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Abstract. The emission of the 4.438-MeV ~-ray line in proton inelastic scat-
tering off *2C has been investigated in detail. The correlated scattering and
emission process is described independently for the direct reaction mechanism
and for the compound-nucleus (CN) component. The inelastic scattering pro-
cess for direct reactions is treated with a coupled-channels nuclear reaction code,
while the CN component is described as a superposition of separate resonances
with definite spin and parity, treated with the angular momentum coupling the-
ory. The calculations are compared to a comprehensive data set on measured
line shapes and angular distributions in the proton energy range F, = 5.44—
25.0 MeV. In the range E, ~ 12 -25 MeV a good agreement is obtained in
calculations assuming direct reactions with only a negligible part of CN reac-
tions. At lower energy, the data are reproduced by incoherent sums of the di-
rect component with typically one CN resonance. Based on these results, the
prospectives for line shape calculations applied to solar flares and ~y-ray emis-
sion in proton radiotherapy are discussed.

1 Introduction

The shape of the 4.438-MeV line of '2C emitted during solar flares is an impor-
tant observable that may be used to determine the composition, energy spectra
and directional distribution of the accelerated particles interacting in the solar
atmosphere. Up to now, its line shape could be studied in several flares observed
by SMM [1], Rhessi [2] and INTEGRAL [3,4]. In particular observations with
the high-energy resolution Ge detectors onboard the Rhessi and INTEGRAL
satellites permitted fine spectroscopy of the line and resulted in interesting con-
clusions about the accelerated proton and a-particle directional distributions in
the impulsive flare phases.

Emission of this line from the inner Galaxy due to interactions of low-energy
cosmic rays, is also one of the primary science objectifs of next-generation ~y-ray
observatories [5,6]. A good knowledge of the line shape there should facilitate
its extraction in the presence of multiple other emissions and the determination
of its intensity. In astrophysical sites in general, the line is mainly produced
by energetic-proton and a-particle induced reactions with 2C and 160 of the
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interaction medium and in inverse kinematics by reactions of accelerated '2C
and 190 with helium and hydrogen.

Furthermore, there is significant interest in the monitoring of the dose de-
position in radiotherapy with particle beams [7]. An example are devices that
detect the prompt y rays resulting from proton (or carbon) interactions in human
tissue, rising the demand of detailed and reliable nuclear cross sections [8, 9].
In this context, carbon and oxygen make up more than 3/4 of the human body
mass, making the 4.438-MeV line the strongest prompt emission line produced.

In all described scenarios, inelastic scattering of protons off '2C makes up
a significant part of the 4.438-MeV line intensity. The line-shape calculations
for this component in the solar flare studies [1, 3,4] were based on a relatively
simple parametrization of the magnetic substate population of the 2% 4.439-
MeV state of 12C at low proton energies E, < 15 MeV, and coupled-channels
calculations at higher energies adjusted to reproduce an abundant data set of
measured line shapes and ~y-ray angular distributions [10]. This parametrization
reproduced fairly well the meaured line shapes and ~-ray angular distributions
above F, = 15 MeV, but reproduced only approximately the experimental data
at lower proton energies.

Since then, new data for proton inelastic scattering off 12C became available,
resulting in a now full data set of line shapes and angular distributions for the
4.438-MeV line in the proton energy range from threshold to £, = 25 MeV.
There are now, in particular, line-shape data close to the energy of each CN res-
onance that shows up as a distinct peak in the y-ray production cross section in
proton reactions with 12C (see Figure 1). With these data, a new method has
been developed that improves specifically the description of line shapes and ~y-
ray angular distributions in the region of dominating CN resonances, i.e. from
threshold to about E, = 12 MeV. At higher proton energies, coupled-channel
calculations with a deformed potential for nucleon scattering off 2C [11] repro-
duced fairly well the measured data.

In the following section, a short outline of the formalism for the calculations
will be given. After that, the extended parameter search for these calculations to
reproduce measured y-ray line shapes and angular distributions is described and
the results are discussed.

