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In proton therapy, Positron Emission Tomography (PET) range verification relies on the comparison of the
measured and estimated activity distributions from " emitters produced by the proton beam in the patient. The
accuracy of the estimated activity distributions is basically that of the underlying reaction cross section data. In
this context, we have developed a new method for measuring " production yields combining the multi-foil
technique with a clinical PET scanner, resulting in energy differential cross sections from a single irradiation.
The method has been applied to the production of 'C (t;» = 20.36 min) and >N’ (t;,» = 9.97 min), the main

candidates for off-line PET range verification, in carbon, nitrogen and oxygen, the main elements of the human
body. The energy range studied with the 18 MeV CNA cyclotron corresponds to the distal fall-off of the activity

curve, i.e. near the Bragg peak.

1. Introduction and motivation

In comparison to conventional radiation therapy, proton therapy is
able to reduce the dose deposition in the healthy tissues close to the
tumor thanks to the distinct characteristics of the spatial dose distribu-
tions of charged particles: maximum dose deposition near the end of
their trajectory (the Bragg peak) and a finite penetration in matter.
Proton therapy is hence especially well-suited for tumors close to organs
at risk and in pediatric cases because of the lower dose received by
healthy tissues, which reduces the long-term effects of the treatment,
improving the quality of life of the patient (Knopf and Lomax, 2013).
However, the current treatment plannings have to be quite conservative
because there are uncertainties associated to the imaging, patient setup,
beam delivery and dose calculations that can affect the actual range of
the beam delivered. Indeed, a safety margin of up to 1 cm is considered
nowadays for a prescribed range of 30 cm (Paganetti et al., 2012).

A way to reduce the mentioned safety margins and exploit proton
therapy to its full potential is the verification of the beam range during
or right after the irradiation. One possibility is to look at the activation
map of the irradiated patient with a PET scanner, in particular at the two

511 keV photons emitted in opposite directions by #* unstable isotopes
resulting from proton induced nuclear reactions (Kraan et al., 2015).
The most abundant “long” half-life 5™ isotopes produced by protons in
the human body are 'C (t;» = 20.36 min) and N (t;/2 = 9.97 min),
both with a half-life long enough to allow moving the patient from the
irradiation table to the PET scanner. However, the relationship between
the dose and activity depth distributions is not straightforward (Oelfke
et al., 1996; Parodi et al., 2007), so PET range verification can not rely
only on the measurement of the activity depth profile, but on its com-
parison with the one estimated through Monte Carlo calculations
combining information from the treatment planning with the cross
sections for the nuclear reactions involved.

The main reaction channels for the production of 'C and '*N are
shown in Fig. 1. At high energies, 'C is mainly produced by '2C,
whereas 13N is mainly produced by *N. However, below 20 MeV the
dominant reaction channels are *N(p,a)!'C and °O(p,a)'*N. These are
the typical reactions for PET imaging, for which several data sets exist as
well as an IAEA evaluation based on them (red points in Fig. 1). Due to
the absence of experimental data for some reactions and the large
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Fig. 1. Production channels of the long-lived isotopes e (up) and 13N (down)
in carbon, nitrogen and oxygen, extracted from EXFOR database.

discrepancies between data sets for the ones available in EXFOR, new
measurements and evaluations are required for all of these activation
cross sections in the energy range of interest in proton therapy, in order
to reduce the uncertainties in the estimation of the activity depth pro-
files and hence be able to detect beam range variations below 1 mm
(Paganetti et al., 2012; Tarkanyi et al., 2019; Espana et al., 2011).

In order to improve the current status, in this work we have devel-
oped a new technique to determine the production cross section of long-
lived " emitters in the full beam energy range of interest, minimizing
both the number of irradiations and the systematic errors. This is done

1. Single irradiation

Foils embedded in a PE
matrix serving as converter

2. Positioning

Radiation Physics and Chemistry 190 (2022) 109759

by combining the irradiation of multi-foil assembly with the measure-
ment of the individual foils using a PET scanner. The method has been
applied to the region below 18 MeV, i.e. the Bragg peak, where there is
an IAEA evaluation for the reactions involved.

2. Experiments

2.1. A new approach: multi-foil activation followed by PET mapping of
the individual foils

In order to cover the full energy range of interest, obtaining differ-
ential cross sections without having to perform one irradiation per en-
ergy value, a new method has been developed. As in multi-foil activation
experiments, a target made as an assembly of thin foils is irradiated in
such a way that the beam features a different energy as it traverses each
of the foils. The novelty of the method consists in the subsequent mea-
surement of the activity induced in all the foils individually but simul-
taneously, by using a PET scanner as sketched in Fig. 2. Inside the
scanner, the foils are embedded in a matrix of polyethylene that serves
as a converter for the positrons into 511 keV annihilation photons in the
vicinity of each foil. As all the foils are measured simultaneously, this
requires just a single irradiation; hence minimizing the errors associated
to reproducibility of the irradiation parameters as well as the irradiation
and measuring times, which are scarce and expensive, especially with
clinical beams. In addition, the method overcomes the limited spatial
resolution of the PET scanners (~mm), as the foils can be as thin and
close to each other as needed.

