b university of ;”g////; . —
L : e % niversity Medical Center Groningen
773 groningen g”,//

University of Groningen

The production of positron emitters with millisecond half-life during helium beam radiotherapy
Ozoemelam, Ikechi Samuel; van der Graaf, Emiel R.; Brandenburg, Sytze; Dendooven, Peter

Published in:
Physics in Medicine and Biology

DOI:
10.1088/1361-6560/ab51c3

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2019

Link to publication in University of Groningen/lUMCG research database

Citation for published version (APA):

Ozoemelam, I. S., van der Graaf, E. R., Brandenburg, S., & Dendooven, P. (2019). The production of
positron emitters with millisecond half-life during helium beam radiotherapy. Physics in Medicine and
Biology, 64(23), [235012]. https://doi.org/10.1088/1361-6560/ab51c3

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/lUMCG research database (Pure): http.//www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 12-10-2022


https://doi.org/10.1088/1361-6560/ab51c3
https://research.rug.nl/en/publications/3a3f3279-290c-44ee-80fd-1e35da6d3ae6
https://doi.org/10.1088/1361-6560/ab51c3

Physics in Medicine & Biology C% IPEM G,

PAPER

The production of positron emitters with millisecond half-life during
helium beam radiotherapy

To cite this article: Ikechi Ozoemelam et al 2019 Phys. Med. Biol. 64 235012

View the article online for updates and enhancements.

pRESP

ENDto ENDQA A\ QUASAR

=
BY MODUS QA
L oa

for RESPIRATORY  Sasss .
MOTION and SGRT - ey LEARN MORE

This content was downloaded from IP address 129.125.19.61 on 03/04/2020 at 12:16


https://doi.org/10.1088/1361-6560/ab51c3
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjsvsMh7VN_7skg0xTEv6Y1g_Iuods2S71lADtRuyFqnWbslFCOtYuVnRu_eD6aSHLnwWDK3Mkj1ez6nqrFMMaUiKai0J4jxljy3Nc8FQWEHPV49vP17gwuLeCEHoRFlbhl3rvo0X80JdapeGcfM9xMRXCVJY1MGlw5zidOhdoptIdvQu9Cc20VdWOjl8wh1UivYFkTD8NcdSn73Qp0ib5JG8YXUOGku6u5JTq7TgIGp7MF39tkck&sig=Cg0ArKJSzFECvKMQSbpL&adurl=https://modusqa.com/mri/motion

I0P Publishing

@ CrossMark

RECEIVED
5 July 2019

REVISED
23 October 2019

ACCEPTED FOR PUBLICATION
28 October 2019

PUBLISHED
5December 2019

Phys. Med. Biol. 64 (2019) 235012 (22pp) https://doi.org/10.1088/1361-6560/ab51c3
Physics in Medicine & Biology 7 IPEM S

PAPER

The production of positron emitters with millisecond half-life during
helium beam radiotherapy

Ikechi Ozoemelam!®, Emiel van der Graaf®, Sytze Brandenburg® and Peter Dendooven
KVI-Center for Advanced Radiation Technology, University of Groningen, Groningen, The Netherlands
!Author to whom any correspondence should be addressed.

E-mail:i.s.ozoemelam@rug.nl

Keywords:helium therapy, monitoring, positron emission tomography, nitrogen-12, oxygen-13

Supplementary material for this article is available online

Abstract

Therapy with helium ions is currently receiving significantly increasing interest because helium ions
have a sharper penumbra than protons and undergo less fragmentation than carbon ions and thus
require less complicated dose calculations. For any ion of interest in hadron therapy, the accuracy of
dose delivery is limited by range uncertainties. This has led to efforts by several groups to develop in
vivo verification techniques, including positron emission tomography (PET), for monitoring of the
dose delivery. Beam-on PET monitoring during proton therapy through the detection of short-lived
positron emitters such as >N (T}, = 11 ms), an emerging PET technique, provides an attractive
option given the achievable range accuracy, minimal susceptibility to biological washout and
provision of near prompt feedback. Extension of this approach to helium ions requires information
on the production yield of relevant short-lived positron emitters. This study presents the first
measurements of the production of short-lived positron emitters in water, graphite, calcium and
phosphorus targets irradiated with 59 MeV/u *He and 50 MeV/u *He beams. For these targets, the
most produced short-lived nuclides are '*O/**N (T}, = 8.6/11 ms) on water, '>O/'2N on graphite,
BTi/41Sc/*2Sc (T2 = 509-680 ms) on calcium, 2P (T}, = 268 ms) on phosphorus. A translation of
the results from elemental targets to PMMA and representative tissues such as adipose tissue, muscle,
compact and cortical bone, shows the dominance of 130/12N in at least the first 20 s of an irradiation
with *He and somewhat longer with *He. As the production of *O/'?N in a *He irradiation is 3—4 times
higher than in a “He irradiation, from a statistical point of view, range verification using '*O/'*N PET
imaging will be about 2 times more precise for a ’He irradiation compared to a ‘He irradiation.

1. Introduction

Hadron therapy, i.e. radiotherapy with protons and heavier ions, offers the benefit of selective deposition of a
high dose to the tumour volume while reducing the co-irradiation of surrounding tissue (Paganetti 2011). The
last two decades have seen a strong increase in the use of charged particles, mostly protons and carbon ions,
in radiotherapy (Jermann 2015). More recently, there has been a renewed interest in the utilization of helium
ions in hadron therapy (Kempe et al 2006, Griin et al 2015, Tommasino et al 2015, Durante and Paganetti 2016,
Knéusl et al 2016), with implementation planned for centres such as the Heidelberg Ion Beam Therapy Center
(HIT) (Krdmer et al 2016, Mairani et al 2016, Tessonnier et al 2018). Helium ions were previously used at the
Lawrence Berkeley Laboratory (LBL) in a program which spanned almost four decades and led to the treatment
of more than 2000 patients (Castro et al 1994, Jermann 2015). The main appeal of helium ions is based on a
‘middle-ground’ advantage over the commonly used proton and carbon ion beams. From a physical perspective,
helium ion beams show a smaller penumbra and less range straggling than proton beams (see e.g. Strébele et al
(2012) and Durante and Paganetti (2016)). Thus, compared to proton beams, the physical properties of helium
ions ensure higher conformity of dose distributions to the target (Strébele et al 2012). Although carbon ions,
due to their heavier mass, allow a still smaller penumbra than helium beams, the presence of a fragmentation
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tail in their depth-dose profile deteriorates the distal dose gradient of the Bragg peak (Sihver ef al 1998). Since
helium ions undergo less fragmentation than carbon ions (Rovituso et al 2017), they provide a good alternative
for preservation of a sharp distal fall-off to negligible dose. “He ions are also being considered for mixed-particle
beam treatment in combination with carbon ions, because for the same magnetic rigidity they can be accelerated
together (Mazzucconi et al 2018). In this treatment technique, the *He ions, having three times longer range than
the therapeutic carbon ions, emerge from the patient and are utilized to control the irradiation.

Similar to other ions of interest in hadron therapy, the high precision in localizing the dose maximum of
helium ion beams required for accurate dose delivery poses a challenge. The localization of the dose maximum is
sensitive to anatomical details and setup errors, impeding the most efficient utilization of the Bragg peak (Knopf
and Lomax 2013). To allow a more accurate positioning of the Bragg peak and clinical realization of the super-
iority of charged particles, several techniques have been proposed for in vivo verification of the range of the
beam (Parodi 2011, Knopf and Lomax 2013, Parodi and Polf 2018). Since the charged particles stop within the
patient, a verification approach based on the detection of the primary beam as obtained in photon therapy is not
possible. Most techniques for in vivo verification of charged particle beams involve the detection of secondary
radiation created during nuclear interactions of the incident beam with the target nuclei. This secondary radia-
tion includes the 511keV annihilation photons following the radioactive decay of the beam-induced positron
emitters (Maccabee et al 1969, Enghardt et al 2004, Nishio et al 2008, review papers by Studenski and Xiao (2010),
Fiedler et al (2012) and Zhu and El Fakhri (2013)), de-excitation prompt gamma rays (Min et al 2006, Testa et al
2008, Polf eral 2009, Perali et al 2014, Hueso-Gonzalez et al 2016, 2018, Xie et al 2017 among others and see review
by Krimmer et al (2018)), secondary charged particles (Rucinski et al 2018). Another approach for range verifi-
cation is based on the detection of beam-induced thermoacoustic waves (Hayakawa et al 1995, Kellnberger et al
2016, Patch etal 2016, Lehrack etal 2017, Jones et al 2018).