2 Calculations

The 4.438-MeV line emission results from the deexcitation of the first excited
state of '2C, 2% at 4.439 MeV with a halflife of 61 fs. This level belongs to
the ground-state rotational band and is thus strongly coupled to the 0T ground
state, which results in relatively high direct reaction cross sections in proton in-
elastic scattering off 12, The second excited state of 12C, a 01 state at 7.654
MeV, is already above the a-particle emission threshold and has only a very
weak v-decay branching, as generally for all higher-excited states. Population
of the 4.439 MeV-state by cascades from higher-lying levels can therefore be ne-
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Figure 1. Cross section as a fonction of laboratory proton energy for emission of the
4.438-MeV ~ ray in proton inelastic scattering off '>C. Data are from Dyer et al. [12]
(black dots), the Orsay-1997 experiment [13] (black squares) and the Orsay-2002 ex-
periment [14] (blue squares). Larger green squares indicate Orsay-1997 data where
line shapes are available. Vertical lines indicate the position of 3N states in the range
E, = 6.5-18 MeV with spin and parity assignment in the NNDC data base [15].

glected, which facilitates greatly the line-shape calculations. A possible contri-
bution from the 4.445-MeV state of ' B, populated by the *>C(p,2p)'' B reaction
was found to be weak in the explored energy range.

The cross section for emission of the 4.438-MeV line in p + '2C reactions re-
veals several distinct peaks in the proton energy range below E), ~15 MeV (see
Figure 1), probably due to isolated CN resonances. It was therefore decided to
reproduce the measured line shapes and ~y-ray angular distributions by incoher-
ent sums of the direct reaction component and a CN component corresponding
to a resonance state in >N with definite spin and parity J7.

2.1 Direct reaction component

Proton inelastic scattering to states of a collective band like the 4.439-MeV state
of 12C is usually satisfactorily described by nuclear reaction calculations in the
coupled-channels framework (see e.g. [16] and references therein). This is read-
ily done with nuclear reaction codes like Ecis [17], that provide the necessary
flexibility in the reaction parameter input to define the ground and excited states
and their couplings, potentials etc. The angular correlation between the scat-
tered proton and the emitted v ray W (6,, 6., ¢-) is calculated with the scatter-
ing amplitudes, that may be obtained directly from the nuclear reaction code or
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calculated from the scattering matrix elements as e.g. given in the output of the
code Ecis. The formalism for these calculations is broadly outlined in Ref. [10]
and detailed in Ref. [20].

Such calculations have already been shown to reproduce measured 4.438-
MeV line shapes and ~y-ray angular distributions at proton energies where the
compound-nucleus component is negligible, 1.e. above £, = 15 MeV [10, 18].
In both references, the coupled-channel calculations were done with rotational
coupling of only two states, the 2C ground state and the 4.439-MeV, 2 state.
The same simple approach was adopted here, using the nuclear reaction potential
of Meigooni et al. [11] above E},, = 15 MeV. At lower proton energies, other
potentials from the compilation of Perey&Perey [19] were also tried.

2.2 Compound nucleus component

At each proton energy, where line-shape data are available, calculations for all
possible CN resonance states in >N were done. Properties of >N states were
taken from the NNDC data base [15]. Inelastic scattering in the CN formulism
proceeds through the formation of an intermediate CN resonance of J7 = b, that
decays to the excited state of the target with J™ = c by particle emission with
angular momentum L followed by a deexcitation y ray with L., to the target state
d. The formation of a CN resonance with definite spin and parity b in the p +
12C reaction (J™ = 0T and s = 1/27 for 12C, ;. and proton spin, respectively)
results in a unique incoming angular momentum for /; from angular momentum
selection rules. The subsequent steps:

(1) b=c+L (2) ¢=d+1L, (1

with ¢ = 2% and d = 0% for the 1?C excited and ground states, respectively,
leaves a unique L., while the orbital angular momentum [ (E =1+ ) of the
proton emitted by the CN state can take different values. The formulism for the
angular correlation of outgoing proton and the v ray W(6,,6,, ) has been
taken from the monograph of Ferguson [21] and is detailed in [20].