In this work we have applied the proposed method to the production
of 11C and *N on carbon, nitrogen and oxygen below 18 MeV, using the
637n production in Cu (IAEA standard cross section) as reference (Her-
manne et al., 2018). Being this the first time that this method is used, we
have validated the results by measuring the thick target production of
13N in oxygen and ''C in nitrogen with a conventional y-ray detection
system.

2.2. Irradiations at the CNA 18 MeV cyclotron

The IBA Cyclone 18/9 MeV installed at the Centro Nacional de
Aceleradores (CNA) in Seville (Spain) is primarily used for radioisotope
production for PET diagnostic. It is also coupled to an external beam line
where physics experiments are carried out. The end of the beam line is
closed by a 125 pm thick Mylar window and the irradiations are per-
formed in air.

In this experiment we have irradiated polyethylene (PE), Nylon-6

3. PET measurement

—

Beam

Fig. 2. Step by step of the proposed experimental method: (1) single irradiation of a target assembly of thin foils, (2) positioning of the thin films in a polyethylene

matrix, (3) activity measurement with a PET scanner.
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and Poly(methyl-methacrylate) (PMMA) to study the reactions produc-
ing 1C and '*N in carbon, nitrogen and oxygen, respectively. For each
material, a stack made of a certain number of thin foils was assembled,
choosing the total thickness to be slightly smaller than the correspond-
ing beam range so that the protons traverse the targets and exit with an
energy just below the corresponding reaction threshold, hitting the 2
mm graphite beam dump where the current is measured using a Broo-
khaven 1000c current integrator. The optimal thicknesses and the beam
energy degradation along the target assembly have been calculated via
SRIM-2008 (Ziegler, 1988) and Geant4 (Allison et al., 2016) simula-
tions, which gave compatible results. The characteristics of the targets
are summarized in detail in Table 1.

All the targets are mounted on a holder (see Fig. 3) coupled to a
motorized table that allows placing the targets of different materials in
the beam without entering the experimental room. In this way the time
span between the irradiation of the different targets is minimized, and so
is the decay of the activity between the irradiations and the PET mea-
surement. In front of each assembly there are 55 mm of air and a 175 ym
thick PMMA foil used for monitoring purposes: the activity induced in
each of the monitor foils must be proportional to the current integrated
on the beam dump for each measurement.

The energy of the protons in the interstice between the foils has been
calculated with Geant4, including the 125 ym thick Mylar vacuum
window, 55 mm of air and the 175 ym PMMA monitor film before each
target. A gaussian fit has been done for each one of these proton energy
distributions, extracting the parameters of the fit (mean value and
standard deviation).

The proton energy distribution inside each foil has been calculated
taking into account the distributions at the entry and the exit of each one
of the foils. Then, considering an initial proton energy distribution:

Pi(E) = F(E,a;) @
and a final proton energy distribution:

P(E) = F(E, a) @
where F is a gaussian function and a; and ay are its parameters, we can
extend the proton energy distribution in function of the depth z as:
P.(E) = F(E,a;) 3

where the parameters a, depends linearly on z. The average probability
distribution inside the foil is calculated as:

[ F(E,a,)-d
i — %

P(E) = (€]
The result is shown in Fig. 4. The proton energy in each foil is then
defined as the mean value of the corresponding P(E) distribution, with

an asymmetric energy spread calculated as the point in which the

Table 1
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Fig. 3. Irradiation experimental setup.
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Fig. 4. Proton energy distribution after traversing each nylon-6 foil. The red
curve corresponds to the energy distribution, entering the first foil, after
traversing the PMMA monitor film. Inset: detailed view illustrating the calcu-
lation of the energy and spread of the beam in each target.

Detailed information of the multi-foil target assemblies irradiated at the 18 MeV CNA cyclotron.

Material p (g/cm) Composition # foils Thickness (mm) Range (mm E, = 16.7 MeV Main reactions”

foil total
PE 0.96 CoHy 15 0.198(2) 2.97(3) 3.03 12¢(p,pm)!1C, 12C(p, ) 13N
PMMA 1.18 Cs0,Hs 14 0.171(2) 2.39(3) 2.36 160(p,3p3n)!1C, 150(p,a) 3N
Nylon-6 1.13 CeH11NO 14 0.183(5) 2.56(7) 2.67 “N(p,@)''C, “N(p,pn)'*N
Copper 8.92 Cu 8 0.068(1) 0.544(8) 0.586 63Cu(p, n)*Zn (monitor)

2 In bold the main reactions for the production of !*C and '*N below 18 MeV and the monitor reaction.
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Table 2
Details of the performed irradiations at CNA.

Radiation Physics and Chemistry 190 (2022) 109759

Target Irradiation for differential cross sections (detection with PET scanner) Irradiation for validation/normalization (detection with single scintillators)
Current” Duration Number of protons Cdecay (%) (isotope of Current” Duration Number of protons Cdecay (%) (isotope of
(nA) ®) (x10'%) interest) (nA) ) x10'h interest)
PE 33.8(16) 300(1) 6.3(3) 15.63(5) (*3N) - - - -
8.18(3) (!'0)
PMMA  15.9(8) 420(1) 4.17(20) 20.95(5) (*N) 2.17(11) 48(1) 6.4(3) 2.75(6) (*N)
11.203) (*'0) 1.37(3) ("'O)
Nylon- 33.4(16) 300(1) 6.3(3) 15.63(5) (1*N) 2.15(11) 176(1) 23.7(12) 9.60(5) (**N)
6 8.18(3) (11C) 4.91(3) '0)
naty _ - _ - 2.37(12) 31(1) 4.59(23) 0.464(15) (°*Zn)

2 The current integrator was calibrated from the results of the integral activity of ®Zn induced in the copper target (see section 3.2).

probability function reaches half maximum (see inset of Fig. 4).