The most widely used technique for in vivo verification is the detection of annihilation gammas with positron
emission tomography (PET). It is already deployed for pilot/routine clinical application in some hadron therapy
centres and has been implemented in beam-on (Enghardt et al 2004, Ferrero et al 2018, Pennazio et al 2018),
in-room (Nishio et al 2010, Zhu et al 2011) and offline (Parodi et al 2007, Nishio et al 2008, Knopf et al 2011,
Nischwitz et al 2015) strategies. Although the clinical experiences have highlighted the potential of PET imag-
ing in monitoring the beam range, the technique is still facing challenges related to the fundamental process of
signal production. The signal production is not instantaneous: it occurs after a time delay which depends on the
half-life of the positron emitter. The most abundant positron-emitting nuclides produced by the particle beams,
150, 1'C, *°P, and 88K, have half-lives between 2 and 20 min, comparable to or longer than the irradiation time.
In order to acquire sufficient counting statistics, data acquisition is usually performed over a considerable time
interval after completion of the irradiation. Consequently, there is a delay in obtaining feedback on the treatment
quality and a deterioration of the activity distribution through either metabolic washout of the positron emitters
or residual activity from previous radiation fields in treatment scenarios involving several fields.

An implementation which minimizes the impact of the delay between positron emitter production and PET
signal acquisition is beam-on (also called In-beam) PET (Enghardt et al 2004). In this strategy, the scanner is
installed at the treatment position, with data collected either during the irradiation or during the beam pauses of
apulsed beam delivery. Because of their short half-lives relative to the characteristic timescales of the irradiation,
the short-lived positron emitters (T}, < 19s which is the half-life of '°C, the shortest lived isotope relevant in
existing PET implementations) are important in this beam-on strategy. The imaging of these short-lived posi-
tron emitters allows higher counting statistics in a short acquisition time, essentially avoids metabolic washout
and ultimately provides quasi-prompt information on the dose delivery accuracy. In the context of proton ther-
apy, the most important of these short-lived nuclides is >N with a half-life of 11 ms which potentially provides
quasi-prompt feedback (Dendooven et al 2015,2019). A recent study on the application of this nuclide for beam
range monitoring during proton irradiation indicates that the range in a homogeneous target can be monitored
with millimeter precision for 108 protons (Buitenhuis et al 2017).

Currently, there is insufficient information on the production of short-lived positron emitters during helium
ion therapy. To the best of our knowledge, the first experimental studies on the PET monitoring during therapy
with *He beams was done in 1969 at the LBL (Maccabee et al 1969). Maccabee et al (1969) showed that positron
emitting isotopes (!'C (T, = 20.3 m), °O (T}, = 2.05 m), "®F (T}, = 110 m)) are produced on graphite tar-
gets and soft tissues, and could be useful to determine the range of the beam. Due to the off-line implementa-
tion adopted in the study, the short-lived positron emitting nuclides (T}, < 19s) were not detected. Similarly,
an investigation of the feasibility of in-beam PET for therapeutic beams of *He by Fiedler et al (2006) does not
mention these short-lived positron emitters. In implementing beam-on PET for helium ions, it is important to
quantify the production of the short-lived positron emitters as it determines the achievable precision in range
monitoring applications based on the determination of their distribution.

As a follow-up to the investigation of the production of short-lived positron emitters during irradiation
with protons by Dendooven et al (2015), we present in this work measurements of the production of various
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short-lived positron emitters during helium beam irradiation and offer insights into the potential of beam-on
PET for in vivo dose delivery verification for helium beam therapy. Experiments using beams of both helium
isotopes, *He and *He were performed.

2. Materials and methods

2.1. General consideration

In assessing the relevance of a positron emitter for PET-based monitoring of helium beams, an important factor
is the yield of the positron emitter in the vicinity of the Bragg peak. This implies that a significant amount of
the nuclide needs to be produced at low energy of the incident particles; at higher particle energy the nuclides
are produced farther from the Bragg peak and therefore provide no information on the range. In this work we
measured the production rate integrated over an energy range from zero to a beam energy corresponding to
a range of 22mm in water for both “He (50 MeV/u) and *He (59 MeV/u). Detailed measurement of the cross
section versus energy, needed to simulate the reference PET image, will be the subject of follow-up investigations
if justified by results of the current method.

A further consideration concerns the choice of target materials. For light ions, including helium, no positron
emitters are produced via projectile fragmentation. Positron emitters are produced only by nuclear reactions
on target nuclei and production depends on the elemental composition of the target. Since the production rates
depend on the abundance of the target elements and given that the human body is composed predominantly of
the elements oxygen, carbon, nitrogen, phosphorus, and calcium, significant contributions are expected from
oxygen and carbon due to their high abundance in soft tissue. Nitrogen is not considered in this work as it has a
much lower abundance than carbon and oxygen. Phosphorus and calcium are included in this work due to their
relatively high abundance in bone tissue.

As a consequence of the foregoing considerations, we measured the integral production yield of positron
emitters for beams of >He and *He incident on targets of carbon, water, phosphorus and calcium. Although our
main emphasis is on the short-lived positron emitters, we have included the longer-lived ones to provide the nec-
essary context on the relevance of the short-lived nuclides.

2.2. Anoverview of the method

The production rate of positron emitters can be determined via the measurement of the intensities of the
511keV annihilation photons following their decay. The identification of the produced nuclides is obtained by
following the decay over a certain time period and disentangling the contributions of the nuclides on the basis
of their known half-lives. In order to implement this approach and provide sufficient counting statistics, the
helium beam is delivered in a number of successive cycles, with each cycle composed of a beam-on and beam-
off period. The beam-on/off periods were chosen to optimize the production and identification of the short-
lived nuclides of interest, relative to the long-lived nuclides. A beam-on period of 2-3 times the half-life of the
predominant short and/or intermediate half-life contribution was chosen to ensure a preferential production of
the short-lived nuclide over the long-lived ones. To ensure a good disentangling of the individual contributions,
the beam-off period of about 5 times the half-life of the short-lived nuclide under investigation was chosen. At
the end of such beam-off period, the intensity of the short-lived nuclide is very small compared to the long-
lived ones. Thus the contribution of the long-lived nuclides can be determined without ‘interference’ from the
short-lived ones. As an alternative to the detection of the 511 keV annihilation photons, characteristic gamma-
rays emitted by the final nucleus after positron decay can, in certain cases, be used to established the production
of the positron emitter. Table 1 shows the relevant nuclides investigated in this work. Only gamma rays with
branching ratios greater than 1% are indicated; in practice the detection of gamma photons with a smaller

branchingratio is difficult.

2.3. Setup of beam irradiation and detector

The experiments were performed at the irradiation facility of the AGOR cyclotron at the KVI-Center for
Advanced Radiation Technology (KVI-CART), University of Groningen. The AGOR cyclotron is capable of
producing *He and *He ions up to a maximum energy of 120 MeV/u (range in water Ry, = 79.4mm) and
90 MeV/u (Ryater = 63.3 mm), respectively. Figure 1 shows the experimental setup.

*He and *He ions were accelerated to energies with the same 22 mm range in water, i.e. 59 MeV/u for *He
and 50 MeV/u for “He, and delivered through the beam line vacuum window to reach targets downstream of an
air-filled ionization chamber (BIM). Before the experiment, the output charge of the BIM, expressed in monitor
units, was calibrated in terms of the number of individual ions counted by a scintillation detector capturing the
full beam. The total number of ions delivered during an irradiation run was determined through the number of
monitor units recorded by the BIM. The width of the beam as measured with a multi-wire beam profile monitor
at the proximal surface of the target was 9.4 mm FWHM.
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Table 1. Decay properties of positron emitters considered in this work.

