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A model explaining the shape of the spectral line in the 2C(p, p’y4.44)*?C
nuclear reaction has been applied to data collected during an experiment
conducted at the Heidelberg Ion-Beam Therapy Center. Spectra were
recorded for a graphite target setup, initial proton beam energies of
70.54 MeV and 88.97 MeV, which were later degraded before reaching the
main target, and detection angles ranging from 90° to 150°. The model
calculations reproduced experimental data and determined the angular dis-
tribution of the nuclear reaction. This article presents the details of the
model along with a description of the subsequent analysis steps and results.
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1. Introduction

The spectral line stemming from the nuclear reaction 2C(p, p'v4.44)'2C is
visible in the gamma spectra obtained at the detection angle of 90° as a dou-
ble peak. The center of the valley between the two peaks corresponds to the
energy of 4438 keV. The double peak becomes asymmetric and shifted when
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the detection angle is changed. The explanation of its shape lies in the inter-
play of the Doppler effect and the selective population of magnetic sublevels
of the first excited state of carbon in the inelastic scattering process [1].

This phenomenon has also been observed in the gamma spectra regis-
tered from solar flares and molecular clouds, which makes it interesting for
the astrophysical community [2-4]. The 2Cy 44,45 spectral line can be pro-
duced in several processes, e.g. inelastic scattering of protons and « particles
from '2C, and proton- and a-induced spallation of 0. The contribution to
the 1204,44Hgs line stemming from these reactions is usually referred to as
a narrow component. This spectral line can also be produced in inversed
kinematics by accelerated '2C and %0 bombarding hydrogen and helium
nuclei. However, due to the large velocities of the emitted heavy nuclei, the
Doppler broadening is large. Therefore, the contribution to the 4.44 MeV
line deriving from these processes is referred to as a broad component [5].

The implementation of the model presented in this article refers to the
narrow component produced purely by fast protons impinging on 2C nu-
clei. In this case, the interaction between target nuclei and the incident
protons occurs in two stages. The laboratory frame is defined as the frame
in which the 2C nuclei are initially at rest. In the first step of the reaction,
the incident proton causes excitation of the target nucleus. In the second
step, deexcitation of the excited nucleus occurs along with the emission of a
gamma quantum. Due to the short lifetime of this state, the emission takes
place when the excited carbon nucleus is still in motion, thus a Doppler
shift occurs. The angular distribution of this process in the rest frame of
the excited carbon nucleus is given by [1, 6]
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In Eq. (1), ay, is the population of the m magnetic sublevel of the first
excited state of the carbon nucleus. The Y™ are spherical harmonics, where
the choice of the order of L = 2 is given by the spin difference between
the excited and ground states. The GgM stands for the polar angle of the



Shape of the Spectral Line and Gamma Angular Distribution . .. 1639

emission of the gamma quantum, while ¢SM is the azimuthal angle of the
emission. The coefficients a,, are a priori unknown but can be calculated
based on the experimental data for the 12C4_44_>gs spectral line. However,
due to holding the constraints

Zam =1,
m

am = A, (3)

it is sufficient to determine only two of them (e.g. ag and ag) to fully describe
the shape of the carbon line and the angular dependence of the 12(34_44_>gs
transition. The presence of spherical harmonics in Eq. (1) links the param-
eters a,, with the shape of the spectral line and the angular distribution of
the process.

It needs to be stated that population of magnetic sublevels of the excited
target nucleus, in general, depends on the projectile scattering angle in the
inelastic scattering reactions. In the conducted experiment, the scattered
protons were not detected, though. Therefore, in the presented implemen-
tation of the model, the coefficients a,, are averaged over proton scattering
angles.

It has been proven by Kolata et al. [1] that the kinematic effect itself,
in the absence of the selective population of the magnetic sublevels, could
not produce the double-peak structure of the carbon line. It is also worth
noticing that the details of this structure can be observed when the Doppler
shift is larger than the resolution of the detector, i.e. the recoil nucleus must
be given a sufficiently large energy and the lifetime of the state must be
much shorter than the stopping time in the target material.

The significance of the 12(34,44_>gS line shape model lies in the fact that,
theoretically, it allows for the reconstruction of the gamma angular distri-
bution of the nuclear reaction based on a single measurement of the gamma
spectrum at one angle, provided that the corresponding angular distribution
of inelastic scattering of protons from '2C is known.

