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The energy dependence of the cross section of the (n,p) and (n,d) reactions on "'C has been studied for the
first time at the n_TOF facility at CERN, from the particle detection threshold up to 25 MeV. The measurement
was performed with two telescopes made of position-sensitive silicon AE-E detectors, covering the angular
range from 20° to 140°. A detector efficiency has been determined by means of Monte Carlo simulations of the
experimental setup. Various assumptions on the angular distributions and branching ratios of the excited levels
of the residual ''B, 2B, 1*B nuclei were considered. In particular, theoretical calculations based on the TALYS-
2.0 code were used and the systematic uncertainties in the analysis results were determined from the variations
in these distributions. The n_TOF data on the (n,p) and (n,d) reaction on carbon are characterized by a higher
accuracy and wider energy range than currently available in literature. A comparison with current evaluations
from different libraries reveals a rather significant disagreement with the n_TOF results, while a remarkable
agreement is observed with the prediction of TALYS-2.0 for this light element.

1. Introduction

The " C(n,cp) reactions with charged particles (cp) in the exit chan-
nel are among the most important ones for a variety of fields. Together
with oxygen, nitrogen and other light elements, carbon is abundantly
present in human body, and knowledge of the cross section of neutron-
induced reactions is important for estimates of dose to tissues in hadron-
therapy, in particular with protons and light ion beams. Although the
importance of neutron induced reactions on carbon in nuclear medicine
has long been recognized [1], data and evaluations on (n,p) and (n,d)
cross sections still present the unresolved inconsistencies and cover a
limited energy range. The (n,p) and (n,d) reactions on natural carbon
consist of the following relevant components: 2C(n,p)!?B, 3C(n,p)'*B,
12¢(n,d)''B and '3C(n,d)'?B. Apart from the emission of proton or
deuteron, the short-lived product nuclei 2B and 3B, with half-lives of
20.2 ms and 17.3 ms against f decay, respectively, are followed by the
emission of high energy electrons with average energy around 6 MeV.
The (n,cp) reactions are thus also important in radioprotection calcu-
lations in accelerator facilities where a field of high-energy neutrons
is present. They include accelerator-based neutron facilities, spallation
neutron sources, or neutron irradiation facilities for fusion related mate-
rial research, such as the IFMIF-DONES facility now under construction.

Finally, cross sections for (n,p) and (n,d) reactions on carbon play a role
in dosimetry for space applications, while the increasing importance of
diamond devices as neutron detectors — in particular as neutron-flux
monitors — in the fast energy region calls for accurate data on these re-
actions in a wide energy range.

Apart from being important for several applications, new data on
neutron-induced reactions on carbon may help validate and refine theo-
retical models. For example, this is the case with calculations performed
with the TALYS code [2-4], that relies on different formalisms and pa-
rameter choices for predictions of reaction cross sections. Given the
energy range of interest, for the neutron-induced reactions on carbon
above 14 MeV, the relevant models included in TALYS are related to
the direct and pre-equilibrium mechanisms. It is therefore justified to
use such code since the main (or all) important reactions are included
in various nuclear model representations (e.g. exciton model, coupled
channel formalism) and databases (e.g. level density). The verification
of used assumptions, and the eventual optimization of the code can only
be achieved by comparing calculations with experimental data.

Despite the importance of the "C(n,p) and "*C(n,d) reactions for
fundamental and applied nuclear physics, only few datasets are avail-
able in literature up to date, exhibiting large discrepancies between each
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Fig. 1. A schematic drawing of the experimental setup, with the two telescopes
made of position-sensitive silicon detectors.

other, and covering a limited energy range of just a few MeV above the
reaction threshold. The main reason for the lack of reliable data is re-
lated to the neutron energy range of most existing facilities, mostly lim-
ited to just above 20 MeV, only a few MeV above the reaction threshold
of 13.6 MeV and 14.9 MeV for the (n,p) and (n,d) reaction respectively.
Aside from the scarcity and inconsistency of the experimental data, the
evaluated data from major libraries seem to be inconsistent with the
theoretical predictions from codes such as TALYS.