Gamma ray decay data

Positron emitter Half-life Energy (keV) Branching ratio (%) Reference

B 770 ms — Tilley et al (2004)

°C 127 ms — Tilley et al (2004)

¢ 19.3s 718 100 Tilley et al (2004)

e 1223 s — Kelley et al (2012)

2N 11.0 ms 4440 1.9 Ajzenberg-Selove (1990)

B0 8.58 ms — Ajzenberg-Selove (1991)

BN 598 s — Ajzenberg-Selove (1991)

1“0 70.6 s 2313 99.4 Ajzenberg-Selove (1991)

150 1225 — Ajzenberg-Selove (1991)

7 64.8s — Tilley et al (1993)

B 6586 s — Tilley et al (1995)

18Ne 1.67 s 1041 7.8 Tilley et al (1995)

Ne 17.3 s — Tilley et al (1995)

20mA] 6.35s — Basunia and Hurst (2016)
A1 7.18s — Firestone (2009)

28p 270 ms 1779 98 Shamsuzzoha Basunia (2013)
p 4.14s 1273 1.3 Shamsuzzoha Basunia (2012)
30p 150 s — Shamsuzzoha Basunia (2010)
s 1.18 s 677 78 Shamsuzzoha Basunia (2010)
31 2555 1266 1.1 Ouellet and Singh (2013)
2l 298 ms 2230 70 Ouellet and Singh (2011)
3l 2.51s — Chen and Singh (2011)

*#al 1.53s — Nica and Singh (2012)

BAr 1.78 s 1219 1.4 Chen et al (2011)

7K 1.23s 2796 2.0 Cameron et al (2012)

38K 458 s 2168 100 Cameron and Singh (2008)
38mge 924 ms — Cameron and Singh (2008)
3Ca 440 ms 1568 20 Cameron and Singh (2008)
¥Ca 860 ms — Singh and Cameron (2006)
41g¢ 596 ms — Nesaraja and McCutchan (2016)
4285¢ 681 ms — Chen and Singh (2016)

42mge 61.7 s 437/1227/1525 100/99/100 Chen and Singh (2016)

2Ti 209 ms 611 56 Chen and Singh (2016)

S 509 ms 845/2288 2.8/4.4 Singh and Chen (2015)

|

Figure 1. Experimental setup. 1: Nal detector, 2: target, 3: beam ionization monitor.
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The helium ions were stopped in homogenous targets of water (H,0), graphite, calcium and phosphorus.
Table 2 summarizes the relevant information on the targets. The range of the helium particles in each target was

calculated using SRIM (Ziegler et al 2010).

The nuclides produced in the water target will diffuse throughout the target. This is not considered a problem
because the overall goal of the experiment is to measure the integral yield and not the spatial distribution. For the
short-lived nuclides, diffusion has a sub-millimetre effect on the width of the positron emitter distribution. Also,
the size of the water target is small enough for the diffusion of long-lived positron emitters to have a small effect
on the detection efficiency.

The 511keV annihilation photons were detected with a Nal(Tl) detector (Scionix 51B51/2M, size
51mm X 51 mm). The detector was aligned perpendicularly to the beam direction and centered at the Bragg
peak location with a distance of 25 cm between the detector front surface and the beam axis. The energy signal
from the detector was sent to a spectroscopy amplifier. One amplifier output went to an ORTEC multi-channel
analyser (MCA) for recording gamma ray energy spectra. The energy spectra were recorded to enable the analysis
of the gamma peaks to identify nuclides with easily detectable gamma lines besides the 511 keV line. This proce-
dure provides a more unambiguous measurement of the production of these nuclides. A second amplifier output
went to a single-channel analyser (SCA) which generated a logic pulse each time the incoming signal was within
the energy window of 460-630keV set around the 511keV full energy peak, see figure 2. These logic pulses were
processed by an ORTEC multi-channel scaler (MCS), producing a time spectrum. The energy resolution of the
detector at 511keV is 7.8% sigma. Energy and time spectra were measured for several combinations of targets
and beam-on/beam-off periods. The acquisition of time and energy spectra was synchronized with the beam
pulsing using a dual-channel pulse generator. The pulse generator produced logical pulses used to control the
electrostatic beam deflector in the cyclotron injection beam line for beam pulsing and triggering, during the
beam-off periods only, the restart of the MCS cycle and data acquisition by the MCA.

The full-energy peak efficiency of the Nal detector, for the geometry of the experimental setup, was deter-
mined using **Na (511keV and 1275keV), ¥’Cs (662keV) and *°Co (1173keV and 1332keV) gamma ray
sources. The detector full-energy peak efficiency for these and for higher energy gammas was also obtained from
Monte Carlo simulations using MCNPX (Pelowitz 2005). The relative agreement between measured and simu-
lated detector efficiency is better than 10%.

2.4. Data analysis
An essential factor in determining the feasibility of PET-based in vivo range verification with short-lived positron
emitters is the number of nuclei produced per incident particle. The number of nuclei produced per incident
particle is obtained from a parametrization of the build-up and decay of the produced positron emitters during
the cyclic irradiation of the target. For a stable cycle-to-cycle beam intensity, the number of positron emitters
produced per second, P;, as given in Dendooven et al (2015), is given as:

Ao,i

P = .
(1 — e ATon) ST (k — m) e (Tt o) B ey, W

where ); is the decay constant of the positron emitter, T,, is the duration of the beam-on period, T is the
duration of the beam-off period, k is the number of irradiation cycles, Bs1; and e51; are the branching ratio and
detector efficiency for the 511keV photon. The beam-induced activity of positron emitter i at the end of the
beam-on period summed over all irradiation cycles, A, ;, was obtained as a fitting parameter from a fit of the
measured activity, A (t) by the following function:

A(t) = ZAD,,»e*M +C 2)

with C representing a constant background that is added to the sum of exponentials whenever required (see
section 3.1). The number of positron emitters produced per incident particle, Nj, is given by
P; k Ton
Ni=— 3)
Np

where N, is the number of particles that entered the target during the irradiation.

For nuclides which emit gamma rays after the positron decay, a gamma peak analysis was done to obtain the
production per incident particle using the net counts, N ;, in the full energy peak of the gamma line during the
beam off periods. The production per incident particle, in such scenario, is given as

Nyi Ai k Ty

k—1
(1= ene) (5 (k) e AoToTor) ) (1 e3007) B,

m=0

N; =
(4)

where B, and . are the branching ratio and the detector efficiency for the gamma energy line, respectively.
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Table 2. Target properties: thickness, physical form and range of the helium beams.

Range (g cm™2)

Target thickness 50 MeV/u
Target (gem™?) Physical form 59 MeV/u *He ‘He
Graphite 8.6 Two stacked 50 mm square, 25 mm thick graphite blocks 2.5 2.5
Water 6.6 Water-filled thin-walled truncated conical paper cup 2.2 2.2

with water height = 70 mm. Beam hits conical surface
of cup. Diameter at beam level @ = 66 mm
Phosphorus 6.4 Red phosphorus powder pressed into a plastic cylinder. 2.9 2.9
2 = 50 mm and height = 35 mm. Beam hits cylindrical
side surface
Calcium 4.6 Calcium granules packed into 2.9 2.9
a plastic cylinder. = 70 mm
and height = 40 mm. Beam hits
cylindrical side surface

3. Results

3.1. Production of positron emitters

3.1.1. Production of O

Production of '°O (T, = 1225s) is expected on both the graphite and water targets. The production of '°O was
investigated using a beam pulsing of 560s on/1840s off (3.74 x 10'' *He and 3.05 x 10" *He ions) and 3005
on/1800s off (1.08 x 10" *He and 1.29 x 10'! *He ions) for graphite and water targets, respectively. Figures 3
and S1 (stacks.iop.org/PMB/64/235012/mmedia) show the spectra of the 511keV annihilation photons as a
function of time. Unless stated differently, the origin (¢ = 0) of the time axis shown in all plots is the start of the
beam-on period. The beginning of the fit region for the graphite and water targets was set to 90 s and 300s into
the beam-off period to suppress contributions from nuclides with half-lives shorter than those of '°C (20s) and
10 (71s).