The objective of this work was to implement a model describing the
shape of the carbon line coming from deexcitation of the first excited state
of the carbon nucleus. The model implementation uses Monte-Carlo-based
calculations. The required input includes energy distributions of protons in-
teracting with the target nuclei and angular distributions for the first stage of
the nuclear reaction i.e. 12C(p, p')12C*. Additionally, information about the
angular distribution of the second stage of the reaction is required (Eq. (1)).
Then it is possible to construct the angular distribution of the outgoing
gamma quanta in the laboratory frame and recreate the shape of the spec-
tral line for specific angles. In the model, this information is compared with
the experimental data in order to find the values of the a,, parameters for



1640 K. RUSIECKA ET AL.

which the best agreement is achieved. The method has been described al-
ready in [7]. Since that time, the model has been improved by accounting
for previously neglected experimental effects. Moreover, in the following,
we present a comparison to a different set of experimental data of better
quality.

2. Experiment

2.1. Experimental setup

The experiment was conducted at the Heidelberg Ion-Beam Therapy
Center (HIT) using a proton beam accelerated by the synchrotron to energies
ranging from 70.54 to 130.87 MeV.

After leaving the nozzle, the beam was impinging on the phantom con-
sisting of two parts, as shown in Fig. 1. The first part was located at
37 cm downstream from the beam nozzle. It consisted of two wedge-shaped
blocks, one of which was moved along the other fixed wedge. Consequently,
the amount of the material in the beam path was changing. This part of
the target setup served as an energy degrader for the protons. Following the
degrader, a thin target of dimensions 5 cm X 5 cm X 1 mm was placed in the
beam path at a distance of 59.5 ¢cm from the nozzle. Both, the degrader and
the thin target were made of graphite. Such a construction of the phantom
allows for the measurement of the angular distribution of gamma radiation
originating in the thin target.

Fig.1. Scheme of the experimental setup: (1) beam nozzle, (2) beam trajectory,
(3) degrader (arrow indicates direction of movement), (4) thin target, (5) HPGe
detector with an active Compton shield, (6) trajectory of protons scattered in the
nozzle, (7) beam current monitor and (8) lead shielding. Reproduced from [8].
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Gamma spectra were recorded from the thin target with the use of a
HPGe detector with an active Compton shield. The detector was placed on
a movable platform, which allowed for remote control of its angular position.
The thin target was the center of rotation. Additionally, a passive shield in
the form of a lead sarcophagus for the detector was provided.

A Beam Current Monitor (BCM) made of a telescope consisting of 4 plas-
tic scintillators was placed close to the beam nozzle. The BCM detector was
used to register protons scattered from the exit window of the nozzle and
thus allowed for relative beam intensity monitoring independently from the
thickness of the degrader. The registered number of scattered protons along
with the calibration measurements from the EtherCAT system enabled the
absolute normalization of the measured spectra.

It needs to be stressed that the experimental conditions were designed
to imitate the course of proton therapy and the primary aim of the measure-
ments was to deliver data for future applications in prompt gamma imaging
in hadron therapy. However, the excellent spectroscopic quality of the data
allowed for the additional analysis of the shape of the 12C4.44_>gs spectral
line.

2.2. Collected data

All the measurements were divided into series, meaning registration of a
set of gamma spectra in the same experimental conditions, but with different
settings of the degrader thickness or the angular position of the detector. In
the context of the 1204.44_>gs line shape model, the series with a variable
angular position of the detector are the most interesting. Two such series
have been chosen from all the measurements and they are summarized in
Table I.

A more detailed description of the experiment along with a discussion
of the results significant for the prompt gamma imaging in hadron therapy
may be found in [8].

TABLE 1

Details of two experimental series included in the analysis of the carbon line shape.

Series A Series B
Beam energy 88.97 MeV 70.54 MeV
Degrader thickness 35.82 mm 23.00 mm
Mean energy of the protons
in the slice 17.59 MeV 14.72 MeV
Detection angles 90°, 115°, 130°, 150°  90°, 120°



1642 K. RUSIECKA ET AL.

3. Data processing

There are two main stages in the data analysis process. In the first
stage, the input information is prepared and in the second stage, the model
calculation and the analysis of the 1204_44ﬁ\gs line shape is conducted. The
most important aspects of the data processing algorithm are described fur-
ther in this section. The software used for the data analysis and the model
calculations has been written with the use of a ROOT framework [9].

