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Prompt gamma ray in proton therapy is the product of a nuclear reaction
between a proton and a target. The characteristic energies and intensities of
prompt gamma lines can be used to determine the types of elements and their
amounts in the target. In several previous experiments, it was demonstrated that
no matter how complex the reaction cross-section is, once the energy of the
incident proton and the irradiated element are determined, there is a definite
linear relationship between the element concentration and the number of
gamma-ray photons. However, this linear relationship is difficult to apply to
medical imaging, and the nonlinear behavior of hydrogen has not been
investigated so far. In this study, this linear relationship is extended to mixed
elemental materials including a nonlinear case such as hydrogen, and a
universal mathematical form, which is referred to as the prompt gamma
spectroscopy retrieval algorithm (PGSRA), is developed. The basic
assumption of the PGSRA is that the PGS of the sample material has a
relationship with the molar gamma lines of the elements. For carbon and
oxygen, this relationship is linear, while for hydrogen, this relationship is
nonlinear. As the 2.23 MeV gamma line originates from neutron absorption
radiation, the behavior of hydrogen is carefully investigated. The linear and
nonlinear relationships are verified using Monte Carlo simulations with different
combinations of carbon, oxygen, and hydrogen, such as PMMA, pentanediol,
and ethanediol. The PGSRA developed in this work could be the first bridge
between PGS and medical imaging.
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1 Introduction

Prompt gamma (PG) is being widely investigated in proton
and carbon ion therapy because it is a promising solution for
online range verification [1, 2]. Different kinds of PG cameras
were developed for 1D range measurement [3-6] and 3D image
measurement [7-9]. Some of these cameras have already been
tested in clinical trials [10, 11]. New PG timing systems, such as
fast detectors based on CeBr; [12] and LaBr; [13], have been
developed in recent years. Zhang et al. developed a new multi-slit
PG imaging system based on BGO + SiPM [14, 15].

Monte Carlo code, such as FLUKA [16-18] and Geant4 [19,
20], are powerful tools for particle research. Some new ideas or
new designs can be checked by conducting simulations on MC
platforms; for example, the time-of-flight (TOF) method was
adopted to study PG imaging using Geant4 [21, 22], and a new
pixelated PG detector configuration was investigated using
FLUKA [23]. Different configurations, such as multi-slit and
knife-edge configurations, were compared using Geant4 [24].
Changran et al. investigated the Doppler shift effect for range
verification using Geant4 [25, 26]. Recently, a new method for
spatiotemporal emission reconstruction PG timing (SER-PGT)
was developed and verified by FLUKA [27].

Protons deposit energy in matter through interactions when
protons get into tissues during proton therapy. Proton-nuclear
interactions involve both elastic and inelastic processes,
including nuclear capture and nuclear scattering. For many
scattering processes, the tissue nuclei remain intact and are
left in an excited energy state. The decay of these excited
nuclei typically produces a gamma ray with an energy ranging
from 0MeV to 11 MeV within a few nanoseconds of the
proton-nucleus interaction, known as PG emission. The
energy spectra of this PG emission depend on the specific
nuclear energy states of the excited elemental nuclei, resulting
in each element producing a unique spectrum, known as PG
spectroscopy. Thus, tissues composed of different elements and
elemental concentrations will produce different emission spectra
during irradiation [28]. At present, prompt gamma spectroscopy
(PGS) can be used to measure the beam range with high
resolution [29-31]. In addition, Joost M. Verburg et al.
investigated gamma lines and developed a novel optimization
algorithm to determine the absolute range with a mean statistical
precision of 1.1 mm [5, 11].

Range assessment is not the only capability of PGS. Similar to
prompt gamma-ray neutron activation analysis (PGNAA)
[32-35], the characteristic energies and intensities of gamma
lines can be used to determine the types of elements and their
amounts [36, 37]. The major difference between PGS and
PGNAA is the kind of particle that initiates the nuclear
reaction in the material. Verburg et al. assessed the complex
cross-section and total photon yield for different incident proton
[35]. Polf et al
characterized how PG emission from tissue changes as a

energies on different target materials
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function of carbon and oxygen concentrations [38, 39]. Paulo
Martins et al. demonstrated a feasible technique for proton and
ion beam spectroscopy (PIBS) that was capable of determining
the elemental concentrations of irradiated tissues during particle
therapy [40]. In the experiments of Polf et al. and Paulo Martins
et al, a linear relationship was demonstrated between the
concentration of irradiated oxygen in tissue-equivalent
samples and the total emission of PG radiation during
irradiation by fixed energy protons.

Their experimental work demonstrated that no matter how
complex the reaction cross-section is, once the energy of the
incident proton and the irradiated element are determined, there
is a definite relationship between the element content and the
number of gamma-ray photons. However, this linear relationship
is difficult to apply to medical imaging. These works did not
extend the mathematical form of the linear relationship to more
than one element. Our goal is to develop an algorithm that could
be used to determine the content of multiple elements in the
target, not just the concentration, from the PGS data obtained
during irradiation. Additionally, a discussion on how to calculate
the hydrogen amount as y, ,, intensity from the neutron (slow
neutron) absorption reaction (Eq. 1), which is not the direct
production of proton/carbon irradiation, was not presented in
the aforementioned works. Thus, the y, ,; intensity is not a linear
function of the hydrogen amount [41]. Jeyasingam et al. also
measured PG-ray emissions from elements found in tissue;
however, they also did not investigate the gamma lines from
the neutron absorption reaction [42].