For the graphite targets, the production of >0 is considered alongside that of !'C (T}, = 1223s) and *N
(Ty, = 598s). A fit with ''C indicates that shorter-lived nuclides contribute to the spectrum. For both *He and
“He, the inclusion of >N leads to a better fit. A difference in the two spectra on graphite, however, is that while
with the *He ion, no evidence of 1°0 production on graphite is seen, a small amount of O is produced dur-
ing irradiation with “He. The absence of '°O with *He can be explained by the fact that '°O is the intermediate
nucleus of the *He + '2C reaction and therefore has a very high probability of de-excitation via emission of
nucleons rather than gamma rays.

In order to obtain a more accurate determination of the production rate of the longer-lived nuclides '®F,
1C and "N, measurements with a longer beam-on/beam-off period (1800s on/20000s off (5.06 x 10'! *He
ions) and 1840s on/8160s off (9.75 x 10'! *He ions) for *He and *He, respectively) were made and fitting was
restricted to the later parts of these spectra to exclude contributions from '*O. The contribution of these long-
lived nuclides in the spectra shown in figures 3 and S1 was fixed using the fit results of the longer spectrum. A
constant arising from background activity was included for the water target to give a better fit.

3.1.2. Production of *O, F, °’Ne and 1°C

The production of O (T, = 70.6s) and '°C (T}, = 19.3s) was investigated with a beam pulsing of 200s
on/600s off (1.24 x 10'°’He and 1.06 x 10'' *He ions) and 1505 on/300s off (6.45 x 10'°’He and 8.07 x 10"
*He ions) in graphite and water targets, respectively. Figure 4 shows the time spectra of the 511 keV annihilation
photons. Taking into account the nuclides identified in section 3.1.1, the fit shows that '°C is produced during
irradiation with both ions on graphite. The previously determined contributions of the longer-lived nuclides
were used in constraining their contributions for the fit of the spectra. Although the '*O gamma ray was seen
during irradiation with *He, inclusion of this nuclide gives a negligible contribution. This may be attributed
to the fact that its production rate is within the error margins of the other nuclides. On the water target, the
production of 'F (T}, = 64.8s) and Ne (T}, = 17.2s) needs to be considered alongside *O and '°C. Due to
the closeness of the half-lives, the analysis of the production of 1*O and '°C on water via the decay-curve fit suffers
from possible interference from potentially produced ’F and °Ne, respectively. Given that both O and '°C
emit easily detectable gamma rays, their production rate was obtained from the gamma peak analysis. The use
of this spectral-derived value to constrain the contribution of '*O and '°C in the decay-curve fit allows a more
accurate retrieval of the contribution of other nuclides. For *He, the production of '’Ne was not observed as this
is the intermediate nucleus of the *He + 'O reaction. The spectra from the water target clearly indicate that '"F is
produced in addition to a rather small contribution from O (not shown in the figure).
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Figure2. Selection of annihilation events. Energy spectrum (Left) of a *Na source showing the 511 keV and the 1275 keV full
energy peaks. Only counts within the 511 keV energy window (right) are transmitted to the MCS for time spectrum measurement.

For irradiation of water with “He, no evidence of the production of '°C is seen in the gamma spectrum. Given
that the '*O gamma ray is seen in the gamma spectrum, its contribution in the decay fit was constrained using
the production rate determined from the gamma ray energy spectra. The inclusion of both Ne and ’F in the fit
indicates an insignificant contribution of ’Ne (54 & 23 counts s~ !). Fitting these nuclides separately to the spec-
trum gives a better reduced x? for 1’F (reduced x? = 1.00, DoF (degrees of freedom) = 289) compared to '°Ne
(reduced x* = 2.13,DoF = 289). We conclude that ’Ne (not shown in the figure) is not produced in measurable
quantities.

3.1.3. Production of "*Ne

The production of "*Ne (T}, = 1.67s) in water was investigated with abeam pulsing of 4 s on/10s off (6.28 x 10'°
*Heand 1.29 x 10''*Heions) for both *Heand *He ions. In figure S2, the time spectra of the 511 keV annihilation
photons are shown. In addition to '¥Ne, the longer-lived nuclides identified in sections 3.1.1 and 3.1.2 should also
be considered in the fitting of this spectrum. Thus the contributions of the longer-lived nuclides were constrained
by their previously identified intensities, fitting only the '®Ne intensity. For both *He and *He, the time spectrum
shows that some ®Ne is produced.

3.1.4. Production of °C

The production of °C (T}, = 126.5ms) in graphite targets irradiated with *He and *He ions was investigated
using a pulsing scheme of 250 ms on/750 ms off (2.96 x 10'°*Heand 2.56 x 10'°*He ions). Figure S3 shows the
time spectra of the 511keV annihilation photons. The contributions of other nuclides produced on carbon can
be considered to be constant on the time scale of the beam-off period. Thus, we fitted the time spectrum of the
511keV intensity with decay with the °C half-life and a constant. Because of the possible contributions of >N
and O (T, = 11 and 8.58 ms, respectively) (see section 3.1.6), the first 50 ms was excluded from the fit region.
For *He, a contribution from °C of 130 # 18 counts/10 ms is obtained at the end of the beam-on period. This
demonstrates that °C is produced. For irradiation with “He, however, the fit does not suggest a contribution of
Casits value of 16 + 8 counts/10 ms is consistent with zero. We therefore conclude that °C is not produced with
*He ions and place an upper limit using a value of the fit parameter for °C of 24 counts/10 ms (value + 10).

3.1.5. Production of °B

The production of 8B (T, = 770ms) on a graphite target was investigated using a beam pulsing of 2s on/4s
off (1.01 x 10" *He and 5.33 x 10'°“He ions). Figure S4 shows the time spectra of the 511keV annihilation
photons. In addition to 8B, the nuclides identified in previous fits, °C, 1°C and ''C need to be included in the
fit. Inclusion of these nuclides in the time spectrum following irradiation with 3He, however, leads to a fit with
negative contribution of °C. The poor fit when including ''C is related to its almost negligible contribution
given the short duration of the pulsing cycle and the total irradiation time (180s) relative to the half-life of
1C (T}, = 12235). Substituting the contributions of '°C and 'C with a constant gives a similar result. °C and
10C, identified in sections 3.1.2 and 3.1.4, respectively, should give significant contributions on this time-scale.
Therefore, consistency demands their inclusion in this fit. For the *He spectrum, a better fit (with a positive
°C contribution) is obtained for a combination containing B, °C and '°C (reduced x? = 1.19, DoF = 74) in
contrast to one without ®B (reduced x* = 1.84, DoF = 75). For the *He spectrum, there is no evidence of *B; the




I0P Publishing

Phys. Med. Biol. 64 (2019) 235012 (22pp) [0zoemelam etal

<10° x10°

__fitwith ®F, 50, 13N,
¢ and a constant

—fit with %0, 13N, 11c |

0.6
1.5 fi

4He on Water

4He on Graphite

210} 1 2% '
c C
3 3
8 3
0.5 . 0.2 1
1/50
\
0.0f13y ) i ) " ) 0.0} . . - : =
650 950 1250 1550 1850 2150 600 900 1200 1500 1800 2100
time [s] time [s]

Figure3. Spectrum of the 511keV countss ™! asa function of time during the beam-off period for ‘He ions in graphite target (left)
and water target (right). A beam pulsing of 560 s on/1840 s off and 300 s on/1800's off was used for the graphite and water targets,
respectively. The fit of the spectrum starts 90 s and 300 s into the beam-off period for the spectra on graphite and water, respectively.
The result of the fits and contributions of the indicated nuclides are shown. The small '8F and constant contribution is not shown in
the figure (right).

spectrum is dominated by '°C. In conclusion, ®B is not produced with the “He ion in measurable quantities in this
experiment.