3.1. The background subtraction

Experimental gamma spectra are the primary input for the 2Cy 44-sgs
spectral line shape analysis. In the recorded spectra (see Fig. 2), it is seen
that near the spectral line two types of background can be distinguished: a
constant continuum visible on the right-hand side of the carbon peak and
a Compton continuum on the left-hand side of the peak. The latter can
influence the shape of the peak structure and thus a careful background
subtraction is necessary.

In order to describe the background accurately, both contributions were
modeled separately by a linear fit to the right and a 3'4 order polynomial
on the left, both outside of the peak region. Subsequently, the contributions
were extrapolated to the peak region and joined at the point where they
become equal to produce a background model, which was then subtracted
from the data. The uncertainties of the data points were increased to in-
clude additional contributions from the fit covariance matrix. A comparison
of experimental and background-subtracted spectra along with the fitted
background functions are presented in Fig. 2.

3.2. Energy distribution and angular distribution of protons

Apart from the experimental spectra, information about the energy of
protons interacting with the target nuclei is required in order to carry out
model calculations. As mentioned previously, the analyzed data concern the
nuclear reactions occurring in the thin target. However, before the proton
beam reaches the thin slice, it traverses a certain amount of material (energy
degrader). This experimental approach turned out to be very efficient for
the prompt gamma radiation measurements. However, it caused an energy
straggling of the protons for large degrader thicknesses. Consequently, pro-
tons interacting with target nuclei in the thin target were characterized by
a continuous energy distribution, which was retrieved from Geant4 simula-
tions [10] (see Fig. 3).
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Fig.2. Experimental carbon lines as measured and after background subtraction.
The experimental data has been plotted in gray, the background subtracted spec-
trum has been plotted in black, and a dashed line is the fitted background function.
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Energy distribution of protons, series A
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Energy distribution of protons, series B
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Fig.3. Emnergy distributions of protons in the thin slice obtained in the Geant4
simulations. For each histogram, a cut at the energy of 4.81 MeV has been made,
since this is the threshold for the nuclear reaction. E, is the mean proton energy.

Further required input data is the angular distribution of the first stage
of the nuclear reaction, i.e. inelastic scattering of protons from 2C. In [7],
this information was provided with the use of the Talys package [11]. In order
to confirm the validity of Talys calculations, comparative studies of the cal-
culated and experimentally measured angular distributions were conducted.
For that reason, a database of experimental data was built. It consisted of
angular distributions for 29 energies of incident protons within the energy
range from 9.5 MeV to 65 MeV [12-23].
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Fig.4. Comparison of angular distributions of protons generated by Talys (solid
line) and experimental data from [22] (circles). The energies of protons chosen for
this comparison are the closest ones to the mean energies of protons in the thin
slice (see Fig. 3) for which data in the collected base is available.
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A detailed comparison of the angular distributions provided by Talys
and the experimental data revealed significant differences, an example of
which is presented in Fig. 4. The corresponding angular distributions are
not consistent in terms of magnitude as well as shapes. Therefore, in the
further analysis, the angular distributions calculated by Talys were replaced
by the input based on the collected experimental data. The angular dis-
tributions for the proton energies which are not available in the database
are generated via a bilinear interpolation based on the four nearest points
(algorithm provided within the ROOT framework). To cover the ranges of
angles where the experimental data is not available (small and large angles),
a linear extrapolation was carried out.

3.8. Analysis of the shape of 12C4,44Hgs spectral line

In order to analyze the shape of the 1204,44_%5 spectral line, a fitting
algorithm based on ROOT's MINUIT was developed. The following parame-
ters describing the shape of the studied line were fitted: ag, ag (coefficients
from Eq. (1)) and h (the scaling factor). As stated before, parameters a,,
fix the shape of the angular distribution for the 2C(p, p'y4.44)'2C nuclear
reaction. Thus, their values are dependent on the energy of the imping-
ing protons rather than the detection angle. For that reason, the fitting
procedure included all data from the given experimental series.

x? from all pairs of experimental and theoretical spectra within a single
series was calculated according to the formula

xn hyn
X NDF Z 02 +h%i02 @

where the summation runs over all bins in the experimental spectra, = is
number of entries in the n'™™ bin of the experimental spectrum, y is cor-
responding value in the generated theoretical histogram, og and or are
respective uncertainties of those, and NDF stands for the number of degrees
of freedom.