1 1 yields yields
o+ H > (TH) > TH 49,5

1

In the present study, the nonlinear behavior of the y,,,
intensity from different samples is first investigated. In addition,
a retrieval algorithm is developed to measure the amounts of all
including PMMA,
pentanediol, and ethanediol. Their chemical formulas and

elements in homogeneous materials,
basic molecular structures are presented in Figure 1. As a
feasibility study, all the irradiation and gamma-ray transport
processes are simulated by using the FLUKA v4 which is

currently distributed by the FLUKA CERN collaboration [43].

2 Materials and methods
2.1 Basic assumptions

From an ideal simulation shown in Figure 2, we used a proton
beam to irradiate a PMMA molecule, which yields gamma-ray
spectroscopy ¢ (CsHgO,) (left in blue). Similarly, we used a proton
beam to irradiate one carbon nucleus and one oxygen nucleus,
which yields gamma-ray spectroscopy ¢ (C) (right in dark) and
¢ (O) (right in red), respectively. Finally, we used a neutron to
bombard a hydrogen nucleus to obtain gamma-ray spectroscopy
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A

PMMA: CsHst

B Pentanediol: CsHq,0,

10.3389/fphy.2022.961162

C Ethanediol: C,Hg0,

FIGURE 1

Chemical formulas and basic molecular structures of the three targets investigated in our feasibility study. The white spheres represent
hydrogen atoms, the red spheres represent oxygen atoms, and the gray spheres represent carbon atoms. From (A—C): PMMA (Cs5HgO5), pentanediol

(CsH1205), and ethanediol (C2HgO5).

¢(CsHy0)
7/
il
/
1 1

FIGURE 2

9 (CsHgO,) is the spectroscopy of a PMMA (C5HgO5)

molecule irradiated by a proton beam. ¢ (C) and ¢(O) are
spectroscopies directly generated by C(p,y)C* and O (p, y)O*,
respectively. At the same time, neutrons come from the
interaction of C(p,n)C* or O(p,n)O*. ¢(H) is from the neutron
absorption reaction H(n, y)H*.

¢ (H) (right in yellow). Here, ¢ is spectroscopy from (p,y) and
(n,y) reactions. There is a relationship between ¢ (CsHgO,) and
¢(C), ¢(0), ¢(H). In this section, we aim to formalize a
mathematical form to describe this relationship.

Normally, the unit of ¢ is photon number per incident
proton per molecule or per mol at different gamma lines. In
this study, gamma-ray spectroscopy is the quantitative of the
energy spectra of gamma ray from the interaction between the
proton and the specific matter or element. Generally, the x-axis of
a spectroscopy is the energy channel, while the y-axis is the
gamma-ray count.

As experiments from Polf et al. and Paulo Martins et al.
proved that there is a definite relationship between the element
content and the number of gamma-ray photons, we formalize a

Frontiers in Physics

03

mathematical model from a phase-only perspective which could
be solved by the numerical method in later sections. Thus, we
assume a simple relationship, as in Eq. 2.

¢ (Cn.Hn, Ono) = Neg (C) + No9 (O) + f (Ne, No, Nu)g (H)
@

The spectroscopy of a target molecule is a sum of the
spectroscopy from elemental carbon, oxygen, and hydrogen
with  corresponding  weight ratios: N, Np, and
f(Ns;No, Ny). The dominant factor is the number of
element atoms in the molecule. From a microscopic point of
view, the more atoms of an element in a molecule, the higher the
probability is of emitting its characteristic gamma rays. Weight
ratios N and N represent the numbers of carbon and oxygen,
respectively, in the chemical formula; here, for example, N. = 5
and No = 2. However, for hydrogen, the major gamma line at
2.23 MeV strongly relies on neutron yields based on the
absorption reaction (Eq. 1). Thus, the spectroscopy of
hydrogen depends not only on the number of hydrogen
atoms but also on the number of neutrons that cause (#,y)
reactions, which in turn come from (p,n) reactions in other
proton-nuclear interactions such as C(p,n)C* and O(p,n)O*.
Thus, the weight ratio f of hydrogen spectroscopy ¢ (H) should
be related to N, No, and Ny. Considering the different sources
of neutrons in absorption reaction, we have Eqs 3-5:

@ (Cn.Hy,Ono) =Nc9(C)+No@(0) + f. (N, No, Ny)g (HC)
+fo (NC)NO,NH)(p (HO),

3)
Nc NH
«(No;;No,Ng) =Nyg—m— —, 4
fe(NeNowNu) = Nurg =50 1o (4)
N, N
fo(Ne;No, Nig) = Ny——2 1 (5)

FNo+N, No + N,
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The first two terms of Eq. 3 are the same as Eq. 2, as neutrons
for the absorption reaction come from the interaction of
C(p,n)C* and O(p,n)O*. The third term of Eq. 2 hydrogen
spectroscopy ¢ (H) should be split into two parts: spectroscopy
¢ (HC) originates from (#, y) reactions where the neutrons come
from C(p,n)C* reactions, and the spectroscopy ¢(HO)
originates from (n,y) reactions where the neutrons come
from O(p,n)O* reactions. Correspondingly, their weight
ratios Eq. 4 f.(N;No,Ny) and Eq. 5 f,(N., No,Np)
should be a nonlinear function of N, No, and Np.