Apart from the irradiation carried out corresponding to the deter-
mination of the differential cross sections, another irradiation of thick
PMMA, Nylon-6 and "*Cu targets was carried out for validation and
normalization purposes: the resulting activity from a simplified set-up of
single LaBrs and Nal detectors serves to validate the PET measurement
and normalize the production yields to the **Cu(p, n)%3Zn standard cross
section, respectively (see sections 3.2 and 3.3).

The details of each irradiation (duration, current, accumulated
charge and fraction of isotopes that decay during the irradiation) are
summarized in Table 2. In all cases the current was low enough to
prevent damaging the targets and the length of the irradiations was
chosen to produce enough activity in each target, but within the radio-
protection limits of the facility. Following the irradiation, and after the
approximate 20 min needed to access the experimental area, the targets
were transported to the measuring stations at the PET/CT room and the
detector laboratory at CNA to measure the differential and integral
production yields, respectively.

2.3. Activity measurement with the PET/CT scanner

The key for measuring the cross sections as a function of the proton
energy is being able to determine the activity induced in each of the foils
in the corresponding assembly. The novelty in this work is that all the
activated foils are studied simultaneously with the PET scanner, in this
case a Siemens Biograph mCT.

A total of 46 foils from the PE, PMMA, Nylon-6 targets and PMMA
monitor foils were inserted into the polyethylene matrix, forming two
layers as illustrated in Fig. 5. The matrix served both to position the foils
inside the scanner and to ensure the annihilation of the positrons in the
vicinity of each foil: the range of the <0.96 and < 1.2 MeV positrons

Fig. 5. Left: Positioning of the irradiated foils between the polyethylene (PE)
thick layers. Right: PET measurement of the activity of the irradiated foils
embedded in the PE matrix.

Fig. 6. Axial, sagittal and coronal PET/CT image of the two planes of the
polyethylene matrix with the foils in their corresponding positions.

emitted by 1C and N is only 5 and 6 mm in polyethylene, respectively,
compared to more than 4 and 8 m in air.

The PET scanner was operated in dynamic mode recording 60 s in-
terval acquisitions during 5 h, although in 2 h the signal was already
very close to the background level, as the half-lives of 1*C and 13N are
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20.36 and 9.97 min, respectively. The images are reconstructed with the
TrueX with Time-Of-Flight algorithm, using a gaussian filter of 1 mm
FWHM. The images obtained include the corresponding attenuation
corrections according to the CT image, on top of which the PET image is
displayed in Fig. 6. After identifying each foil in the PET image, the
corresponding Volumes-of-Interest (VOI) are defined (spheres of 16 mm
radius) and the number of counts (given by the PMOD software (Image
processing software v.4.203, 2020) in units of propcps, i.e. proportional
to counts-per-second) within each VOI is recorded as a function of time,
resulting in a decay curve corresponding to each foil. The calibration
from propcps to activity units was achieved by measuring inside the
matrix a 120.8(24) kBq 22Na source. An efficiency map of the scanner
was made by placing the source at each one of the foil positions,
evidencing relative variations between the center and the edges of the
field of view smaller than 2%.

3. Data analysis

The data analysis consists in the determination of the production
yields and the corresponding cross sections of interest from the activity
induced during the irradiation of the individual foils measured with the
PET scanner, and also in that from the activity induced during the
irradiation of the "*Cu, PMMA and Nylon-6 stacks measured with the
stand-alone scintillator detectors.

In all cases the measured quantity is the counting rate as a function of
time, which is converted into an activity decay curve A(t) by dividing it
by the efficiency of each detection system (PET or conventional de-
tectors) and the intensity associated to the decay: 0.99750(13) for e
and 0.99818(13) for 13N (Bé et al., 2004). The corresponding activity
value at t = 0, i.e. at the end of the bombardment AF°5, is determined by
fitting it to the expected exponential decay:

A(l) = C + AR 1c! 4 ABOB g4 (5)

The production yield Y (activity per unit incident charge) in each
target is then calculated as:

AEOB m AEOB 1
Y = _ M) - 6)
I/ i \1 — e~ i Ip't[rr 1 - Cdecay
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Fig. 7. Activity distribution for the PMMA monitor films placed before each
stack of foils.
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where I, is the proton beam current (see Section 3.2) and t;, is the
irradiation time, with the second term between brackets accounting for
the fraction of nuclei that decayed during the irradiation (Cgecqy is
denoted in Table 2). In the case of the multi-foil target, the thin target
approximation (Knoll and Kraner, 1981) allows determining the pro-
duction cross section, at the energy E; of the beam traversing foil i, from
the corresponding yield Y; as:

O_(EI_):Y[(EI)_ APOB <1 1 ) o

An; L, tipy-Aom; — Cdecay

where 4 is the corresponding decay constant and n; is the areal density of
foil i in units of atoms per barn.