3.1.6. Production of N and O

To investigate the production of '*N (T}, = 11.00ms) and O (T}, = 8.58 ms), a pulsing scheme of 30 ms
on/60 ms off (3.22 x 10" *He and 2.08 x 10'! *He ions on water and 2.44 x 10" *He and 2.78 x 10'!*He ions
on graphite targets) was used. The two nuclides can be produced in irradiation of both water and graphite targets
with *He and *He ions. Figure 5 shows the time spectra of the 511keV annihilation photons during the beam-off
period. The origin of the time axis is the start of the beam-off period. Due to the closeness of the half-lives of these
nuclides, it is impossible to disentangle their individual contributions. Therefore, the spectra are fitted only with
both nuclides individually to determine the dominant nuclide contributing to the spectrum. Considering that
the beam pulsing is short relative to the half-lives of the nuclides identified in the preceding sections, a constant is
sufficient to represent their contribution. The first 8 ms is excluded from the fit region because we observed that
there were strong fluctuations in the count rates in this period. These fluctuations, occurring during the recovery
of the detector PMT from the high count rate during beam-on, are not observed beyond 8 ms.

For *He irradiations, a marginal difference between N and O in the goodness of the fit in both water
(reduced x* = 1.16 versus 1.45, DoF = 51) and graphite (reduced x* = 1.31 versus 1.47, DoF = 51) targets is
seen. The *He irradiations show a similar small difference in the x? for the water (reduced x> = 1.16 versus
1.19,DoF = 51) and graphite (reduced x? = 0.88 versus 1.00, DoF = 51) targets. A definitive conclusion on the
contribution of both nuclides requires further investigation, including the measurement of the 4.4 MeV gamma
energy of >N (Branching ratio = 1.9%) with a high-efficiency detector, which is beyond the scope of this study.
For in vivo range verification, however, an analytical calculation of the reference PET image using the yield of the
~10ms contribution is sufficient. We therefore conclude for the time being that the short-lived contribution is a
combination of 1?0 and '*N and indicate it from now on as 1*O/!N.

3.1.7. Production on a phosphorus target

The positron emitters potentially produced during the irradiation of phosphorus with helium ions are
BP(Ty, =270ms, E,=1779keV), *Cl(Ty;, =298ms, E,=2320keV), *°S(Ty,=12s, E,=677keV),
MCUTy, = 1.58), PCUTyp=2.5s), 'S(Ty,=2.6s, E,=1266keV), *P(T),=4.1s, E,=1273keV),
ZMAN(Ty, = 6.45), ®Al(Ty), = 7.25), and *°P(Ty/, = 150s). The production of these nuclides was investigated
using a pulsing scheme of 10s on/50s off (5.91 x 10'°?He and 8.06 x 10'°“He ions). Figures 6 (left) and S5
(left), show the time spectra of the 511 keV annihilation photons during the beam-off period. For both ions, the
most intense gamma peak of S was not observed in the gamma spectrum, thus supporting the exclusion of this
nuclide from further consideration. For irradiation with *He ions, the intermediate nucleus of the *He + *'P
reaction is **Cl. As de-excitation via gamma emission is very unlikely, this nuclide is also excluded in further
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Figure 4. Spectrum of the 511keV counts s™! asa function of time during the beam-off period for *He (left) and *He (right) ions in
graphite target (top) and water target (bottom). A beam pulsing of 200s on/6005s off and 150 s on/300s off was used for the graphite
and water targets, respectively. The fit of the spectrum starts 1 s and 10-20s into the beam-off period for the spectra on graphite and
water, respectively. The result of the fits and contributions of the indicated nuclides are shown. Due to the smaller contribution of
140, 18F, N and 'C in the “He on water spectra, their contributions are not shown; 1“0 is not shown in *He on water spectra for the
same reason.

analysis of the time spectrum following irradiation with *He ions. To simplify the analysis of the time spectrum,
an initial fit was done starting at 20 s after the end of the beam-on period. This choice of starting point for the fit
effectively excludes the contribution of nuclides with half-lives equal to or shorter than that of >!S. This window
was fitted with *°P and each of the remaining short-lived nuclides—?P, ™Al and *>Al—in separate fits. The best
results, with reduced x? of 1.02and 0.92 (DoF = 298) for *He and *He irradiation, respectively, were obtained for
afit containing both *°P and 2°™Al.

Expanding the fit window to start 1s after the end of the beam-on period clearly shows that shorter-lived
nuclides contribute to the spectrum. Therefore, these shorter-lived nuclides not included in the initial fit were
individually combined with the production of **P and ?™Al as obtained from the fit of the later times to ascertain
the best fit. The best reduced x* value was obtained for a combination containing **Cl or 'S: reduced x* = 0.98
and 0.97, DoF = 487 for irradiation with *He and reduced x> = 0.90 and 0.91, DoF = 487 for irradiation with
*He, respectively. The approximately equal half-lives of these short-lived nuclides precludes their simultaneous
inclusion in the fit. An unequivocal conclusion as to the individual contributions necessitates the evaluation of
other criteria. However, the non-observation of the *'S gamma rays does not allow a definite conclusion on the
absence of production of *'S because of the small gamma ray branching ratio of 1.1%. Therefore, we refer to this
contribution as *>Cl/*'S.
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For the very short-lived nuclides, 2P and **Cl,a more specific investigation was done using a short beam puls-
ing of 500 ms on/1500 ms off (3.99 x 10'°*He and 3.20 x 10'°“*He ions). The time spectra of the 511keV pho-
tons are shown in figures 6 and S5 (right). Both nuclides under consideration give the same reduced x* of 0.90
(DoF = 142)and 1.19 (DoF = 142) for "He and *He, respectively. As the gamma peak of **P (E, = 1779keV) was
observed in the gamma-ray spectrum while that of **Cl (E, = 2231keV) was not seen, we conclude that only **P
was produced.

We conclude that the nuclides produced during irradiation of phosphorus with *He and *He are *°P, **™Al,
3ClA1S and 2P,

3.1.8. Production on calcium target
A fairly large number of nuclides is potentially produced on calcium. These nuclides are **Ti (T;,, = 209 ms),
BCa (T, = 440ms), ¥Ti (T, = 509ms), *'Sc (T}, = 596 ms), *8Sc (T}, = 680ms), **Ca (T}, = 860 ms),
BME (Ty, = 925ms), K (T, = 1.25),and PAr (T}, = 1.85), 2S¢ (T}, = 615),388K (T}, = 4625). The wide
range of the half-lives of these nuclides (200 ms—462s) precludes the use of a single pulsing scheme. Therefore,
we used two pulsing schemes, a long-period spectrum of 120s on/300s off (8.25 x 10'°*He and 1.33 x 10!
*He ions) and a short-period spectrum of 0.6s on/3s off (1.81 x 10'*He and 3.26 x 10'°*He ions). Figures 7
and S6 show the time spectrum of the 511keV photons during the beam-off period. Given the observation of
the gamma lines of **¢K and **™Sc (*He only), the time spectrum of the long-period acquisition (figures 7 (left)
and S6 (left)) was fitted with the decay constant of these long-lived nuclides. This, however, gives poor reduced
x* values of 16.7 and 11.3 (DoF = 298) for irradiation with *He and *He, respectively. The distribution of the
fit residuals as a function of time in both fits indicates the presence of nuclides with half-lives of less than 10s.
Given that the gamma rays of **Ti and **Ca were not identified in the energy spectrum taken during beam-off,
these nuclides were excluded from further consideration. The choice of nuclides, for the fit of the long-period
spectrum, was further reduced by starting the fit at 2s (3 times the half-life of “?8Sc) after the end of the beam-on
period. This approach suppresses the contributions of nuclides with a half-life equal to or shorter than *?8Sc.
Fitting any of the remaining nuclides, **™K, **Ca, *’K and **Ar, gives the following reduced x? of 1.10, 1.14, 1.02,
and 0.97 for irradiations with *He ions and 1.22, 1.31, 1.06, and 0.99 (DoF = 295 in all fits) for irradiations
with *He, respectively. The differences in the reduced x* are not sufficient to provide a discrimination of the
contributing nuclide(s). Thus, the spectrum in the fitting window was fitted with three contributions, 42mg
38K and a third contribution having its half-life as a free parameter. The fit gives a short-lived contribution with
half-life of 1.67 + 0.10sand 1.57 + 0.07s for irradiation with *He and *He, respectively. The half-life obtained is
closest to that of **Ar. However, it could be a combination of one or more of the short-lived nuclides considered.