In Eq. 4, the dominant parameter is the number of hydrogen

atoms Ny in the molecule. The ratio N:’;N represents the factor

of the neutron, that is, the neutron absorption reaction (Eq. 1),

where the neutron is emitted from the C(p, n)C* reaction. The

Ny
No+N,

are more hydrogens in a molecule with the same number of

ratio is a hydrogen enhancement factor because when there
carbon or oxygen, the neutron absorption probability will
increase. In Eq. 5, the dominant parameter is the number of
hydrogen atoms Ny in the molecule, and the ratio Né\'ﬁ
represents the factor of the neutron emitted from the
O(p,n)O* reaction. Nf i
same as in Eq. 4.

In Section 3, we will illustrate that for hydrogen, there is only
one peak at 2.23 MeV in its PGS, and it does not contribute to the

other characteristic gamma lines in the carbon and oxygen

is a hydrogen enhancement factor

spectra. Thus, for an unknown material x we have the
Cn.Hy,On, = x,  ¢(HC) — ¢32,
9(HO) — 9% in Eq. 3. And Eq. 3 can be mathematically

following  changes:

separated into two equations (Eq. 6):

?09 =7 =Neg(C)+ Nog(0), ©)
9.7 = fePrc+foPio

In this article, we use ¢ to represent PG spectroscopy in a

2.23

given material x or an element per molecule or per mol, and ¢

represents the count at a given energy of 2.23 MeV in the material
per molecule or per mol. The lower index is the material, and the
upper index is the energy. ¢3% and ¢ are 2.23 MeV gamma
counts originating from carbon and oxygen per molecule or per
mol. Eq. 1 to Eq. 6 are formalized based on a single molecule or
1 mol. In the next section, we will derive these equations to a large

volume target.

2.2 PGS retrieval algorithm

In a real experiment, one cannot shoot a single molecule
target with a single proton. If the target phantom has M mol
molecules, then the elements’ molar amount is

MC = M*NC, MO = M*NO andMH = M*NH

The total PG count from a phantom is

l’/iullEnergy — M)(.(P (.X),
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FIGURE 3

PGS spectrum from 150 MeV proton irradiation on PMMA.

The red points are peak counts at a given gamma energy. The
Xx-axis is gamma-ray energy channel from 1.3 MeV to 7 MeV. The
y-axis is gamma-ray count per incident proton (primary) per

unit cylinder surface area per MeV.

where v is total spectroscopy and ¢ is molar spectroscopy. The
upper index FullEnergy means the gamma lines at every energy in
consideration. For 2.23 MeV, the total gamma count of
hydrogen is
P25 = Mgt

In fact, y2* is one peak point count at 2.23 MeV in
wi”lmnergy . After both sides of Eq. 6 are multiplied by M, we
obtain

iullEnergy _ v/iﬂ =M. 9 (C)+ Mop(0), (72)
Y22 = Fog B +Fogl. (7b)

Here, ¢ (C) and ¢ (O) are the PGS per mol carbon and oxygen,
respectively. 977 and ¢%2 are the PG counts per mol hydrogen
with neutrons originating from carbon and oxygen, respectively.
These molar PGS values can be measured or calculated from
simple substances, such as hydrocarbons and water.

After both sides of Eq. 4 and Eq. 5 are multiplied by M, we
obtain volume weight ratios Eq. 8 for F¢ and Eq. 9 for Fo in

Eq. 7b:

M, My
Fo=M*f.=M , 8
¢ fe Mo + M, Mo + M, ®)
M M
Fo=Mf,=M ° 1 ©)

Mo + M, Mo + M,

As shown in Figure 3, the dark curve is the MC simulated
PGS from 150 MeV proton beam, which irradiate a PMMA
cylinder, and the red points are the peaks in the PGS
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spectrum. For example, the count at 2 MeV results from the
contribution of 4 reactions; the first three reactions come from
oxygen and the last one comes from carbon [44]. The count at
4.44 MeV also results from a contribution of both carbon and
oxygen. The count at 5.25 MeV only comes from oxygen.

There are only two unknown variables M. and M, in Eq. 7a.
Thus, for a binary linear equation, we need at least two peak
points to solve the equation. From Figure 3, we always obtain
more than 3 points from a PGS spectrum, and Eq. 7a can be
solved by using the least squares method. These points are sorted
into three different groups to compare the influence of the
selection of different energy peaks on the results:

Low: low-energy peaks from 1.5 to 4 MeV.

High: high-energy peaks from 4 to 7 MeV.

Medium-high: peaks from medium energy 2 MeV to high
energy 7 MeV.