3.1. Analysis of the activity curves from the PET scanner

The activity of the 46 irradiated foils was measured with the PET
scanner using a 60 s dynamic protocol for 5 h. As mentioned in section
2.2, the first foil in each stack is a PMMA one used for monitoring and
validation purposes. The activity curves of the monitoring foils,
normalized to the incident charge corresponding to each irradiation are
displayed in Fig. 7. The corresponding A% values agree within 4.5%,
which is then considered the uncertainty related to the reproducibility of
the irradiations.

The decay curves for a selection of Nylon-6 foils are displayed in
Fig. 8 together with the corresponding fits (see Eq. (5)). The fits properly
reproduce the data and indicate a negligible constant term, as expected.
As mentioned before, the parameters of the fit provide the activity per
unit charge just after the irradiation for each of the produced " emit-
ters. However, since PMMA and Nylon-6 contain also oxygen and ni-
trogen, different reaction channels contribute to the production of 'C
and '3N. Therefore the production yield in oxygen and nitrogen were
obtained, respectively, by subtracting the carbon contribution (obtained
previously from the PE films) from PMMA and the carbon and oxygen
contributions (obtained previously with the PMMA films) from Nylon-6.
The production cross section of 1'C and '*N in 12C, %0 and *N can be
written as:

EOB
A; N Op—i

®

Ojsi = -
Ip'tirr'ii'pj'nj k(A pjnj

where i stands for the produced isotope (*1C and *N), main (j) and other
(k) stand for the isotopes from which i can be produced, njg) is the
number of atoms of the isotope j(k) in each target per barn and p; is the
isotopic relative abundance.

The subtraction term in Eq. (8) depends on each case:

® '2C(p,*): nothing needs to be subtracted.

@® '°0(p,3p3n)!!C: only carbon contribution. The subtraction term is
lower than 1%, as the production in carbon is negligible.

@ '%0(p,@)'*N: only carbon contribution. The subtraction term ranges
between 3% and 9%, except below 7.7(6) MeV, where it is increased
up to 24%.

® “N(p,a)''C: only oxygen contribution, as the carbon contribution is
negligible. The subtraction term is lower than 2%.

[ 14N(p,p11)13N: subtraction term becomes very important (>70%) at
all energies, due to the oxygen contribution (carbon contribution is
negligible). Therefore, this reaction is not considered in this work.



T. Rodriguez-Gonzdlez et al.

Nylon 1 @ 16.4(3) MeV

Activity (kBq)

: Exp. data

e contrib,
N contrib,
Total fit

[¢)

Constant contrib.

70 80
Time (i)

0...

Nylon 4 @ 14.4(3) MeV

Activity (kBq)
3

N
S

N}
=

Nylon 7 @ 12.2(4) MeV

60 70 80 90

O Exp. data

— 11C contrib.
s N cONtrib.

e Total fit

Constant contrib.

100
Time (min)

110 1

Activity (kBq)

Nylon 10 @ 9.5(5) MeV

L —
60 70 80 90

Exp. data

e contrib.
N contrib.
Total fit

[¢)

Constant contrib.

Time (min)

Activity (kBa)

“60 70 80 90

T O Exp.data

e 11T contribo,
"N contrib.
— Total fit

Constant contrib.

Time (min)

Nylon 13 @ 6.0(7) MeV

Activity (kBq)
3

L . O Exp.data
e 11C contrib.
—— N contrib.
e Total fit

Constant contrib.

60 70

Time (min)

120

Nylon 2 @ 15.8(3) MeV

Radiation Physics and Chemistry 190 (2022) 109759

Nylon 3 @ 15.1(3) MeV

! O Exp.data 140| T T O Exp.dat
120p% Constant contrib. S Constant contrib.
— 1C contrib. 120[9 e 1€ contrib.
100 —— N contrib. —— "N contrib.
= e Total fit <100 e Total fit
2 80 3 2 ]
= ] =< 80 -
z 1 :
g &0 r B e0 =
< 4 < ]
40 - 40 -
20 3 20 -
0 T — 0 S
70 80 90 80 90 100 110 120
Time (min) Time (min)
Nylon 5 @ 13.7(4) MeV Nylon 6 @ 13.0(4) MeV
1o T ™o B dn T T O Exp datm
Constant contrib. Constant contrib.
140F® s 1 contrib. — ::C contrib.
—— N contrib. —— N contrib.
— TotaI fit e Tota it

“70 80 90
Time (rmin)

100 110 120

Nonn 8 @ 11.3(4) MeV

Activity (kBq)

“50 60 70 80 90 120
Time (min)

100 110

Nylon 9 @ 10.5(5) MeV

Activity (kBq)

T

70 80 90

O Exp.data
Constant contrib.
— ]C contrib.
— N contrib.
e TotR fit

100 110 120

Time (min)

Nonn 11 @ 8.5(5) MeV

Activity (kBq)
3 8

4 U O Exp.data

Constant contrib.
e 1'C contrib.
— 13N contrib.
m— Total fit

50 60 70 80 100 110

Time (min)

20 120

Nylon 12 @ 7.3(6) MeV

Activity (kBa)
3

IS
S

20F

O Exp. data
Constant contrib.
3](: contrib.