Practically, all measured data could be reasonably reproduced with the 2
smallest orbital angular momenta [ of the outgoing proton, the only free pa-
rameter in the calculation of W (6,, 6., ¢,) for a given resonance is then the
branching ratio W,

— W(lo)

Wi = Wy Wiy 1 2) @
where W (lp) is the probability for proton emission with the lowest possible
orbital angular momentum [y. The rest of the calculation is fixed by the angular
momentum coupling rules.

2.3 Simulation of experimental data

Line-shape calculations for the CN and direct components were realized with
two separate Monte-Carlo type programs. Both are nearly indentical except
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for the formalism describing the angular correlations, consisting in event-by-
event simulation of the reaction sequence from the inelastic scattering reaction
to the emission and detection of the  ray. The interaction depth in the target,
center-of-mass scattering angle 6,,, time of the y-ray emission and y-ray emis-
sion angles 60, ¢ are randomly drawn from cumulative distributions reflecting
the different probabilities. For the correlated proton and ~-ray emission, the
correlation functions W (0, 6, ¢-) are represented by a series of cumulative
(0, ¢~ )-distributions for a grid of scattering angles with Af,, = 5° in the case
of CN resonances and Af, = 10° for direct reactions.

Recoil angle and energy of the excited 12C in the laboratory are determined
from nuclear reaction kinematics and the slowing down of the recoil 12C in the
target is taken into account until deexcitation of the 4.439-MeV state occurs, the
recoil nucleus stops or leaves the target. Polar angle and energy of the emitted
~ ray in the laboratory are calculated with relativistic kinematics and stored in
an energy-angle histogram. Line shapes are then constructed from the energy-
angle histogram for the solid angles spanned by the detectors used in the dif-
ferent experiments, the effect of detector energy resolution on the line shapes
being included. A few million events per proton energy were typically simu-
lated for each component, resulting in high-statistics calculated line profiles and
laboratory y-ray angular distributions.

3 Results

The bulk of available line shape data for the 4.438-MeV line in proton inelastic
scattering off 12C are from two experiments done at the Orsay tandem Van-de-
Graaff accelerator in 1997 [13] and 2002 [14]. They cover the proton energy
range from threshold to F,, = 25 MeV with line shapes existing for a total
of 31 different proton energies. In both Orsay experiments, y-ray spectra have
been obtained with large-volume coaxial HP-Ge detectors equipped with active
BGO shielding. In the 1997 experiment, 8 detectors were used in the angular
range 6 = 45° — 145°, and 5 or 4 detectors in the 2002 experiment in the range
0 = 45° or 67.5° — 157.5°. There are only two other data sets with line shapes
at 5, = 23 MeV [22] and at E, = 40 MeV [23].

In the region below £, = 12 MeV presenting an important CN component,
the parameter search started with the selection of the CN J™. The differences
in the line shapes and v-ray angular distributions for the different J™ were in
most cases marked, such that the choice was evident when comparing with mea-
sured data. After selection of the CN state J”, the branching ratio W;, of CN
state decay orbital angular momenta and the proportion of CN (=W ) and
direct reaction component (1-We ) were scanned, aiming for a simultaneous
good reproduction of the line shapes in all detectors and the y-ray angular dis-
tribution. Practically, for each W, varied in steps in steps of 0.05 - 0.2, the
parameter Wy was found in a fit of the angular distribution and the resulting
line shapes calculated and compared to the data. Usually, the line shapes at most
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or all detector angles and the angular distribution had their best agreement with
experiment for very similar parameter values.