To obtain a numerical solution, we discretize Eq. 7a:

¢C q)l) MC I/,)C (10)
S Mo | T L
P 9, ¥

Object: min(Am — B), (11)
- (p% (pé q
‘Pg ‘Pg
P P
where matrix A= | . . |isthe measured molar PGS point
9. %
r ll/% -
Yy
Vs
of carbon and oxygen,and B=| . |[isthe measured PGS point
¢\

of the sample material. Index i is the selected gamma energy
point of PGS from the target phantom. Then, the unknown

Mc

element molar number matrix m = [
o)

} can be determined by

the least square method.
The last step is to solve Eq. 7b and bring coefficients F¢ and
Fo into Eq. 7b; we have Eq. 12:

Mo 223

= My* Me
Mo + M. Ho

+ 223 My
Mo + MC\FHC

Mo + Mc.
(12)

2.23

Vs

Now, only My is an unknown variable, and the analytical
solution of My is
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223
My = (Mo + Mc) = (13)

2.23 223
Mogiis + Mcoiic

2.23
X

where yZ*° is the peak point count at 2.23 MeV for target

material x, which is determined by neutron distribution
(energy, time, and lateral distribution) inside the phantom.
932 and ¢#5 are the PG counts per mol hydrogen with
neutrons originating from carbon and oxygen. If y*%, @42

and ¢33

hydrogen molar amount M.

are properly measured or calculated, we can get

Finally, the target elements’ molar amounts M¢, Mo and
My are all retrieved. We refer to this method as the prompt
gamma spectroscopy retrieval algorithm (PGSRA). In addition,
PG can be used to measure the beam range in a target by using
the TOF method [6] or a multi-slit camera [23, 45, 46]. Thus, the
target volume and density can be measured.

V = §*R, (14)

where S is the lateral surface area and R is the proton range in the
target. Density can be determined by Eq. 15:

_ Mass 12*Mc + 16*Mo + My

15
14 S*R (15)

This mathematical algorithm is not limited to hydrogen,
oxygen, and carbon. It can be extended to sulfur, nitrogen, or any
other element. As a feasibility study, the focus of this study is
hydrogen, oxygen, and carbon. We attempt to verify this
algorithm on three molecules: PMMA (CsH3O,), pentanediol
(CsH20,), and ethanediol (C;HO,). The purpose is to retrieve
the molar numbers of the elements and calculate the density of
these samples.

2.3 Cloud computing

To improve the statistics, the run primary number is 5 x 107
for every MC simulation. The typical time consumption for a
primary particle number of 10° is almost 2 h on a standalone
computer (Intel Core (TM) i7-8550U CPU @ 1.8 GHz and 16 GB
memory). It takes 100h, which is approximately 1 week, to
complete one simulation. Thus, we have to use a parallel
method to reduce the time consumption [47]. It is logical to
break down a large primary number into several smaller ones
with  valid The Python
Fluka_p_run.py. Every takes
therefore, we develop a special Python script (Status.py) that

random numbers. script s

simulation several hours;
terminates cloud computing once the simulation is finished.
Another function of the script is to monitor statuses such as
the number of processes that are still running. This script is cost-
effective and time-saving. Another useful script is KillAllpy,
which is used to terminate all the jobs on the cloud if a problem is
discovered. In this simulation, we use Amazon Web Service’s

HPC cluster instead of the traditional physical cluster.
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FIGURE 4

A water phantom with 7 layers ranging from a radii of 2 cm to

14 cm. The USRYIELD card was adopted to score the neutron yield
between each layer.

T T

0-lev
0-1 keV

1keV-150 MeV

100000

10000 ¢
/

dN/dt

1000

100

10
0 100 200 300

400 500

Time [ns]

600 700 800 900 1000

FIGURE 5

Neutron distribution in the layer where R = 2 cm; there are
two slow neutron energy groups: 0-1 eV and 0-1 keV and one
fast neutron group: 1 keV-150 MeV.

2.4 Neutron distribution

As Eq. 13 described, neutron distribution is the key to the
nonlinear solution of PGSRA. First, we must figure out where the
neutrons are generated and where the capture reactions take
place. We do not consider the hydrogen atoms that are far away
from the beam path in lateral direction as they can reduce the
accuracy of the algorithm, and nowadays pencil beams are
adopted in most proton therapy centers. In practice, we are
not likely to put a detector in the target to measure the locations
of the (n,y) reaction. We can roughly determine the location of
the neutron by its time of flight from inside the target to detector
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FIGURE 6
Neutron time-of-flight distribution from R =2cmtoR =
14 cm for the 0-100 keV energy group.
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FIGURE 7
Time-of-flight distribution fromR = 2 cm to R = 14 cm for the
0-10 MeV group.

outside. Thus, second, we calculate the time-of-flight for the
neutron in different lateral layers in the target phantom. Based on
data from the EXFOR library [48], slow neutrons (energy below
~10keV) have a higher cross-section (~1 mb) for absorption
reactions (Eq. 1). Thus, third, we need to determine the neutron
distribution in energy. By the way, we also calculate the TOF of
gamma photons in different layers in the same setup as neutrons.