Important information on the integral cross section of the '2C(n,p) 2B
reaction was obtained a few years ago at n_TOF, by means of in-beam
activation analysis [5,6], i.e. by counting the number of the produced
12B nuclei. The results indicated that most major libraries grossly under-
estimated the cross section of this reaction. The measurement, however,
did not provide direct indication on the energy dependence of the cross
section.

In order to further investigate this reaction, a new measurement was
proposed at n_TOF, aiming at the determination of the energy depen-
dence of the "C(n,p) and "C(n,d) cross sections in a wider energy
range than currently available. To this end a new detection system was
developed, based on A E-E telescopes made of position sensitive silicon
detectors. The results of the measurement are reported here. In Section 2
the experimental setup is described together with the main steps of the
data analysis. The results and comparisons with previous data and cur-
rent evaluations are presented in Section 3, together with a discussion
on the implications of the new results on theoretical calculations. Con-
clusions are finally given in Section 4.

2. Experimental setup and data analysis

The measurement was performed in the first experimental area
(EAR1) at n_TOF, CERN, located at 185 m distance from the spallation
target. The details on the facility and on the neutron beam in EAR1 can
be found in Refs. [7,8]. Specifically, the neutron flux above 10 MeV is de-
termined by the dedicated measurements using Parallel Plate Avalanche
Counters relying on the 2>>U(n,f) reaction [8]. Within the energy range
of interest (15 MeV-25 MeV) the flux varies between approximately
800-1300 neutrons per MeV per nominal neutron pulse, and its detailed
parameterizaton was used during the subsequent data analysis.

The detection setup consisted of two AE-E telescopes made of two
position-sensitive silicon detectors: a 20 um thick one, acting as AE
detector, and a 300 um thick one for E reconstruction. Each detector
was 5 cm X 5 cm in area, and segmented in 16 strips, each 3 mm wide.
The two detectors were mounted with the strips oriented in the same
direction and perpendicular to the beam. A schematic drawing of the
setup is shown in Fig. 1. The two telescopes covered the angular range
between 20° and 140°. More details on experimental setup can be found
in Ref. [9].

The detectors were read-out by custom made preamplifiers, and the
signals acquired by the n_TOF data acquisition system based on flash
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ADC. A sampling rate of 125 MS/s was chosen for these detectors, in a
14-bit resolution. A "'C sample of rectangular shape, with 5 cm X 5 cm
area and 0.25 mm thickness, was mounted in the vacuum chamber, at
45° angle relative to the beam direction, as shown in Fig. 1, in order
to optimize between the effective sample thickness crossed by the neu-
tron beam and the energy loss of the reaction products in the sample,
emitted towards the two telescopes. Within the energy range of interest
most of the neutron beam profile is contained within a radius of 1.2 mm
from the beam axis. The carbon sample covered the entire beam and no
special correction had to be performed. The acquired detector signals
were analyzed by means of the standard n_TOF Pulse Shape reconstruc-
tion procedure, based on pulse shape fitting [10]. Extracted information
included the signal timing and amplitude. A method for optimal syn-
chronization of signals from separate silicon strips was developed in
Ref. [11].

For high-performance particle identification, individual A E-E pairs
of silicon strips were analyzed, separately, in the 3D parameter space
(E,,AE, E), with the neutron energy E, as an additional parameter
alongside the deposited energies AE and E. To this end, a reconstruc-
tion procedure based on neural network was employed. The procedure
is described in detail in Ref. [12]. Monte Carlo simulation of the en-
ergy loss by different particles in the AE-E telescope, folded by the
measured detector resolution, was used to train the neural network, re-
sulting in a high degree of discrimination between protons (including
punch-through ones), deuterons and tritons, all the way up to neutron
energy of 25 MeV. Above this energy, the patterns related to the dif-
ferent particles start to mix among each other, introducing a degree of
uncertainty in the particle identification.