s~ N cONrib.
e ToRRN fit

40 50 60

70 80 90

100 110 120
Time (min)

Nylon 14 @ 4.3(9) MeV

Activity (kBq)

70

O Exp. data
Constant contrib.
'C contrib.
— N contrib.
e ToMRN fit

Time (min)

T U O Exp.dat

Constant contrib.
— lt contrib.
— N contrib.
e Total fit

BRER e TR
50 60 70 80 90 100 110

Time (min)

120

Fig. 8. Activity curve for the 511 keV emission in the Nylon-6 targets (for a proton energy from 16.4(4) MeV to 4.3(15) MeV). The decay curves are fit up to 5 h,
although the background level is reached in 2 h. The curves start at 40 min because it is the time span between the end of the irradiation of Nylon-6 and the start of
the PET measurement.
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Table 3
Details of the y-ray decay lines from ®3Zn studied together with the experimental
and IAEA reference productions yields.

E,(keV) 1,(%) (%) Yield (kBq/nC) Yiara (kBq/nC)
511 185.6(9) 0.217(3) 2.24(11)

670 8.19(32) 0.1773(14) 2.31(11) 2.01(8)

962 6.50(16) 0.1284(18) 2.24(11)

3.2. Normalization to the reference 63Cu(p,n)63Zn cross section

The IAEA has recently published an evaluated data set for monitor
reactions induced by charged particles (Hermanne et al., 2018). In this
work, the ®*Cu(p, n)%%Zn reaction has been used as reference, with the g+
emitter ®3Zn featuring a half-life of 38.47(5) min. A natural Cu target (2
mm thick) was irradiated (see Table 1) and the induced activity
measured with a 1,5”x1,5” LaBrs detector, which efficiency curve was
determined from '%”Cs and ?2Na y-ray sources and a Geant4 Monte Carlo
simulation (which indicated that the LaBrs crystal size is actually
1.44"x1.44"). The irradiated Cu target was sandwiched between a pair
of 2 mm thick lead foils acting as positron converters and placed at 100
mm from the front face of the detector.

Three y-ray decay lines were studied: 511, 670 and 962 keV. As
illustrated in Table 3, the %3Zn production yields from the 3 lines are
compatible within 1.7%, proving the accuracy of the attenuation and
efficiency corrections for the three energies. The reported 4.8% uncer-
tainty includes that of the activity curve fit (~0.5%), the efficiency
(<1.4%, see Table 3), the uncertainty in the Monte Carlo corrections to
consider the differences in efficiency between a extensive positron
emitter (°3Zn) and a punctual ?>Na calibration source (~0.6%) and the
reproducibility of the measurements (4.5%, see Section 3.1).

The thick target physical yield of the IAEA evaluation for
53Cu(p, n)3Zn for 16.7 MeV protons is 2.01(8) kBq/nC. The comparison
with the experimental value of 2.24(10) kBq/nC from the 3Zn 511 keV
line indicates that normalizing to the IAEA monitor reaction requires
scaling down the measured values by 10%, and that was done for the
values reported below.

Table 4
Experimental production cross sections for the MN(p,2)!!C reaction. The last
column shows the IAEA cross section integrated in each energy range.

E, (MeV) This work IAEA eval. (Takacs, 2003)
o (mb) o (mb)
16.4(3) 70(5) 95(5)
15.8(3) 81(7) 93(5)
15.1(3) 96(8) 102(5)
14.4(3) 99(9) 99(5)
13.7(49) 123(9) 139(7)
13.0(49) 108(8) 110(5)
12.2(4) 102(8) 91(5)
11.3(49) 96(7) 108(5)
10.5(5) 117(9) 98(5)
9.5(5) 86(7) 83(4)
8.5(5) 84(7) 100(5)
7.3(6) 175(14) 196(10)
6.0(7) 103(8) 66(3)
4,3:?:3 14.4(13) 8.0(4)
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Table 5

Experimental production cross sections for the 1°0(p,3p3n)!'C and °O(p,a)'*N
reactions. The last column shows the IAEA cross section integrated in each en-
ergy range.

E, (MeV) This work IAEA eval. (Takacs, 2003)
o (mb) o (mb)
1°0(p,3p3n)tC 10(p,)°*N 160(p,a)*N

16.4(3) 0 9.8(8) 8.7(16)

15.8(3) 0.54(13) 19.3(15) 18(3)

15.2(3) 0.52(15) 34(3) 29(6)

14.5(3) 0.73(16) 42(3) 38(7)

13.8(4) 0.3(6) 48(4) 26(5)

13.1(4) 0.67(22) 27.9(22) 21(4)

12.3(4) 0.6(3) 35(3) 26(5)

11.5(4) 0.88(23) 40(3) 36(7)

10.7(4) 1.5(3) 59(5) 44(8)

9.8(5) 1.54(22) 24.3(19) 12.5(23)

8.8(5) 1.46(20) 13.0(10) 25(5)

7.7(6) 1.9(3) 36(3) 36(7)

6.5(7) 1.85(20) 0.63(7) 1.06(20)

5.0(8) 1.88(21) 0 0.09(17)

Table 6

Experimental production cross sections for the 2C(p,pn)!'C and 2C(p,)!*N
reactions.