A water phantom with 7 layers ranging from a radii of 2 cm
to 14 cm was irradiated by 150 MeV protons, as shown in
Figure 4. The USRYIELD card was adopted to score the
neutron yield at different energies and time of flight for each
radius. In this section, water is chosen as the material for
calculation because the human body is mostly composed of
water, which can be used as a rough estimation of the
neutron distribution. All the calculation results in this section
will finally give the recommended radius value of the phantom,
which will be used in all the following simulations.

For the R = 2 cm layer, we set two slow neutron energy groups:
0-1 eV and 0-1 keV and one fast neutron group: 1 keV-150 MeV.
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absorption reaction region. ]
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generating photons slightly later, within 0.6 ns, as neutron and s A%
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To verify the retrieval algorithm in Section 2.2, a group of g 5
simulations are performed by using the FLUKA 4.0 code - B ,;;
. . . . . w b
[16-18]. Figure 8 shows the basic simulation setup: one E:“l = E QO Q QYUY QY g g g %
150 MeV  primary proton beam bombards a slender E =8 T I LI LI X IIZIITII T
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FIGURE 9
Gamma spectra at different depths.

cylindrical target. The primary beam is Gaussian with FWHM =
5mm and zero momentum spread. The radius of the target is
2 cm. The target length is larger than the beam range, as shown in
columns 5 and 6 of Table 1. As the 150 MeV proton range in HOC
is 17.98 cm, its length is set to 20 cm to cover a short neutron
flight path. The lengths of HIC ~ H20C and HOO ~ H200 are set
to 18 cm. There is a virtual gamma detector (FLUKA scorer)
around the target surface, and all the photons from the target to
the scorer are recorded by the USRBDX card in the range of
0-10 MeV with 1,000 energy bins. USRBDX is a virtual detector
for a boundary crossing fluence or current estimator [16].

This setup means that we ignore the energy difference of
proton travel through the target in the beam direction. In fact, the
proton beam enters and loses energy as it travels. Nuclei near the
front face of the target experience higher energy protons than
those toward the back of the target. The reaction probabilities
change as a function of energy, so different reactions dominate at
different depths in the target. We divide the 20-cm water target
into five layers and obtain the gamma spectra at different depths
by using 5 USRBDXs, each of which is 4 cm. As shown in
Figure 9, the characteristic gamma counts increase as protons
travel along the target and suddenly decrease in layer 5. However,
for this feasibility study, we only adopt one USRBDX to score
spectra for the full length to simplify the calculation.

2.5.1 FLUKA setup for elemental molar PGS

The first group of simulations is completed to obtain molar
spectroscopy results for carbon, oxygen, and hydrogen. Thus,
two series of sample materials are simulated with 150 MeV

proton  irradiation. = One  series is  hydrocarbons:
C,HC,H,C,H;C,...,H,0C, and the other is
O, HO,H,0,H;0,...,H»0. Certainly, most of these
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compounds do not exist in our natural world except H,O and
H,C. However, in our feasibility MC simulations, FLUKA can set
up different combinations of atoms by using the COMPOUND
card, which defines a mixture of different atoms. To simplify the
calculation, the densities of all sample materials are set to the
same as water p = 1 g/cm’.

As the focus of this study is not on range measurement, we
measure the range by scoring proton fluence along the beam axis
when 90% of the primary protons have stopped in the target. The
USRBIN card, with a Cartesian grid of 40 x 40 x 300 voxels, is
adopted for such a measurement. The USRBIN card can score the
distribution of proton fluence or other quantities in a regular
spatial structure.

Not all the material in the target can contribute to the PGS
spectra scored by USRBDX. After all the protons stop in the
target, there will be no gamma radiation directly induced by
protons. However, after reaching the longitudinal depth of the
proton range, there are still neutrons from previous reactions
along the beam path that can produce 2.23 MeV gamma rays.
Thus, to calculate the molar PGS values for carbon and oxygen,
we should use the range mass; for hydrogen, we should use the
target mass. All the discussed parameters are shown in
Tables 1, 2.

2.5.2 FLUKA setup for PGS

The second group of simulations is completed to obtain full
energy PGS spectra of PMMA, pentanediol, and ethanediol. The
configuration is similar to that in Section 2.5.1. The only
difference is that the COMPOUND card simultaneously
contains oxygen,
numbers of atoms. In addition, their densities are set to

carbon, and hydrogen with different

1.18 glem?, 0.9939 g/cm?, and 1.1088 g/cm?, respectively, in
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TABLE 2 Parameters for the MC simulation of combinations of oxygen and hydrogen.

Molecular Number Number of Density Range
(g/cm?)

formula of oxygen hydrogen
atoms atoms

HO0O 1 0

HI10 1 1

H20 1 2

H30 1 3

H40 1 4

H50 1 5

H60 1 6

HS8O 1 8

H100 1 10
H120 1 12
H150 1 15
H200 1 20

(cm)

18.00
17.22
16.00
15.20
14.37
13.79
13.39
12.61
12.00
11.39
10.99
10.40

Length  Radius

(cm)

18.00
18.00
18.00
18.00
18.00
18.00
18.00
18.00
18.00
18.00
18.00
18.00

TABLE 3 Parameters for the MC simulation of the sample materials.