One of the main problems in the measurement is associated with the
angular distribution of the emitted reaction products, which is not ex-
pected to be isotropic. A further complication is that such a distribution
depends on the excited state of the residual nucleus populated in the re-
action. Therefore, the determination of the (n,p) or (n,d) cross sections at
a given neutron energy depends on the branching ratios for populating
the accessible excited states of the residual nucleus, as well as the cor-
responding angular distributions of the reaction products. In addition,
since a "™ C sample was used in the measurement, the analysis proce-
dure has to take into account the isotopic composition of the sample.
Although the natural abundance of the '3C isotope is small (only 1.1%),
in the efficiency corrections the contribution of the (n,p) and (n,d) reac-
tions from !3C has to be included, since it is not possible to discriminate
the contribution of different carbon isotopes to the measured cross sec-
tion.

The reaction cross section can be extracted by appropriately linearis-
ing and inverting the following expression [13]:

oo

dN;;
T3 J :ch/R(wa,En)d)(En)F,-‘j;C(En)O'C(En)dEn. (€9
tof C o

Here, i and j refer to the particular pair of AE-E strips, N;; to the
number of counts in that pair, E,; to the neutron energy reconstructed
from the measured time-of-flight, with E, as the true neutron energy.
R(E,, E,) is the resolution function of the n_TOF neutron beam, ¢(E,)
the neutron flux (for both see Refs. [7,8,14]), C € { 2c, 13C} the carbon
isotope, 7 the corresponding areal density (in atoms/barn) and 6 (E,)
the reaction cross section for a given isotope, at a given neutron energy.
Neutron flux is one of the two main sources of the systematic uncertain-
ties. Within the energy range of interest the systematic uncertainty in
the evaluated n_TOF flux amounts to 3% [8], affecting in equal measure
the uncertainties in the extracted cross sections. The correction factors
F, ;¢ [13:

Fij;C(En) =

1
(2)
Z pc(x,E,) / e,-j-;c(x, E,,cos0)Aq-(x, E,,cos8)d(cos )
X
-1
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Table 1

List of TALYS model parameters and their values used for generating 384 model
sets (each model set is a specific combination of model parameters). Not all
combinations of parameter values were used, as indicated by their shared su-
perscript letters (a, b). Thus, only the combinations (8,8) and (9,3) were used
for (strength,strengthm1) pair of parameters. Each value without a superscript
was combined with all values of other parameters. A description of parameters
may be found in Refs. [19,20].

Parameter Values Parameter Values Parameter Values
strength 8, 9P jlmomp n,y massmodel 0,1,2,3
strengthm1 3, 8 colenhance n,y alphaomp 5,6
ldmodel 1,2 widthmode 0,1,2 fismodel 1

are related to the efficiency of the experimental setup. The central quan-
tities affecting them are the efficiencies ¢;;.c(x, E,, cos 0) for detecting
the protons or deuterons emitted under an angle 6 relative to a neu-
tron beam direction, leaving a residual boron nucleus (determined by a
specific carbon isotope C) in any of the energetically accessible states,
indexed by x. These efficiencies represent the probability for the pro-
tons or deuterons to be detected, following their emission inside the
sample. Thus, they account for any loss of counts due to their passage
through matter. Due to the angular sensitivity, one needs to take into
account the angular distributions A(x, E,,, cos 0) of the reaction prod-
ucts. A consideration of the branching ratios p.(x, E,) is also required
due to the sensitivity to a particular state of a residual nucleus.

The detection efficiencies ¢; ;. were determined by means of Monte
Carlo simulations performed with the GEANT4 toolkit [15-17], in which
a detailed software replica of the experimental setup has been imple-
mented. In the simulations, protons and deuterons are generated with
a given energy and angular distribution, and propagated inside the ap-
paratus. The simulated energy and position, suitably folded by the reso-
lution of the setup, are then used to determine the detection efficiency.
The correction factors F; ;.- can be obtained as a function of neutron
energy, by generating the emitted particles according to the energy and
angular distribution corresponding to the different excited states of the
residual nucleus populated at that neutron energy. However, neither the
data on the branching ratios for different states of the residual nucleus,
nor the data on the angular distribution of emitted particles are available
from past experiments. In principle, some information about the angular
distribution of the reaction products could be extracted from the n_TOF
data. However, our statistics is not sufficient for obtaining this angular
information with a reasonable degree of statistical confidence. As a con-
sequence, one needs to rely on the theoretical estimates of the branching
ratios and angular distributions. A key part of the work is therefore de-
voted to estimating the uncertainty in the correction factors associated
with the assumed branching ratios and angular distributions.