Calculation of the theoretical carbon line shape was based on the Monte
Carlo method. For each measurement condition, a sample of events for the
two-stage reaction was generated uniformly in the respective phase spaces.
The cross section of the inelastic scattering of protons from 2C was cal-
culated as described in Section 3.2. Additionally, the cross section of the
gamma emission by the excited '?C nucleus for the given values of the ag
and ay parameters was calculated according to Eq. (1). Subsequently, the
product of those was used as a weight for each event. Model calculations
account for the finite size of the detector, its shape and position, i.e. the gen-
erated gamma quanta have to fit in the angular acceptance of the detector.
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The energy of the generated gamma quanta was smeared with the 2-keV
energy resolution of the detector. Additionally, an effect of the variable
detection efficiency for different gamma energies was taken into account. Fi-
nally, the spatial distribution of protons interacting with the target nuclei in
the thin target was implemented. The information about spatial distribution
of protons was obtained with the Geant4 simulation.

As mentioned in Section 1, excited carbon nucleus decays while still in
motion. The halflife time ¢,/ of the first excited state of 12C nucleus is
42.2 fs [5, 24|. This is sufficient for recoiling carbon nucleus to be noticeably
slowed down in graphite. Therefore, the model has been implemented in
two versions: (1) with carbon nucleus moving at a constant velocity and (2)
with the recoiling carbon nucleus slowing down in graphite with the stopping
power as taken from SRIM package [25]. In order to investigate an influence
of nucleus deceleration, all model calculations have been carried out for both
scenarios and, subsequently, compared.

As a result, the values of the ag, as and h parameters along with their
uncertainties were obtained for each experimental series and, consequently,
also the best matching line shapes and the associated angular distribution.
In the following section, the results of the model calculations assuming de-
celerating excited carbon nucleus are presented, along with the description
of differences between the two model implementations.

4. Results and discussion

Obtained results of model calculations with carbon nucleus slowing down
for both analyzed experimental series have been listed in Table II. Based on
the obtained values, the theoretical carbon lines for each measurement have
been generated with the statistics of 10° events. The comparison of the
experimental spectral line shape and the corresponding theoretical one are
shown in Fig. 5. It can be seen that the shape of the structure is reproduced
fairly well, however, some differences are visible. Namely, for the detection
angle of 90°, the peaks are slightly overestimated, while for medium detection

TABLE II

Values of parameters describing the shape of the '2Cy 4445 line.

Parameter Series A Series B
ag —0.010(70) 0.1675(69)
as 0.51(12) 0.337(27)
h 2.03(30) x 10°7  3.25(37) x 1077
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Fig.5. Comparison of the shape of the experimental carbon line (gray) and the
reconstructed carbon line (black). The errors are purely statistical.
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angles (115°-130°), the sharp part of the peak is underestimated. The theo-
retical carbon line for 150° shows the best agreement with the experimental
data. The source of those differences may lie in the angular distributions of
the inelastic scattering of protons from '2C. As described in previous sec-
tions, the angular distributions for proton energies that were unavailable in
the collected database were constructed via interpolation. Additionally, an
extrapolation was performed for small and large angles, where experimen-
tal data was lacking. This extrapolation can significantly influence further
calculations, especially for small angles, where the cross section for inelastic
scattering is expected to grow rapidly.

In order to confirm the validity of the fitting algorithm, x? distribution
maps were constructed. For the map construction, the h parameter has
been fixed, and a theoretical carbon line was generated on a grid of ag and
as parameter values. Subsequently, x? was calculated for each set of experi-
mental and theoretical histograms according to Eq. (4). The maps for both
experimental series are shown in Fig. 6. In both cases, the distributions have
relatively large ellipse-shaped minima, which are inclined to the horizontal
axis. This is an indication that parameters ag and as are correlated. In
addition, parameters ag and as as determined by the fitting procedure have
been marked in both maps with an asterisk. For series A as well as series B,
the position of an asterisk lies in the visible minimum of the distribution,
which confirms the validity of the fitting results. It can be seen that for
series A, the minimum is located close to the edge of the physical region,
but on the outer side of it. However, the parameters values are consistent
with the corner of the physical region within their uncertainties.
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Additionally, the results of the fit have been confirmed by multiple tests
of the fitting conditions, including modification of the starting parameters
and their ranges and using different samples of events during the generation
of the theoretical carbon lines. For all tests, the results remained consistent
within statistical uncertainties.