Sample Number Number

material of of
carbon hydrogen
atoms atoms

CsHO, 5 8

CsHi,0, 5 12

C,H¢O, 2 6

Number
of

oxygen
atoms

Density Range

(g/cm?)

1.18
0.9939
1.1088

(cm)

14.00
15.78
14.63

(cm)

LS S I e S S S R S S S R )

18.00
18.00
18.00

Length  Radius
(cm)

USRBDX  Range Target  Range Target Molecular Molecular  Hydrogen
area (cm?) volume volume mass mass molar mass molar molar
(cm?) (cm?) (g) (g) (g/mol) amount in  amount in
range target

226.19 226.19 226.19 226.19 226.19 16 14.14 0.00

226.19 21639 226.19 21639 226.19 17 12.73 13.31

226.19 201.06 226.19 201.06 226.19 18 1117 25.13

226.19 191.01 226.19 191.01 226.19 19 10.05 3571

226.19 180.58 226.19 180.58 226.19 20 9.03 4524

226.19 173.29 226.19 173.29 226.19 21 8.25 53.86

226.19 168.26 226.19 168.26 226.19 22 7.65 61.69

226.19 158.46 226.19 158.46 226.19 24 6.60 75.40

226.19 150.80 226.19 150.80 226.19 26 5.80 87.00

226.19 143.13 226.19 143.13 226.19 28 5.11 96.94

226.19 138.10 226.19 138.10 226.19 31 4.45 109.45

226.19 130.69 226.19 130.69 226.19 36 3.63 125.66

USRBDX Range  Target Range Target Molecular Molecular Hydrogen
(cm) area (cm?) volume volume mass mass molar molar molar
(cm®) (cm?) (g (g mass amount in amount in
(g/mol) range target

2 226.19 175.93 226.19 207.60 226.19 100 2.08 2135
2 226.19 198.30 226.19 197.09 224.81 104 1.90 25.94
2 226.19 183.85 226.19 203.85 250.80 62 3.29 24.27

le 1@ buep

291196'2202°Aydy/6855°0T
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the MC simulations. All the discussed parameters are presented
in Table 3.

3 Results
3.1 Element molar PGS

The PGS spectra from combinations of carbon and hydrogen
bombarded by 150 MeV protons are shown in Figure 10.

H20C
H15C
H12C

2.0 €

Count/primary/cm’/MeV

2 3 |
Energy [MeV]

FIGURE 10
PGS spectra from combinations of carbon and hydrogen.

Energy [MeV]

FIGURE 11

Molar PGS from combinations of carbon and hydrogen. The
characteristic gamma lines from carbon come to the same level in
molar PGS except at an energy of approximately 2.23 MeV.
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Characteristic gamma lines from carbon decrease with an
increasing number of hydrogen atoms, while 2.23 MeV gamma
lines increase as the number of hydrogen atoms increases. This is
consistent with our intuition that the carbon concentration is high
in low hydrogen combinations and the opposite for hydrogen
concentrations. In addition, 223 MeV lines from neutron
absorption radiation will be investigated carefully later.

For every combination, the beam range, which decreases as
the number of hydrogen atoms increases, is measured. As shown
in Table 1, the range volume (column 9) and range mass (column
11) can be determined. Then, the PGS spectra are divided by the
molecular molar amount in range, which is the molar PGS, as
presented in Figure 11. The difference is that the characteristic
gamma lines from carbon come to the same level in molar PGS
except at an energy of approximately 2.23 MeV.

We extract peak gamma lines (2.00 MeV, 2.23 MeV,
2.88 MeV, 4.44 MeV, and 6.12 MeV) from Figures 10, 11. As
shown on the left of Figure 12, the 2.00 MeV, 2.88 MeV,
444 MeV, and 6.12MeV counts have a linear relationship
with carbon concentration, which has been confirmed by
experiments [40]. As shown on the right of Figure 12, the
molar count curves of these selected gamma lines are at the
same level except for 2.23 MeV. Thus, the basic assumption of a
linear carbon term in Eq. 2 is reasonable.

The molar count standard errors are 6.6*10™* at 2 MeV,
6.2107 at 2.23 MeV, 9.1*10™ at 2.88 MeV, 8.7°10™* at
4.44 MeV, and 3.5*107° at 6.12 MeV as shown in Figure 13.
Thus, the count deviation for 2.23 MeV is at least an order of
magnitude higher than that of the other gamma lines. We will
analyze the nonlinear behavior in the next section.

The PGS spectra from combinations of oxygen and hydrogen
bombarded by 150 MeV protons are analyzed by the same
pattern as carbon in the supplementary material. While their
behavior is similar to those from the combinations of carbon and
hydrogen, their characteristic gamma lines are more abundant.

Thus, matrix A in Eq. 10 can be determined by the element
molar PGS.