In this work the TALYS-2.0 code [2-4] was used to generate the
branching ratios for the individual states of residual nuclei, and angular
distributions of the emitted protons and deuterons. These theoretical
distributions were then used in combination with GEANT4 simulations
to determine the efficiency correction factors.

The adoption of particular TALYS models is the second major source
of the systematic uncertainties. In order to assess these model uncertain-
ties related to the theoretical calculations, different models and assump-
tions were used. Various models can be selected in TALYS for different
quantities with a range of possibilities from a number of phenomenolog-
ical and (semi-)microscopic models. A list of model parameters used in
TALYS is reported in Table 1. In accordance with Refs. [18,19], we refer
to each particular combination of model parameters as a model set. The
meaning of parameters may be found in Refs. [19,20]. For the present
work, 384 model sets were used in TALYS-2.0 calculations, generating
a corresponding number of angular distributions and branching ratios.
Each TALYS model set separately provided branching ratios and angu-
lar distributions of the emitted products from neutron-induced reactions
on both 2C and 13C.
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Fig. 2. "™ C(n,p) and " C(n,d) cross sections reconstructed using different com-
binations of angular distributions and branching ratios, including those from
TALYS-2.0 (Apsp, and pry; ), the isotropic angular distributions (Ajgq) and the
artificial branching ratios (pzgr). The shaded band shows the Root Mean Square
of the results from 384 TALYS model sets.

Finally, Eq. (1) was used to extract the cross sections for the (n,p)
and (n,d) reactions on "™ C from the measured count rates, relying on a
particular model set for the efficiency correction. An unweighted, arith-
metic mean of the cross sections resulting from all 384 different model
sets finally provided the average cross section.

In order to estimate the model uncertainties in the extracted cross
sections, related to the angular distributions and branching ratios, a fur-
ther analysis was performed. We considered two additional extreme
assumptions: isotropic angular distributions (for all excited states and at
all energies) and artificially constructed branching ratios. Analysis was
then repeated by combining the isotropic angular distributions with all
aforementioned 384 branching ratio dependences from TALYS-2.0; by
combining the artificial branching ratios with 384 angular distribution
sets from TALYS-2.0; and by combining the isotropic angular distribu-
tions with artificial branching ratios (a single fully artificial combina-
tion). The procedure briefly outlined above will be described in detail
in a forthcoming paper.

The resulting cross sections, reconstructed by using the described
combinations of angular distributions A and branching ratios p, are
shown in Fig. 2. Horizontal lines show the averages over all combi-
nations of the same type (i.e. over 384 pra; + Ata; combinations;
over 384 part + Arar, and 384 pyup + Ajgp combinations; and a sin-
gle part + Ajgo combination). The shaded bands in the figure represent
only the Root Mean Square of the cross sections reconstructed using 384
model sets from TALYS-2.0. It should be noted that for the (n,p) reac-
tion those uncertainties are so small (well below 1%) that they are not
visible. A larger uncertainty due to a spread of TALYS-2.0 results — of
up to 9% — characterizes the extracted cross section for the (n,d) reac-
tion. This is due to a larger sensitivity of the TALYS calculations to the
model parameters for this particular reaction.