Fitting the short-period spectrum with the half-life determined from the long-period spectrum and a con-
stant gives a poor reduced x* of 63.74 and 17.30 (DoF = 28 in both fits) for *He and *He, respectively. The large
reduced chi-square and the trend in the fit residual indicates the presence of a shorter-lived nuclide. Given that
the shorter-lived nuclides not considered so far have a small range in half-life (509-680 ms), an extra component
with free half-life as a fitting parameter was included in the fit to account for their contribution. The fit gives a
contribution with half-life of 550 4+ 120 ms and 750 + 190 ms for irradiations with *He and *He, respectively,
consistent with the decay of any of **Ti, *'Sc, and **Sc.

In conclusion, the same nuclides, the long-lived nuclides **K and **™Sc and two short-lived contributions
from any or a combination of *>Ar/*’K/*™K/**Ca and **8Sc/*!Sc/**Ti are produced during irradiation of calcium
with *He and “He ions.

3.2. Corrections for escaping positrons and photon attenuation

The approach adopted in this study is based on the detection of annihilation photons which are created in
the targets. However, due to their range, not all emitted positrons will annihilate in the target. As no positron
absorberisinserted on the upstream surface of the target, most of the positron escape will be through this surface.
Thus, the production rates measured in this study need to be corrected for positron escape. We determined the
fraction of escaping positrons through Monte Carlo simulations of the positron distribution using the GEANT4
code (Agostinelli er al 2003). This fraction is influenced by the spatial production profile of the nuclides as well
as the energy spectrum of the emitted positrons. The longitudinal spatial profile is determined by the energy
dependence of the production cross section, which is unavailable for most of the nuclides considered in this
study. Experimental cross sections were used to determine the spatial profile for '*F (Furukawa and Tanaka 1961,
Brill 1965, Nozaki et al 1974, Fitschen et al 1977),''C (*He only) (Brill 1965, Cirilov et al 1966, Liebler et al 1989),
N (°He only) (Cochran et al 1962, Brill 1965, Liebler et al 1989), **K (*He only) (Lee and Markowitz 1974), '°C
(*He only) (Pichard et al 2011), **™Sc (*He only) (Rogers and Gordon 1963). For the remaining nuclides, we
assumed a uniform production from the target entrance up to a depth where the beam energy is equivalent to
the threshold for production of the nuclides. To model the lateral profile of the positron emitter distribution, the
positron emitter source was spread according to a 2D Gaussian with a sigma of 4 mm, the helium beam width as
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Figure 5. Spectra of the 511keV counts ms™! asa function of time during the beam-off period for *He (left) and “He (right) ions
inagraphite target (top) and water target (bottom). A beam pulsing of 30 ms on/60 ms off was used. The fit of the spectrum starts
8 ms into the beam-off period to allow the detector to recover to normalcy after exposure to the high radiation environment during
beam-on. The result of the fit and contributions of 1*0 and a constant are shown.

determined with a multi-wire beam profile monitor. The energy spectrum of the positrons was calculated using
the equation mentioned in Krane (1988).

The maximum energy of the positron, the branching ratio for positron emission and the escape fraction for
the different nuclides are given in table 3. The uncertainty on the escape fraction was estimated to be 10%. The
escape fraction is correlated with the positron endpoint energy of the nuclide. For nuclides with multiple end-
point energies, a branching ratio weighted average of the escape fraction was used for corrections.

In addition to corrections for the escape of positrons, a first order correction for photon attenuation in the
targets is calculated as the attenuation from the centre to the edge of the target in the direction of the detector.
The attenuation of 511keV photons for the graphite, water, phosphorus and calcium targets is 31%, 27%, 24%
and 18%), respectively. The attenuation of the 2313 keV gamma ray from 'O in water is 14% (production rate was
determined using the gamma-peak analysis for only *O).

The production rates of positron emitting nuclides after correction for the positron branching ratio, escape
fraction and photon attenuation are given in table 4. For scenarios where the decay component is attributable toa
combination of nuclides, as mentioned in section 3, the half-life and escape fraction of the first nuclide in the label
(1°0,?>Ar, #8Sc, #Cl) are used for the calculation of production yields and subsequent analysis. The uncertainty
due to not knowing which half-life (or half-lives) contribute to of the decay in the BO/12N, 3°Ar/>"K/P8mK /¥ Ca,
4285¢/*15¢/*3Ti, and ¥*Cl/*'S combinations was estimated to be 2%, 6%, 12% and 0.2%, respectively.

11
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Figure 6. Spectra of the 511keV counts/time bin as a function of time during the beam-off period for *He ions in a phosphorus
target. A beam pulsing of 10 s on/50s off (left) (time bin = 1) and 0.5s on/1.5s off (right) (time bin = 10 ms) was used. The fit
of the spectrum starts 1 s (left) and 0.06 s (right) into the beam-off period. The result of the fits and contributions of the indicated
nuclides are shown.
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Figure7. Spectraof the 511keV counts/time bin as a function of time during the beam-off period for *He ions in a calcium target.
Abeam pulsing of 120s on/300s off (left) (time bin = 1s) and 0.6 s on/3 s off (right) (time bin = 100 ms) was used. The fit of the
spectrum starts 1 s (left) and 0.1 s (right) into the beam-off period. The result of the fits and contributions of the indicated nuclides
are shown.

3.3. Production of PET nuclides in tissue materialsand PMMA
In section 3.1, the production of positron emitting nuclides per incoming projectile in simple materials
was discussed, reflecting reactions with elemental targets. In clinical applications, composite materials are
encountered. In this section, we calculate the production of these nuclides in PMMA and representative tissues:
adipose tissue, skeletal muscle, compact and cortical bone. We adopt a similar approach as used in Dendooven
etal (2015).

The production per ion for any nuclide, P;; is given as

Pjj = oiiN; (5)
whereo;; is the cross section of the reaction leading to production of nuclide i on target nuclei of type j,and N; is

the number of target nuclei of type j cm 2. A projectile traversing a target containing different elements of type j
with mass number A;, weight fractions w;, target thickness Ax,and density p will encounter
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ipA i AE
Wipax Wi nuclei of type j per cm?
Aju Aju dE/d (px)

(6)

where u is the atomic mass unit and dE/d (px) is the mass stopping power. This formula is valid if the stopping
power can be considered constant over the energy loss AE. The ratio of the production of a nuclide via the same
nuclear reaction over the same beam energy loss in two materials with weight fractions of the target nuclide w,
and w, is given as

Py wi dE/d(px), .

P, wydE/d(px),
We used equation (7) to scale the production rate in the elemental targets to those of the representative tissues and
PMMA. The stopping power in each material was calculated using SRIM (Ziegler et al 2010). The mass stopping
power ratio of any two materials varies less than 5% from the beam energy to the production threshold energy
for 59 MeV/u *He and 50 MeV/u *He ions. Table 5 gives the relevant material properties and the production per
ion in these materials. The statistical and systematic uncertainties given in table 4 can be transferred to the values
given in table 5.

3.4. Number of beam-on PET decays

The selection of suitable nuclides for PET-based monitoring of ion therapy depends among others on the
number of decays of the positron emitting nuclides seen by the PET system. This number itself depends on the
PET acquisition time structure relative to the irradiation time structure. In this section, the number of decays
of the positron emitting nuclides during the irradiation of the tissues mentioned in section 3.3 is investigated.
We assume a continuous helium ion irradiation. Figures 8 and 9 show the number of positron decays integrated
from the beginning of the irradiation as a function of time for an irradiation with 50 MeV/u *He ions for a beam
intensity of one *He ion per second. For irradiation with 59 MeV/u *He ions, the integrated number of positron
decays as a function of time with a *He beam intensity of one ion per second is shown in figures S7 and S8. In these
plots, we have considered only the short-lived nuclides—'*0O/'?N (shown as 1?0 in the plots) on both oxygen
and carbon, 8P on phosphorus, and *28Sc/*!Sc/**Ti (shown as *?8Sc in the plots) on calcium along with the most
abundantly produced long-lived ones—"0, !'C, **K, and *°P. For each of the plots, the number of positron
decays during the first second of irradiation is shown on the right side of the figures. This offers an assessment
of the potential of these short-lived positron emitters to be used for prompt feedback on the irradiation quality.