3.2 Molar PG count for hydrogen

We extract the 2.23 MeV gamma count from the PGS
spectrum described in Section 3.1. Additionally, we obtain a
nonlinear PG count per mol hydrogen with its number of
atoms, as the dotted lines show in Figure 14. The count
increases when the number of hydrogen atoms is 1-12 and
then decreases. The reason is that the more hydrogens there are
in a molecule, the higher the neutron absorption probability.
However, the presence of too many hydrogens will stop
neutrons from going further to the next molecule as energy
is lost in the collision of neutrons and hydrogen nuclei. Thus,
hydrogen appears to be an enhancer in low hydrogen

combinations. The ratio term N2
No+N.

in Eqgs 4, 5 is reasonable
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Counts of selected gamma lines from PGS in different hydrogen and carbon combinations: 2.00 MeV, 2.23 MeV, 2.88 MeV, 4.44 MeV, and
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FIGURE 13
Count standard error for different gamma lines.

when Ny is less than ~12. Ny = 11.5 is the upper limit of
human organ tissue from the ICRP 110 report as list in its
ANNEX B section [49].

Here, we must choose a molar PG count values to assign g7
and ¢%% in Eq. 13. In principle, the PG counts corresponding to
HC and HO should be the best option. However, most of the
combinations with a large number of hydrogen atoms are not
natural; in this study, we choose the 2.23 MeV molar count from

HC and H,O. That is,

@22 = 0.00105, g2 = 0.00154. (16)
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FIGURE 14
Nonlinear PG count per mol hydrogen in different
combinations.

3.3 Element amount measurement by
PGSRA

Figure 15 shows the full energy PGS spectra of PMMA,
pentanediol, and ethanediol detected by the USRBDX card
during the virtual MC simulations described in Section 2.5.2.
To solve Eq. 10, we select the peak points to assign matrix B. Most
gamma lines are listed in Table 4. The MC simulated energy in
column 3 is in good agreement with the experimental results [50].

These points are sorted into different groups:
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FIGURE 15

Full energy PGS spectra of PMMA (CsHgO; in dark),

ethanediol (C2HgO; in green), and pentanediol (CsH12O; in blue)
detected by the USRBDX card during MC simulations.

All: All peaks from 1.5 to 7 MeV; energies lower than 1.5 MeV
are not chosen in this algorithm, as some of these energies are not
generated from pure (p,y) channels. These gamma lines are not as
distinct as those from Compton scattering.

10.3389/fphy.2022.961162

Low: Low-energy peaks from 1.5 to 4 MeV.

High: High-energy peaks from 4 to 7 MeV.

Medium-high: Peaks of medium energy 2 MeV to high
energy 7 MeV.

Every group will include at least 3 points, and thus, the
numerical solution of the element molar amount matrix m =

Mo
group.

Table 5 lists the numerical solutions of M and Mg for each
group. The molar amount of carbon is approximately 10, and the ratio
of Mc/My is close to 2.5. The last column is the error of Mc/Mo
with respect to the atomic ratio No/Np in a PMMA molecule. As a
result, the solution of the medium-high group is the best solution, with
smallest relative error of 0.78% as shown in Table 5 with bold number.

[ Me ] can be determined by the least square method for each

For pentanediol, the best solution is the high-energy group,
as shown in Table 6 with bold number.

For ethanediol, the best solution is the high-energy group, as
shown in Table 7 with bold number.

Medium- and high-energy points are preferred for the numerical
solution as these characteristic gamma lines are more distinct. Now,
M and M are determined, and y%% can be extracted from the PGS
spectra of the sample materials. 922 and ¢%2 have been determined
in Section 3.2. Then, we can calculate the hydrogen molar amount by
using Eq. 13. The sample mass and density can be calculated by using
Eq. 15.

TABLE 4 Gamma lines from proton reactions with oxygen and carbon. Experimental energy data, transition, reaction, and mean life from accelerated

particle interactions [50].

Group Energy experiment Energy MC Relative error Transition Reaction Mean life
(MeV) (MeV) (%) (s)
Deprecated 0.718 0.72 0.28 1B 0718 — gs. >C(p,x)'’B* 1.0 x 107
'°O(p,x)'°B* 1.0 x 107
C(p:x)'°C(e)''B* 27.8
1.022 1.02 0.20 10B*1740, 100718 2C(p,x)'°B* 7.5 % 107"
10 (p,x)'*B* 7.5 x 107°
Low 1.635 1.63 0.31 HINF3918_, 12313 1°0(p,x) *N* 6.9 x 107°
2.000 2.00 0.00 HCR00 s g, 2C(p.x)''C* 1.0 x 107
2.124 2.12 0.19 UB2IB g, 2C(p,x)"'B* 55 % 107'°
2313 331 0.13 BN g, 1°0(p,x) “N* 9.8 x 107
2.742 2.82 2.84 1008872 — 16071 1O(p,p)'°0* 1.8 x 107
3.684 3.69 0.16 BCRO s g, 1°0(p,x)*C* 1.6 x 107
3.853 3.88 0.70 BCRE g, 10(p,x)"*C* 1.2 x 107"
High 4.438 443 0.18 2CHAR g, 2C(p,p’)2C* 6.1 x 107
0 (p,x)"*C” 6.1 x 107
5.180 5.18 0.00 5O s g, 1°0(p,x)* 0" <49 x 107
6.129 6.11 031 1606130 5 g, 1°0(p,p’)°0* 2.7 x 107
6.476 6.43 0.71 HCHes g, 2C(px)"'C* <87 x107"
6.741 6.76 0.28 BT - g, 2C(p,x)"'B* 43 x 107
6.790 6.79 0.00 UBr7Z g, 2C(p.x)"'B* 56 x 1077
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TABLE 5 Numeric solution of PMMA.