The results obtained with isotropic angular distributions and arti-
ficial branching ratios were used only in the estimation of the model
uncertainties. Their deviation from the finally adopted cross section val-



The n_TOF Collaboration

Table 2
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Energy dependent cross section for the "™ C(n,p) and " C(n,d) reactions from n_TOF. Listed un-
certainties are: statistical (Ao, ), model related (Ac,,,4,), flux related (Acy,,; fixed at 3%),

systematic (Ao'szyS =A

and in relative values.

model flux

62 4+ Ac? ) and total (Ac2 = Ac2

tot stat

sys

+Ac2 ). All are given in absolute

" C(n,p)
E,(MeV) 6, (mb)  Acy, (mb)  Ac,, (mb) Aoy, (mb) Ao (mb)  Ag, (mb)
16 18.4 1.8(9.8%) 1.0 (5.4%) 0.6 (3.0%)  1.2(6.5%) 2.2 (12.0%)
17 28.4 1.5(5.3%) 0.5 (1.8%) 0.9 (3.0%) 1.0 (3.5%) 1.8 (6.3%)
18 46.6 1.6 (3.4%) 2.7 (5.8%) 1.4(3.0%)  3.1(6.7%) 3.4 (7.3%)
19 40.0 1.3(3.3%)  4.2(10.5%)  1.2(3.0%)  4.4(11.0%) 4.6 (11.5%)
20 53.3 1.5(2.8%) 3.2 (6.0%) 1.6 (3.0%) 3.6 (6.8%) 3.9 (7.3%)
21 69.9 1.6 (2.3%) 1.8 (2.6%) 21(3.0%)  2.8(4.0%) 3.2 (4.6%)
22 75.3 1.6 (2.1%) 0.3 (0.4%) 23(3.0%)  23(31%)  2.8(3.7%)
23 69.1 1.5(2.2%) 0.3 (0.4%) 21(3.0%)  21(3.0%) 2.6 (3.8%)
24 67.3 1.4 (21%) 2.5 (3.7%) 2.0(3.0%)  3.2(4.8%)  3.5(5.2%)
25 52.7 1.3(2.5%) 2.8 (5.3%) 1.6 (3.0%)  3.3(6.3%) 3.5 (6.6%)
nat C(r"d)
E, (MeV) 0, (mb) Aoy, (mb)  AGp.y (mb) Aoy, (mb)  Acy, (mb)  Ag, (mb)
17 23.9 23(9.6%) 1.6 (6.7%) 0.7 (3.0%)  1.7(7.1%) 2.8 (11.7%)
18 25.4 1.4 (5.5%)  4.8(18.9%)  0.8(3.0%)  4.9(19.3%) 5.1 (20.1%)
19 32.2 1.3(4.0%)  5.4(16.8%)  1.0(3.0%)  55(17.1%) 5.6 (17.4%)
20 47.9 1.4 (2.9%) 4.1 (8.6%) 1.4 (3.0%)  4.4(9.2%) 4.6 (9.6%)
21 61.7 1.6 (2.6%) 4.6 (7.5%) 1.9 (3.0%) 4.9 (7.9%) 5.2 (8.4%)
22 68.6 1.7 (2.5%) 5.7 (8.3%) 21(3.0%)  6.0(87%)  6.2(9.0%)
23 74.9 1.7 (2.3%) 5.8 (7.7%) 22(3.0%)  6.2(83%) 6.5 (8.7%)
24 76.9 1.7 (2.2%) 6.5 (8.5%) 23(3.0%)  6.9(9.0%)  7.2(9.4%)
25 71.4 1.7 (2.4%) 6.0 (8.4%) 21(3.0%)  6.4(9.0%) 6.6 (9.2%)
ues — obtained by averaging 384 results obtained from TALYS model 90; L E
sets — was considered alongside the Root Mean Square of 384 TALYS 80 ¢ n_TOF (n,p) . =
model sets. A conservative model uncertainty estimate was obtained by 70 Pillon, 2017 ¢ S ¢ =
taking a maximum value between the RMS of 384 results obtained with = 60 Pillon. 2011 E
TALYS (Aocyy), and the largest deviation 6oy, of the averages indi- E 50; ' ¢
cated in Fig. 2 by colored lines from the adopted cross section averages ~ F L) E
(black 1ines): Acyoge = Max(AGygyss 80ma): < 40F ” ¢ ¢ Bobyr,' 72 -
© 305 v’ = Rimmer, '68
3. Results and discussion 20; o i 2 ¥ Kreger, '59 é
£ il By ]
Reaction thresholds for both the 12C(n,p) and 13 C(n,p) reaction are 10? J- E
approximately 13.6 MeV. Reaction thresholds for the '>C(n,d) and 04415 16 17 18 19 20 21 22 23 24 25
13¢C(n,d) reactions are 14.9 MeV and 16.5 MeV, respectively. The thresh- E, (MeV)
olds for the natural carbon are determined by the lowest threshold 90— . . . . i i i i i =
between 2C and '3C: 13.6 MeV for the " C(n,p) and 14.9 MeV for the 8o & n_TOF (n,d) E
"t C(n,d) reaction. The detection thresholds of A E-E telescopes for both 70 E Pillon. 2017 + + +§
types of reactions are approximately 1 MeV above their reaction thresh- = ’ + E
olds. Furthermore, just above the detection thresholds — up to about ’.g 60? Pillon, 2011 + é
15.5 MeV for (n,p) and 16.5 MeV for (n,d) — the data suffer from a very ~ 50 + =
low detection statistics. For this reason we report in this work the (n,p) g 405 3
data starting from the energy bin centered at 16 MeV and the (n,d) data & 30 E + E
from a bin centered at 17 MeV. E ° + E
Table 2 lists the final results for the " C(n,p) and "C(n,d) cross 20 E
sections. The model (Ao,,,q) and flux (Aoyy,,) contributions to the 10E- 3
systematic uncertainty (Ac2,_ = Ac?  +Ac? ) are clearly separated. B0y oy oy
Systematic and statistical u;)ésertaingggeéAasta:)lu})l‘ield the total uncertain- 0 14 15 16 17 18 E1 9(M2e(\)/) 21 22 23 24 25
n