E, (MeV) o (mb)
12C(p’pn)1lc 12C(p,7)13N

16.4(3) 0.29(3) 0.69(7)
15.8(3) 0 0.46(4)
15.1(3) 0 0.45(6)
14.4(4) 0 0.47(4)
13.7(4) 0 0.56(4)
12.9(4) 0 0.54(4)
12.2(4) 0 0.60(5)
11.3(4) 0 0.56(4)
10.4(5) 0 0.74(6)
9.5(5) 0 0.88(7)
8.4(6) 0 1.41(11)
7.2(6) 0 1.82(15)
59797 0 2.09(17)
4.2(10) 0 1.89(15)
2.0(12) 0 0.79(6)

3.3. Validation of the PET scanner with conventional detectors

Being this the first time that the PET scanner is used for measuring
absolute activity values, a validation by comparing the results with a
conventional detection system was made. For this purpose, two targets
of PMMA and Nylon-6 with the same thickness than that of the envis-
aged target assembly used for the PET measurement (see Table 1) were
irradiated under the same conditions. Then the activity produced in the
thick targets was measured with a Nal and LaBrs detectors, respectively,
in a configuration similar to the one discussed in the previous section.

The production yields of the Nylon-6, PMMA and PE assemblies from
PET measurement are listed, respectively, in Tables A.7, A.8 and A.9 in
Appendix, together with the result from the integral measurement with
the stand-alone scintillator for the Nylon-6 and PMMA assemblies (see
Table A.7 and A.8, respectively, in Appendix). In the case of Nylon-6, the
production of 1 C was determined as 502(17) Bq/nC. The corresponding
value from the PET measurement, obtained as the sum of the activities of
each one of the individual foils (see Table A.7 in Appendix), amounts to
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Fig. 9. Top: Selected data for the IAEA evaluation and recommended parametrization (fit Padé) for 14N(p,ot)“C (left) and ll”O(p,ot)”’N (right) reactions. Middle:
Experimental and evaluated data integrated in the energy intervals of our measurement for 14N(p,ot)“C (left) and 16O(p,af)nN (right). Bottom: Ratios of the obtained
data sets with respect the evaluation for *N(p,a)''C (left) and °O(p,2)'*N (right).

520(30). In the case of PMMA, the integral production of >N was
determined as 709(23) Bq/nC, and the corresponding value from the
PET measurement as 760(40) Bq/nC.

Both PET measurements are in agreement with the value from the
thick target within 4% and 6%, respectively. The average deviation of
the integral and PET measurement (5%) is assumed by the uncertainty
related to the reproducibility of the irradiations (see Section 3.1), hence
validating the use of a PET scanner as a detector capable of making
accurate absolute activity measurements. This is remarkable considering
that the attenuation corrections are very different in both set-ups: 2 mm
of lead in the stand-alone scintillator detector case (accounted for via
Geant4 simulations) vs. several centimetres of polyethylene plus the bed
in the PET scanner (accounted for the PET reconstruction software using
the corresponding CT image).

4. Results

The production yields of 1C and 3N in each of the foils of different
materials are summarized in the Appendix in Tables A.7, A.8 and A.9.
From these values the cross sections for the different reactions have been
extracted using Eq. (8). The results are summarized in Tables 4-6,

together with the reference values of Takacs et al. corresponding to the
IAEA evaluation (IAEA, 2001) for the reactions *N(p,a)''C and °0O(p,
a)'3N. The uncertainty of the measured cross sections has contributions
from the fit (given by ROOT (Root data analysis framework v.5.34.30,
2015)), the spatial dependence of the PET scanner efficiency (2%), the
activity of the 2?Na calibration source (2%), the uncertainty in the foil
thickness (1%), the accuracy of the current integrator (5%) and the
subtraction of the competing reactions (see Section 3.1). The best ac-
curacy reached amounts to ~6%.

4.1. Comparison to previous data and the IAEA recommended values

In 2001, an evaluation was elaborated in the framework of an IAEA
project (IAEA, 2001) for ten reactions resulting in positron emitters of
interest for medical radioisotope production, including the reactions
MN(p,a)!C and %0(p,a)'®N studied in this work.

UNp'C

The IAEA evaluation is based on nine of the thirteen data sets
available in EXFOR in the region between 4 and 25 MeV: Blaser et al.
(1952), Nozaki et al. (three data sets) (Nozaki et al., 1966), Jacobs et al.
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Fig. 10. Experimental cross section for the 12C(p,y)!*N reaction.

(1974), Ingalls et al. (1976), Casella et al. (1978), Bida et al. (1980) and
Kohl et al. (1990). The deviations of the selected data from the evalu-
ation are on average about 5%. In order to have better agreement with
the other data sets, the values of Kohl et al. were arbitrarily divided by a
factor of 1.4. For the same reason, the values of Blaser et al. were
multiplied by a factor of 1.3 and uniformly shifted by —0.7 MeV to
reproduce the resonances. Several data points of Bida et al. were
removed to allow a better fitting of the resonances at low energy (4 low
energy points and a point at 12.2 MeV removed). These data sets were
used as input for a least-squares Padé fit with 75 parameters and 306
selected data points with a y? = 3.61. The uncertainties of the fit range
between 60% around 5 MeV, decrease to below 8% between 13 and 28
MeV and rise again to 10% at the highest energy (Hermanne et al.,
2020). The evaluation is displayed in the top panel of Fig. 9 together
with the individual unmodified data sets and the results of this work.
After the mentioned modifications, the deviations of the selected data
sets from the evaluation are on average 4%, which we consider as the
uncertainty bars for this IAEA evaluation curve in Fig. 9.