4. Discussion

4.1. Benchmarking of the method

Following the findings of Dendooven et al (2015, 2019), the production of positron emitters during helium
beam therapy is presented in this work. The integral yields of the positron emitters were obtained through the
disentangling of their contributions during the pauses and/or after the end of irradiation with 59 MeV/u *He
and 50 MeV/u “He beams. For nuclides with easily detectable gamma rays, a gamma ray energy analysis was
performed to determine their production. To provide a benchmark of our measurement, a comparison with
results derived from accurate experimental cross section data is required. For most of the nuclides produced
during helium beam irradiation, no reliable (i.e. highly accurate data points in an extended energy range) cross
section data is available. Since the methods in Dendooven et al (2019) and this work are similar, the more reliable
experimental production cross section for the reactions: '*C (p, pn)''Cand '“C (p, p2n)'°C (Matsushita etal 2016)
were used for an analytical calculation of the production yield in graphite towards validation of our method. The
cross section data were interpolated at proton energies, as determined using SRIM (Ziegler etal 2010), equivalent
to 0.5mm steps from the target entrance to the production threshold. This calculation gives an integral yield
of (9.18 £ 0.13 & 0.414,) x 107 ''C nuclei per 55 MeV proton and (2.40 £ 0.064q + 0.114) x 107*
C nuclei per 55 MeV proton. The uncertainties on the calculated values are projected from the
experimental cross section data. In contrast, the measured values given in Dendooven et al (2019) are
(8.39 & 0.0644¢ & 0.254) x 107 1C nuclei per 55 MeV proton and (2.48 = 0.164, £ 0.07,) x 10~* °C
nuclei per 55 MeV proton. The differences between the measured and calculated values are 9% =+ 2%¢,; &= 5%y
and 3% = 7%;ta &= 5%sys for the production of 11C and 1°C, respectively. Thus, we consider an accuracy of the
experimental production yield within 10% of the calculated values using experimental cross section as shown in
this comparison to be a sufficient validation of the method.

4.2. Short-lived positron emitters duringirradiation with heliumions
Maccabee et al (1969) measured the positron decay curves after the irradiation of two tissue components,
graphite and soft tissue, with a 53 MeV *He beam. In these tissue components, they observed the decays from °O,
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Table 3. Escape fraction of positrons emitted by positron emitting nuclides. Values are taken to be the same for nuclides produced via
reactions with *He and *He ions. For the nuclide combinations, *O/'2N, **Ar />’K/*™K/*Ca, #*85¢/*!Sc/**Ti, and **Cl/*'S, the positron
decay properties of >0, ¥ Ar, 426S¢ and *Cl were used respectively in all analysis.

Positron endpoint Positron emission Fraction of escap-
Nuclide Target energy (MeV) branching ratio (%) ing positrons (%)
Bp Water 0.63 96.7 1.28
0.3
e Water 0.96 99.8 3.9
1.6°
BN Water 1.20 99.8 4.3
150 Water 1.73 99.9 5.3
140 Water 1.81 99.2 5.6
VF Water 1.73 99.9 5.3
10¢ Water 1.91 98.5 5.8
0.89 1.5 3.7
18Ne Water 3.42 92.1 10
2.38 7.7 7.4
O Water 16.74 89.2 56
13.24 9.8 45
BO/MN Graphite 16.74 89.2 44
13.24 9.8 34
BN Graphite 1.20 99.8 2.5
0.6"
50 Graphite 1.73 99.9 3.6
B Graphite 14.1 — 36
°C Graphite 15.47 54.1 41
2.34 30.4 31
12.16 5.9 6.8
2.80 5.8 5.7
e Graphite 0.96 99.8 2.3
2.7
10¢ Graphite 1.91 98.5 4.0
0.89 1.5 0.1
3.4°
3p Phosphorus 3.21 99.8 4.5
26mA] Phosphorus 3.21 99.9 4.5
»p Phosphorus 3.92 98.2 5.5
3l Phosphorus 4.56 99.9 6.2
2p Phosphorus 11.54 69.1 50
4.01 113 7.6
7.05 7.6 21
4.74 3.6 9.8
5.39 2.8 12
5.52 2.4 13
8.71 1.3 32
38K Calcium 2.72 99.9 3.8
4.2°
K Calcium 5.13 97.8 8.6
BAr Calcium 4.94 98.2 8.2
¥Ca Calcium 5.51 99.9 9.9
425¢ Calcium 5.40 99.3 9.5
42mg ¢ Calcium 2.83 99.9 3.9
5.7

2 Escape fraction calculated using *He experimental cross section.
b Escape fraction calculated using “He experimental cross section.
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Table4. Production of positron emitting nuclides per 59 MeV/u *He ion and 50 MeV/u *He ion. The statistical uncertainties are obtained
from the fit of the time spectra. The systematic uncertainties are derived from the uncertainties in detector efficiency calibration and
simulation of positron escape.

*He “He
Production Statistical Systematic Production Statistical ~ Systematic

Nuclide Target per ion uncertainty  uncertainty (%) perion uncertainty uncertainty (%)
18p Water 630 x 107 7x107° 3 1.819 x 107> 2.1 x107° 3
e Water 3.02 x 1073 3x107° 3 1.579 x 1073 22 x107° 3
BN Water 1.088 x 107% 1.3 x 107° 3 9.84 x 107* 24 x107° 3
50 Water 8.82 x 1073 7 x 107° 3 3414 x107° 22x107° 3
140 Water 6.0 x 107° §x 107 10 81x107° 11x107° 3
17p Water 1.47 x 1073 3x107° 3 1.11 x 1073 3x107° 3
10¢ Water 1.80 x 107* 3 x 107° 3 — — —
¥Ne Water 2.02x107% 1.8x107° 4 1.88 x 107* 9x107° 4
Bo/N Water 59x 1074 3x107° 12 2.08 x 1074 28 x 107° 12
el Graphite 1.328 x 1072 1.8 x 1074 3 7.34 x 1073 9x 10> 3
150 Graphite — — 1.5x 1074 4x107° 3
BN Graphite 1.17 x 1073 7 x 107° 3 3.84 x 1073 5x107° 3
10¢ Graphite 1.147 x 107 2.1 x 107 3 342 x107% 1.6x107° 3
88 Graphite 1424 x 107* 2.1 x 1073 7 — —

°’C Graphite 1.52 x 107* 2.1 x 107° 5 — — —
BO/EN Graphite 7.10 x 107% 2.2 x 107 9 1.61 x 107 1.1x107° 9
38K Calcium 3.1 %1073 4x 1074 3 2.59 x 1073 3x107° 3
42mg e Calcium 229 x 1074 9x10°° 3 6.90x107* 1.0x107°> 3
BAr7KK/PCa Calcium 3.63 x 107" 1.8 x 107* 7 7.03x 107%  6x107° 7
#285¢/MSc/PTi Calcium 243 x 107 1.0x 107 12 1.64 x 107 1.0 x 107* 12
30p Phosphorus 520 x 107> 1.7 x 107* 3 246 x 1077 12x107* 3
26mA] Phosphorus ~ 2.03 x 107° 4x107° 3 9.66 x 107* 2.1 x107° 3
3ClPIS Phosphorus  1.506 x 107! 1.7 x 107° 3 8.65x107% 10x107° 3
28p Phosphorus 2.4 x 107* 1.9 x 107* 5 237 x107% 24x107° 5

# Production calculated using the half-life of 1*O.

® Production calculated using the half-life of **Ar.
¢ Production calculated using the half-life of ?Sc.
4 Production calculated using the half-life of **Cl.