ties (Aop, = Adl, + Aol ).

The final n_TOF results are compared to the previous experimen-
tal data in Fig. 3. The error bars represent the systematic uncertainties
only (the statistical uncertainties are in most cases smaller than the point
size). The present " C(n,p) data agree only with the datasets of Kreger
and Kern [21] and Bobyr et al. [22], while a large difference is ob-
served relative to the results of Rimmer and Fisher [23] and both data
sets of Pillon et al. [24,25]. Their 2011 dataset is only sensitive to the
ground state, and second and third excited state in 2B residual nucleus.
A second dataset, from 2017, provides higher cross sections, but with a
flat behavior, incompatible with the trend observed in the n_TOF mea-
surement. Although they only report the partial cross sections for a few

Fig. 3. n_TOF cross sections for the " C(n,p) and " C(n,d) reactions compared to
the previous experimental data. Systematic uncertainties are shown for n_TOF
data. The subscript from o,,,,/,, means that some of the experimental data either
explicitly refer to 2C or are listed under '2C in the available databases.

lowest states in the residual nucleus, within first ~4 MeV the total cross
section is fully determined by these states. The most recent measure-
ments of the (n,p) reaction include those by Majerle et al. [26] and Kuvin
et al. [27]. Essentially, they provide the partial cross sections for the re-
action channel populating only the ground state of the residual nucleus.
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Fig. 4. n_TOF cross sections for the " C(n,p) and " C(n,d) reactions compared
to the relevant evaluation libraries and to the range of TALYS-2.0 calculations.
ENDEF/B-VIIL1 is representative of most of the other major libraries. Total un-
certainties are shown for the n_TOF data (see Table 2).

As such, they are not directly comparable to the n_TOF results. A be-
havior similar to the "™ C(n,p) reaction is observed for the "' C(n,d) one.
In this case there are only two previous datasets, both from Pillon et
al. [24,25], which are in good agreement with the present n_TOF data
only around 20 MeV, at the upper limit of those measurements.