Our measurement reproduces the resonance structure quite well,
even with the limited resolution of our method at low energies, i.e. at the
very end of the proton range. However, this graphical representation can
be misleading in the sense that the experimental data (in particular in
this work) are integrated over an energy interval corresponding to the
proton energies in each thin foil. These energy intervals are illustrated as
error bars in the energy axis; hence they cannot be directly compared
with the analytical curve of the evaluation. Therefore, the evaluation
has been integrated in the energy intervals defined by our data points,
resulting in the values displayed in the middle panel of Fig. 9 (left). The
cross section ratios displayed in the bottom panel of Fig. 9 (left) illustrate
the good agreement of our data and the evaluation, with sizable dis-
crepancies only in the two data points corresponding to the low energy
tail of the resonance, which might be due to the limited resolution of our
measurement at such low energies. But these two points account for very
little in the overall picture because the cross section there is low. On
average, considering the ratio weighted by the cross section value, the
agreement between our results and the evaluation is a remarkable 2%.

160(p,(1)13N

In this case, the evaluation is based in ten of the fourteen data sets
available up to 35 MeV. The evaluation included the data of Whitehead
and Foster (1958), Furukawa et al. (1960), Hille et al. (1961), Maxson
(1961), Dangle et al. (1964), McCamis et al. (1973), Nero and Howard
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Fig. 11. Experimental cross section for the 0(p,3p3n)!!C reaction.

(1973), Gruhle and Kober (1977), Sajjad et al. (1986) and Kitwanga
et al. (1989). The deviations of the selected data from the evaluation are
on average about 19%. In order to have better agreement with other
data sets, the original data of Furukawa et al. were multiplied by a factor
of 0.7, and the data of Whitehead et al. were shifted to lower energies by
0.3 MeV to reproduce the resonances. The data of Dangle et al. is not
available at EXFOR database. These data sets were used as input for a
least-squares Padé fit with 40 parameters and 607 selected data points
with a y2 = 1.96. The uncertainties of the fit range between 65% near the
reaction threshold, decrease to below 7% between 11 and 18 MeV and
then monotonically increase to reach 12% at the highest energy (Her-
manne et al., 2020). The evaluation and the data are illustrated in Fig. 9,
together with the results of this work. In this case, after the mentioned
modifications, the deviations of the selected data sets from the evalua-
tion are on average 14%, which we consider the uncertainty bars for this
IAEA evaluation curve in Fig. 9 as well.

Asin the case of the 1*N(p,a)!!C reaction, the evaluated cross section
integrated over the energy intervals used in this work and the corre-
sponding cross section ratios are displayed in the middle and bottom
panels of Fig. 9 (right). Our data show the first very narrow resonance
structure even with the limited energy resolution of the method, which
may be the cause of the slight different cross section shapes between 9
and 10 MeV. Above 10 MeV, our data are systematically larger than the
evaluation, 20% considering the ratio weighted by the cross section.
This difference is significant but in the order of that observed in other
data sets. For instance, the original data of Furukawa Furukawa et al.
(1960), Whitehead (Whitehead and Foster, 1958) and Gruhle (Gruhle
and Kober, 1977) are 53%, 37% and 43% larger than the evaluation,
correspondingly, sizable differences pointing in the same direction than
our results: an underestimation of the evaluated cross section.

120(p,7) 13N

The cross section obtained for the 2C(p,y)'*N reaction from 2 MeV
to 16.4 MeV is displayed in Fig. 10. This production is measured by
means of the activation of the polyethylene assembly, so it is unnec-
essary to subtract the contribution from any isotope, hence increasing
the reliability of the data presented herein. The goodness of the fit
process is also increased by the fact that there is no contribution from
11C, as the energy threshold for producing this isotope is 17.8 MeV, and
that there is a good statistic in all the foils. Fig. 10 also shows the only
data available in EXFOR for this reaction: Cohen (1955), with two points
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significantly above our data and without quoted uncertainties.

180(p,3p3m)1'C

The cross section obtained for the 1°0(p,3p3n)!!C reaction from 5
MeV to 16.4 MeV is displayed in Fig. 11, providing a new data set at this
energy range, where there is nearly no data. In this case, the effect of the
subtraction term is negligible, as the cross section extracted from carbon
is zero (threshold of the reaction in 17.8 MeV), increasing the confidence
in our results.

N, pr) 3N

This reaction is not considered due to the large uncertainties in the
subtraction term (see Section 3.1), dominated by the ®O(p,a)'*N reac-
tion. Using a Nylon-6 assembly, it was not possible to extract reliable
results for this reaction at these energies, for which an oxygen-free N-
rich target material is required.