The results of the parameter search to reproduce the measured line shapes
and ~y-ray angular distributions are summarized in Table 1. They have been
obtained with the potential of Meigooni et al. [11] for the direct reaction com-
ponent, except at £, = 5.44, 5.95, 7.0, 7.6 and 8.23 MeV, where slightly better
results could be obtained with a potential from the compilation of Perey&Perey
[19]. In nearly all cases, the J™ of the best adjustment corresponds to a reso-
nance state in >N whose energy is within I'y,;, the total with of the state, to
the excitation energy E, in the CN. At £, = 9.2 MeV, only the v-ray angular

Table 1. Results of line-shape and ~y-ray angular distribution calculations for the Orsay
experiments. E, and AE, are the beam energy and energy loss in the target in MeV,
respectively, and F, the excitation energy in the CN. J™ and W are the spin-parity
and proportion of the CN component of the best adjustment. The probable corresponding
state in >N, with its excitation energy in MeV (values from [15]), is reported in column
9. x*(C) is the result of the least-squares fit of the measured data with the calculated
angular distributions and x?(L) the result of the corresponding Legendre-polynomial fit.
Values in italics for W}, the proportion of the lowest possible decay angular momentum,
are not constraint.

E, AE, E, Wen J° W, x*C) x*(L) '*Nstate

544 004 69 063 2T 09 05 009 27, 6.886(8)
595 004 74 037 57 09 1.7 0.37 57,17.376(9)
65 004 79 068 3T 03 018 0002 27,7.900

70 004 84 058 3T 02 021 001 27,7900

76 004 89 061 LT 05 100 046  17,8918(11)
80 004 93 047 32T 07 010 018 37,7900

823 004 95 057 T 06 27 013 27,7900

84 004 97 047 T 08 16 002  2%,7.900

86 016 98 02 1T 10 251 95 (1), 10.25(15)
90 015 102 041 1T 10 83 6.1 (17),10.25(15)
92¢ 0.5 104 052 1T 10 76 7.0 (17),10.25(15)
92 0.5 104 055 17 00 5.7 7.0 17,10.360

96 015 107 054 17 05 36 3.8 17,10.8339)
100 014 111 044 37 02 33 3.5 3%, 11.530(12)
100 014 111 036 17 o5 32 3.5 17,10.833(9)
106 014 117 071 F 01 29 3.1 3% 11.740(40)
110 013 120 097 I 07 71 6.4 77, 12.130(50)
114 013 124 078 17 07 7.2 7.9 17, 12.130(50)
120 012 130 035 I 04 109 102 (), 12.93724)

“ no line shapes available here, results are based on adjustments of the y-ray angular
distribution only
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distribution is available, however, because of the importance of the cross section
peak, the data were included in the present study.

As expected, there is a sizeable CN component reaching more than 70%
around £, = 11 MeV. Remarkably, the adjustments of the y-ray angular dis-
tributions are very good, resulting, with a few exceptions, in either x? values
around 1 or close to those of Legendre-polynomial fits to the data. Line shapes
are generally also well described by these calculations, as can be seen in Figure
2 for some examples.

Data at higher proton energies could be well described with a dominant direct
reaction component, using the potential of Meigooni et al. [11] in the coupled-
channels calculations. The CN component W has been found to be smaller
than 20% for the Orsay data up to F,, = 25 MeV. A typical example of agree-
ment between calculated and measured line shapes at these energies can be seen
in Figure 2.
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Figure 2. Measured shapes of the 4.439-MeV ~y-ray line from proton-inelastic scattering
off 12C in the Orsay experiments (blue symbols) and results of the line shape calculation
with parameters of table 1 (red lines) at &, = 6.5 MeV (upper left) and E, = 8.6 MeV
(upper right). Examples with dominant direct reaction component at £, = 16.25 MeV
from Orsay and at I, = 40 MeV from Lang et al. [23] are shown in the lower left and
right, respectively.
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The only published line shape at higher energies is from Lang et al. [23]
at a detector angle of 90° for a proton beam energy of I, = 40 MeV. Taking
again the potential of Meigooni et al. and 100% direct reaction component, the
calculation reproduces well the measured shape as shown in Figure 2. At this en-
ergy, nuclear reaction codes like Talys [24] predict a non-negligible contribution
of the '2C(p,2p)!'B reaction populating the 4.445-MeV state. However, sim-
ulations based on the Talys calculations predict also a relatively flat line shape
between 4.4 and 4.5 MeV for this component. The good reproduction of the
measured shape with the inelastic scattering reaction and the deep trough at the
nominal energy of 4.438 MeV indicate that the *'B line has only a very small
contribution at this energy.