10.3389/fphy.2022.961162

CsHgO, group Mc [mol] Mo [mol] Mc/Mo Mc/Mo
relative error (%)
All 10.1522 4.2419 2.3933 427
Low 10.1350 4.2509 2.3842 463
High 10.2351 42068 2.4330 2.68
Medium-high 10.3469 4.1066 2.5196 0.78
TABLE 6 Numeric solution of pentanediol.
CsH;,0, group Mc [mol] Mo [mol] Mc/Mo Mc/Mo
relative error (%)
All 9.2649 4.0280 2.3001 7.99
Low 9.1582 4.0814 2.2439 10.24
High 9.7719 3.8373 2.5466 1.86
Medium-high 9.5617 3.9140 2.4430 2.28
TABLE 7 Numeric solution of ethanediol.
C,HO, group Mc [mol] Mo [mol] Mc/Mo Mc/Mo
relative error (%)
All 6.3268 6.6354 0.9535 4.65
Low 6.1875 6.6743 0.9271 7.29
High 6.8350 6.7923 1.0063 0.63
Medium-high 6.6864 6.7517 0.9903 0.97

TABLE 8 Numeric solutions of My and density.

Sample material Variable
PMMA y&2 o, = 0.0349 Mo [mol]
Mc [mol]
My [mol]

Sample Mass [g]
Density [g/cm’]

Pentanediol y¢2); o = 0.0365 Mo [mol]
Mc [mol]
My [mol]
Sample Mass [g]
Density [g/cm’]

Ethanediol y¢:2} o, = 0.0377 Mo [mol]
Mc [mol]
My [mol]
Sample Mass [g]
Density [g/cm’]

Frontiers in Physics

PGSPA result

4.1066
10.3469
20.6003
210.4682
1.17

3.8373
9.7719
20.4229
199.0820
1.0040

6.7923
6.8350
19.8981
210.5943
1.1455

13

MC setup value

4.1519
10.3798
21.3528
207.5964
1.18

3.7901
9.4754
22.7409
197.0877
0.99

6.5758
6.5758
19.7273
203.8484
1.11

Relative error (%)

1.09
0.32
3.52
1.38
1.38

1.24
3.13
10.19
1.01
1.01

3.29
3.94
0.87
3.31
3.31
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FIGURE 16

PMMA PGS spectrum at 0—-10 MeV calculated by the retrieval
algorithm. The dark curve is the MC-calculated PGS spectrum, and
the purple curve is the PGSRA-calculated PGS spectrum. The
carbon and oxygen molar PGS spectra are dashed lines.

The results are summarized in Table 8 and compared
with the MC setup values from Table 3. The relative errors
of the hydrogen molar amount are approximately 10% for
PMMA and pentanediol.
consistent with the setup values, and the relative errors are

However, their densities are
smaller than 2%. On the contrary, for ethanediol, the hydrogen
amount relative error is only 0.87%, and the density relative
error is 3.31%. This is because although there is a high atom
number of hydrogen, it has much lower weight than carbon and
oxygen in materials. Thus, density error is dominated by carbon
and oxygen.

Finally, we can recalculate the PMMA PGS spectra by using
our retrieval algorithm, as shown in Figure 16. In the 0-4 MeV
range, all peaks are consistent with the MC curve. In the
4-7 MeV range, only the peak at 6.1 MeV shows a small
MC curve. The retrieved PGSs of
pentanediol and ethanediol are in supplementary material.

deviation from the

4 Discussion and conclusion

Based on 3 basic assumptions: 1) the sample material has a
relationship with its element molar gamma lines in PG
spectroscopy, 2) for carbon and oxygen, this relationship is
linear, and 3) for hydrogen, this relationship is nonlinear and
is based on a neutron absorption reaction; an element retrieval
algorithm is developed in the present study. The challenge is how
to carefully deal with the nonlinear hydrogen 2.23 MeV gamma
count. A series of simulations confirm that these assumptions are
of the PGSRA
theoretically explain the linear relationship of the gamma

reasonable. The mathematical formulas

count and element concentration detected by Polf et al [38,
39] and Paulo et al. [40].
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The element amount has been successfully calculated by the
PGSRA for the following three sample materials: PMMA,
pentanediol, and ethanediol. The relative errors of carbon
and oxygen are smaller than 4% for all the sample
materials. The relative error of hydrogen, based on its
nonlinear behavior, is approximately 10%. In addition, the
relative errors of the sample density are smaller than 3.5%
for all the sample materials. This new retrieval algorithm is
valid for predicting the element amount and density in an
unknown material. It may be the first bridge between PGS and
medical imaging.
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