-130 25
Method of charge collection not given Au-RBS BrookhavenIC Pd-RBS
Collected charge (uC) 1800 not given 30 7
Target-detector distance (cm) 15 16 7 95
Ge det. volume planar 10 cm? planar 10 cm® 115 cm? 170 cm?
Ge det. angle 0 0 135° 55°
Particle detector no 90° and135° no 135°
Ed range (MeV) 0.8-2.2 1.4-3.2 0.5-4.0 0.74-2.0
Cross. sect. unit arbitrary mbarn mbarn mbarn
Uncertainty not given 12% 10% 6%

*Calculated by us from the energy loss
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Table 2.
Gamma line | Thickness of kapton in | Nominal mass fraction of | Calculated mass fraction

keV um carbon in g/g of carbon in g/g
3089 125 0.691 0.71£0.04
3684 125 0.691 0.71+0.04
3089 16 0.691 0.72+0.04
3684 16 0.691 0.71+0.04
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