The angular distribution for the 120(1), p’74.44)12(3 reaction has also been
investigated. The experimental angular distribution for series A has been
obtained as integrals of the background-subtracted experimental carbon lines
as a function of the detection angle, where additional points symmetric with
respect to 90° were added. Similarly, the theoretical angular distribution
has been constructed. A sum of Legendre polynomials as follows:

W(0) = by [1 + baPy(cos @) + by Py(cosB)] (5)

has been fitted to the data points. A comparison of the experimental and
theoretical angular distributions for series A is presented in Fig. 7 and the
fitted coefficients of Eq. (5) are listed in Table III. The theoretical angular
distribution appears to be flatter than the experimental one in the range
from 90° to 130°, while the point at 150° is well-reproduced. Such shape of
the angular distribution is a direct consequence of the previously described
discrepancies in the shapes of the reconstructed theoretical lines. Series B
has been neglected in this comparison, since the number of experimental
points is not sufficient to conduct a fit using Eq. (5).
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Fig. 7. A comparison of the experimental gamma angular distribution (bullets) and
the angular distribution based on the model of the 12C4,44HgS line (circles). A sum
of Legendre polynomials has been fitted to the experimental data points (solid line)
and theoretical points (dotted line).
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TABLE III

Fitted coefficients of equation (5) for series A.

Experimental points Theoretical points
bo 8.044(50) x 10~? 7.771(12) x 107°
b 0.316(17) 0.3818(41)
by —0.391(23) —0.1259(55)

In order to investigate the effect of energy loss by excited carbon nucleus
on the results of the model, we repeated the calculations without this effect.
Obtained fitting results are listed in Table IV. Values of parameters ag and
as differ significantly from those presented in Table II. The corresponding
x? distributions maps are shown in Fig. 8 and can be compared to those in
Fig. 6. It can be observed that minima are shifted along the hypotenuse of
the physical area triangle. At the same time, the sizes and shapes of min-
ima remain comparable. This proves large influence of the carbon nucleus
deceleration in the investigated nuclear process and shape of the associated
spectral line.

¥2 distribution, series A x2 distribution, series B
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Fig.8. (Color online) x? distribution maps calculated assuming constant velocity
of excited carbon. The asterisk indicates values of the parameters ag and as deter-
mined by the fitting procedure. The triangle indicates the area where parameters
have physically valid values.
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TABLE IV

Values of parameters describing the shape of the 1204,44ﬁgs line for model imple-
mentation with constant velocity of excited carbon nucleus.

Parameter Series A Series B
ag 0.166(48) 0.529(15)
as 0.442(35) 0.137(20)
h 2.03(29) x 1077 2.98(34) x 1077

The difference between the values of ag and ao parameters as well as
the shift of the y? distribution minimum is larger for series B. This can be
explained by different mean energy of protons interacting with target carbon
nuclei. For series B, mean proton energy is smaller (see Fig. 3), thus also
recoil energy is smaller and energy loss, i.e. deceleration of excited carbon
nucleus, is larger.

5. Conclusions

The model describing the shape of the spectral line from the
L2C(p, p'v4.44) *?C nuclear reaction has been used for description of the exper-
imental data. The implementation of the model uses a Monte-Carlo-based
calculation techniques and it assumes that the investigated nuclear reaction
occurs in two stages. The results of calculations have been subsequently
compared with the experimental data in order to find the values of param-
eters providing the best match to the shape of the 12(34.44Hgs spectral line
and, therefore, also the gamma angular distribution of the reaction. In this
study, two experimental series consisting of measurements for different pro-
ton energies and detection angles have been analyzed.

The model calculations delivered gamma energy spectra for different an-
gles and angular distribution of the nuclear reaction. These results are con-
sistent with the experimental data. Minor discrepancies between them are
probably caused by approximations in the input data set. Additional tests
proved that the model calculations give consistent results.

Additionally, the importance of the energy loss of the excited carbon
nucleus in the target was investigated. A comparison between two imple-
mentations, one of which assumed the carbon nucleus moving at a constant
velocity and the other one, in which it slowed down, showed significant dif-
ferences in obtained results. This proves that the effect cannot be neglected
in the calculations as it has large influence on the shape of the 12(34,44_>gs
line and parameters of the gamma emission angular distribution.
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