4 Discussion and Conclusion

The most striking improvement in the actual study over previous calculations is
the much better reproduction of the measured line shapes in the region of promi-
nent CN resonances and the simultaneous excellent description of y-ray angular
distributions. This is illustrated in Figure 3, where weighted sums P(E,) in the
range E,, = 8.52-19.75 MeV, with P(E,,) following a typical interaction prob-
ability as encountered in solar-flare y-ray emission, of calculated and measured
line shapes of the Orsay-1997 experiment [13] are shown. Furthermore, data
from the Orsay-2002 experiment [14] that extend the energy range of available
line shapes down to threshold and up to E, = 25 MeV are also well reproduced.

Taken that the available line shapes and -ray angular distributions cover
neatly the explored energy range, with data close to every prominant CN res-
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Figure 3. Weighted sums of measured shapes of the 4.439-MeV ~y-ray line from proton-
inelastic scattering off *2C in the Orsay-1997 experiment (blue lines) and calculated line
shapes (dashed red lines) from the present study (left) and the previous study (right) of
Ref. [10].
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onance visible in the inelastic cross section excitation function, see Figure 1,
the present calculations can reliably predict the y-ray emission in p + '2C reac-
tion up to F, = 25 MeV. At energies above I, = 12 MeV, the data are well
described by the direct reaction component from coupled-channels calculations
with the potential of Meigooni et al. [11]. This energy-dependent nuclear re-
action potential has been derived for inelastic nucleon scattering off '2C in the
range up to F, = 100 MeV, offering the possibility of extrapolating the results
of the present study to higher energies, whereby good agreement with a pub-
lished line shape at £, = 40 MeV was already obtained.

In impulsive solar flares, the 4.438-MeV line is mainly produced in reactions
of energetic protons and « particles with 12C and 160, and in reverse kinemat-
ics. Taking typical incident energetic particle spectra and abundances in the solar
atmosphere, slightly more than half of the 4.438-MeV ~ rays is produced by pro-
ton inelastic scattering off 12C in the range up to E, = 100 MeV, and more than
90% of this component is from reactions below E,, = 25 MeV. In Ref. [10] it
was shown that the 4.438-MeV ~-ray emission in proton and c-particle reactions
with 160 can be simply parametrized, which leaves only the minor contribution
of a-particle inelastic scattering off 2C without comprehensive line-shape stud-
ies. The present study, that covers thus practically completely p + *2C reactions
should therefore allow accurate line-shape predictions for impulsive solar flares.

Similar to solar flares, the 4.438-MeV line in human tissue during proton
radiotherapy is essentially produced by inelastic scattering off 12C and reactions
with 160. Incident proton energies are in the range of about 60 MeV to 200 MeV.
At an incident proton energy of E, = 68 MeV, typical for eye cancer treatment,
slightly more than half of the y-ray emission in reactions with 12C is produced
for proton energies above E, = 25 MeV, and about 80% in reactions with 0.
The calculations are thus strongly based on extrapolations, but line shapes and
angular distributions should nonetheless be quite accurate, as explained above.

This may not hold for proton energies well above F,, = 100 MeV, where
other nucler reaction potentials may be needed for the inelastic scattering off 12C
and cross sections of the 4.438-MeV line emission in proton reactions with 160
have only been measured up to £, = 50 MeV. Fortunately, new experimental
data for p + '2C and p + 190 reactions up to E, = 200 MeV from the iThemba
LABS cyclotron should soon be available. First results are encouraging [25],
such that more accurate predictions in the cited applications can be possible in
the near future.
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