Fig. 4 compares the present data with the cross sections from the rele-
vant evaluation libraries and TALYS-2.0 calculations. For TALYS predic-
tions, the band spans a range between the minimum and maximum cross
sections calculated with all 384 model sets previously discussed. For the
Mt C(n,p) reaction a large discrepancy is observed, both in shape and ab-
solute value, with the evaluated cross sections in ENDF-B/VIIL.1. We
remind here that up to 20 MeV, this cross section (provided by vast ma-
jority of evaluation libraries) is purely based on the dataset from Rimmer
and Fisher [23], thus explaining the observed difference. The only ex-
ception is TENDL-2009 which is based on TALYS-1.2 calculations [28].
For this library the cross section below 20 MeV is a factor of 3 higher
relative to all other evaluations. It should be noted, however, that some
of the later versions of TENDL (TENDL-2021 and TENDL-2023) have
adopted the ENDF evaluation, and as such now grossly underestimate
the cross section measured at n_TOF. Another problem of the evaluated
cross sections is that the energy range from most of the libraries is lim-
ited to 20 MeV, thus missing the peak of the cross section, as indicated
by the present results. JEFF-3.0 and BROND-2.2 provide an extension
of the ENDF evaluation up to 32 MeV, which is in drastic disagreement
with the n_TOF data (the later versions of these databases, including the
latest JEFF-3.3 and BROND-3.1 stop at 20 MeV). Regarding the "™ C(n,d)
reaction, the cross sections in ENDF/B-VIIL1 (and in all other major li-
braries) are clearly incompatible with the present results.

Contrary to all aforementioned major libraries, a good agreement
is observed between the n_TOF results and the TALYS-2.0 calculations,
although the shape is different, with the peak in TALYS calculations
reached around 24 MeV for the (n,p) and 29 MeV for the (n,d) reaction. It
should be mentioned that by no means can this agreement be attributed
to the use of TALYS calculations for angular distribution and branch-
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ing ratio corrections. Indeed, at no point were the absolute values of the
TALYS cross section used in the analysis of the experimental data. After
all, similar results are obtained even when using fully artificial distribu-
tions (isotropic angular distributions and artificial branching ratios; see
Fig. 2). As a consequence, the good agreement between n_TOF results
and TALYS-2.0 theoretical calculations represents a strong indication of
the predictive power of the code for these reactions in the tested energy
range.

4. Conclusions

The cross section for the " C(n,p) and " C(n,d) reactions has been
measured at n_TOF in a wide neutron energy range, covering for the first
time the region up to 25 MeV. The experimental setup for light charged
particle detection and identification consisted of two silicon-strip AE-FE
telescopes, mounted inside a vacuum chamber and located in the first
experimental area of the n_TOF facility. In order to extract the cross sec-
tion from the number of protons and deuterons detected in the telescope,
a correction factor related to the detection efficiency had to be deter-
mined. As the efficiency essentially depends on the energy and angular
distribution of the emitted particles, which in turn depend on the excited
state of the residual nucleus populated in the reaction, assumptions had
to be made on the branching ratios for the energetically available levels
of the involved boron nuclei. To this end, extensive theoretical calcula-
tions performed with the code TALYS-2.0 were used to generate 384 sets
of energy dependent branching ratios and corresponding angular distri-
butions, by combining different physics models available in the code.

For both reactions the present data point to a maximum value of the
cross section around 76 mb, peaking around 22 MeV and 24 MeV for
the (n,p) and (n,d) reaction, respectively. In case of the "C(n,p) reac-
tion the maximum cross section is significantly larger than suggested by
the major evaluation libraries, fully consistent with a previous finding
based on an integral measurement at n_TOF. A disagreement between
the present data and all major libraries — regarding both the shape and
a magnitude of the cross section — calls for a complete reevaluation of
the (n,p) and (n,d) cross sections for "C.

Finally, a good agreement is observed between the present data and
model calculations performed with TALYS-2.0. In fact, the n_TOF cross
section falls within the range of predictions that can be obtained with
different choices of models and model parameters. Nevertheless, for
both reactions the shape of the predicted cross section seems to be some-
what different, with a maximum cross section in TALYS-2.0 reached at
higher neutron energies — around 24 MeV and 29 MeV for the (n,p) and
(n,d) reaction, respectively. A reasonable agreement between the TALYS
predictions and the measured data provides a strong indication that the
code could suitably be used even for light nuclei, in a given neutron en-
ergy range. Furthermore, the present data could be useful to refine those
calculations, by fine-tuning the models and related parameters.
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