5. Conclusions and outlook

Offline PET range verification in proton therapy relies on the accu-
racy of the production cross sections of the long-lived positron emitters
13N and ' C on the most abundant elements in the human body: C, N and
O. In view of the need of a more accurate experimental data base for the
corresponding reactions, a new technique for determining the reaction
cross sections of interest has been developed and validated with mea-
surements at the distal fall-off of the Bragg peak (below 18 MeV).

The novelty of the method is that the common multi-foil activation
technique is combined with the use of a PET scanner as a detector,
measuring the activity of all the foils at the same time in only one PET
acquisition, hence minimizing the number of irradiations and the sys-
tematic error in the irradiation and in the following activity-induced
measurement. The method has been employed to determine, among
others, the production yields and cross sections of the principal reactions
MN(p,a)'C and %0(p,a)'*N below 18 MeV. The results indicate dis-
crepancies with the IAEA evaluations of 2% and 20%, respectively. This
method has been validated by means of two integral production yield
measurements using a Nylon-6 and PMMA thick targets, conventional
scintillator detectors and the standard cross section of **Cu(p, n)®*Zn for
normalization purposes. The integral measurements are in good agree-
ment with the sum of the activities of each one of the individual foils,
hence validating the use of the PET scanner for this purpose. This,
together with the good agreement between the measured and the eval-
uated cross section data for the 14N(p,a)“C reaction, much more ac-
curate than the 16O(p,ot)lSN evaluation, shows the reliability of the data

Appendix A
Table A.7
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presented herein.

The method will be employed for measurements in the full energy
range of interest for proton therapy (up to 230 MeV) in a clinical beam
facility. In order to cover this energy range with enough energy reso-
lution, more than one incident beam energy is needed. Indeed, the
measuring plan includes three irradiations between 70 and 200 MeV.
This is based on the use of 1 mm thick polyethylene, PMMA and Nylon-6
targets intercalated with polyethylene degraders. The irradiation at each
energy provides results at energies that overlap with the following lower
energy irradiation, in such a way that the compatibility between the
results from the different irradiations can be cross-checked. As described
before, the irradiated targets will then be measured with a clinical PET
scanner, providing the decay activity curve of several foils in only one
acquisition.
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Experimental production yields in Nylon-6 assembly. The bottom of the
table contains the integral value from both the differential and integral
yields measurements with the PET and the scintillator systems,

respectively.

E, (MeV)

Yield (Bq/nC)

16.4(3)
15.8(3)
15.1(3)
14.4(3)

11 C 13 N

27.4(14) 49(3)
31.2(16) 74(4)
36.9(19) 69(5)
38.1(20) 67(6)

(continued on next page)
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Table A.7 (continued)
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E, (MeV) Yield (Bq/nC)

11 C 13N
13.7(4) 47.4(24) 67(4)
13.0(4) 41.6(21) 43.2(22)
12.2(4) 39.3(20) 54(4)
11.3(4) 37.2(19) 50(3)
10.5(5) 45.2(23) 54(3)
9.5(5) 33.4(17) 21.1(22)
8.5(5) 32.5(17) 42(4)
7.3(6) 67(3) 34(3)
6.0(7) 40.3(20) 8.7(12)
4.399 6.2(3) 5.1(5)
<16.7 MeV (PET) 520(30) -
<16.7 MeV (LaBrs) 502(17) -

Table A.8

Experimental production yields in PMMA assembly. The bottom of the
table contains the integral value from both the differential and integral
yields measurements with the PET and the scintillator systems,

respectively.
E, (MeV) Yield (Bq/nC)
11C 13N
16.4(3) 0.32(6) 20.8(12)
15.8(3) 0.51(10) 37.1(20)
15.2(3) 0.46(10) 64(3)
14.5(3) 0.64(11) 79(4)
13.8(4) 0.23(13) 91(5)
13.1(4) 0.59(10) 53(3)
12.3(4) 0.54(10) 66(3)
11.5(4) 0.78(11) 75(4)
10.7(4) 1.40(16) 111(6)
9.8(5) 1.37(13) 48(3)
8.8(5) 1.29(12) 29.2(17)
7.7(6) 1.66(16) 73(4)
6.5(7) 1.64(13) 10.2(10)
5.0(8) 1.67(9) 0
<16.7 MeV (PET) - 760(40)
<16.7 MeV (LaBr3) - 709(23)
Table A.9
Experimental production yields in polyethylene assembly.
E, (MeV) Yield (Bq/nC)
llc 13N

16.4(3) 1.29(9) 6.1(5)

15.8(3) 0 4.1(3)

15.1(3) 0 4.0(5)

14.4(4) 0 4.14(22)

13.7(4) 0 4.9(3)

12.9(4) 0 4.8(3)

12.2(4) 0 5.3(3)

11.3(4) 0 4.9(3)

10.4(5) 0 6.6(4)

9.5(5) 0 7.9(4)

8.4(6) 0 12.6(6)

7.2(6) 0 16.2(8)

5.9i8‘§ 0 18.6(9)

4.2(10) 0 16.8(9)

2.0(12) 0 7.0(4)

11
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Fig. A.12. Time spectrum of the 511 keV intensity peak for the polyethylene targets. The green line shows the fit of the decay of the !'C produced in polyethylene.
The blue line shows the fit corresponding to the 13N contribution and the red line shows the total fit (!C + *N constant). The yellow line represents the back-

ground levels.
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