1 and 8F. Due to the delay between irradiation and measurement, shorter-lived nuclides were not observed.
In the present study, we mounted the detector system at the irradiation location, thus allowing for virtually zero
delay between irradiation and measurement. Further to the improvements in detector positioning, the pulsing of
the beam delivery allowed the investigation of the production of short-lived nuclides down to half-lives of several
milliseconds. As observed in this study, short-lived nuclides, including *O/!>N on both water and graphite
targets with a production relative to 'O and ''C of 6% and 2.2%, respectively, "*Ne on a water target with a
production relative to '°O of 6%, '°C on a graphite target with a production relative to ''C of 5%, *2¢Sc/*!Sc/**Ti
and *>Ar/*’K/**™K/**Ca on a calcium target with a production relative to *¢K of 63% and 27%, and 2P and *™Al
on a phosphorus target with a production relative to *°P of 10% and 39%, respectively, are produced alongside
the longer-lived nuclides mentioned in Maccabee et al (1969) during irradiation with *He.

Fiedler et al (2006) investigated the feasibility of in-beam PET for *He beams. In their study, water, graphite
and PMMA targets were irradiated with varying energies of *He beams from a synchrotron with beam extrac-
tion duration and pause of about 1.4s and 35, respectively. The contributions of short-lived nuclides were not
evaluated as the authors assumed that the production of these nuclides is small given the small partial reaction
cross sections and the long duration of the extraction pauses relative to the half-lives. The present study, however,
shows that non-negligible amounts of these short-lived nuclides are produced. On water and graphite targets,
the production of '*O/*2N was observed with a production relative to O and ''C of 7% and 5%, respectively. On
the water target, both '*Ne and '°C are produced with a production relative to '>O of about 2%. While with “He
ions, no evidence of the production of ®B and °C on graphite target was seen, the production of these nuclides
was observed in addition to '°C during irradiation with *He with a production relative to ''C of about 1% for
both nuclides. During the irradiation with *He, the production of 3*Ar/*’K/**™K/*°Ca and **8Sc/*!Sc/**Ti (with
a production relative to *3¢K of 117% and 78%, respectively) on calcium and 2™Al, 3*Cl/*'S, and 2P (with a pro-
duction relative to *°P of 39%, 29% and 5%, respectively) on phosphorus were seen.
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Table5. Production of positron emitting nuclides by 59 MeV/u *He and 50 MeV/u *He in tissues and PMMA.

ICRP skeletal
Material ICRP adipose tissue muscle tissue ICRU compact bone ICRP cortical bone PMMA
Density (g cm3) 0.92 1.04 1.85 1.85 1.19
Weight fraction (%) C:63.7,0:23.2 C:10.8,0:75.5 C:27.8,0:41.0, C: 14.4, O: 44.6, C: 60.0,0: 32.0

P:7.0,Ca: 14.7 P: 10.5, Ca: 21.0

Helium isotope He ‘He He ‘He *He ‘He *He ‘He He ‘He
Range 59/50 MeV/u *He/*He ion (g cm2) 2.16 2.14 2.25 222 2.50 2.46 2.76 2.74 2.26 2.23
Product nuclide
B 1.51 x 107* 4.56 x 107* 5.10 x 107* 1.64 x 1073 2.95 x 107 8.59 x 1074 333 x 1074 9.89 x 107* 2.19 x 107* 6.37 x 107
e 8.04 x 1073 4,59 x 1073 3.73 x 1073 221 x 1073 4.94 x 1073 2.70 x 1073 3.49 x 1073 1.93 x 1073 8.28 x 1073 4.55 x 1073
BN 9.07 x 107* 3.30 x 1074 9.95 x 1074 9.04 x 1074 8.21 x 1074 5.04 x 1074 7.42 x 1074 5.56 x 1074 1.02 x 1073 424 x 1074
150 212 x 1073 3.05 x 1073 7.14 x 1073 3.49 x 1073 4.13 x 1073 2,63 x 1073 4.66 x 1073 241 x 1073 3.07 x 1073 328 x 1073
40 1.45 x 107° 2.04 x 107° 4.90 x 107° 7.34 x 107° 2.83 x 107° 3.84 x 107° 3.20 x 107° 4.42 x 107° 2.10 x 107° 2.85 x 107°
7F 3.54 x 1074 2,79 x 1074 1.19 x 1072 1.00 x 107° 6.91 x 1074 5.26 x 1074 7.79 x 1074 6.05 x 1074 512 x 1074 3.90 x 1074
¥Ne 4.86 x 107° 4.70 x 107° 1.64 x 10~* 1.69 x 10~* 9.48 x 10™° 8.86 x 107> 1.07 x 107* 1.02 x 107* 7.03 x 107° 6.56 x 10™°
Bo/N 532 x 1074 1.44 x 107% 5.44 x 1074 2.05 x 107% 4,64 x 1074 1.41 x 107% 412 x 107% 1.37 x 107% 591 x 107% 1.60 x 1074
¢ 6.75 x 1074 1.95 x 1074 2,57 x 1074 3.66 x 107° 3.89 x 1074 9.09 x 107° 2.59 x 1074 4,98 x 107° 6.87 x 1074 1.86 x 107*
5B 7.84 X 107° — 1.38 x 107° 3.78 x 107° — 2.03 x 107° — 7.76 x 107° —
°C 8.38 x 107° — 1.47 x 107° 4.04 x 107° — 2.17 x 107° — 8.29 x 107° —
38K 1.51 x 107* 3.83 x 1074 3.15 x 1074 475 x 1074 3.87 x 1074
42mg ¢ 2.80 x 107° 8.41 x 107° 1.27 x 107 1.04 x 107*
BArTKPIMK /A Ca 443 x 1074 8.55 x 107" 1.29 x 107# 1.30 x 1074
4285/ Sc/PTi 2,97 x 107% 1.99 x 107 3.01 x 107% 1.64 x 1074
p 3.00 x 1074 1.90 x 107 3.02 x 1074 2.16 x 1074
2omA] 1.17 x 107 7.48 x 107° 1.19 x 107* 8.52 x 107°
3ClPls 8.68 x 107 6.70 x 1074 1.06 x 10744 7.63 x 107
28p 9.59 x 107¢ 1.84 x 107> 2,92 x 107° 8.05 x 107°

 Production calculated using the half-life of 1*O.
® Production calculated using the half-life of **Ar.
¢ Production calculated using the half-life of *?Sc.

4 Production calculated using the half-life of **Cl, respectively.
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Figure 8. The number of decays of positron emitting nuclides integrated from the start of an irradiation as a function of time during
the irradiation, for irradiation with 50 MeV/u “He ions and scaled to a beam intensity of 1 ion s~1, for adipose, skeletal muscle, and
PMMAL. The plots on the right show the integrated number of decays for irradiation up to 1 s.

Dendooven etal (2015) identified '?N as the most important very short-lived nuclide during irradiation with
protons. The short half-life of 2N allows feedback on dose delivery on a time scale of 50 ms, considerably shorter
than the duration of a typical irradiation (Buitenhuis e al 2017). As mentioned in section 3.1.6, the analysis per-
formed in this study is insufficient to conclude on the individual contributions of >N and '*O to the short-lived
component with a half-life of about 10 ms seen in this experiment. Nevertheless, a more important contribution
from the present study for in vivo monitoring is that a very short-lived component, as observed during irradia-
tion with protons, is also observed with helium ions. A corrigendum to Dendooven et al (2015) (Dendooven et al
2019) givesa production rate of ?N on carbon of 4.46 + 0.13 x 10~*per 55 MeV proton. Therefore, the produc-
tion of ?O/"?N on graphite with *He is 1.6 times higher than that of N on graphite with protons. Conversely,
with “He ions, the production of *O/!*N on graphite is 2.8 times lower than '*N on graphite with protons. Wor-
thy of note is that the proton range in Dendooven et al (2019) is 20% larger than the helium range in this study.
Thus, we expect 20% more production provided that the energy dependence of the production cross section for
protons and helium ions is the same. Whereas no production of a very short-lived nuclide is seen during irradia-
tion of water with protons, we observed the production of '*O/**N during irradiation of water with *He and *He
ions with 1.3 times higher and 2.1 times smaller production rates compared to those on graphite.

4.3. Beam-on PET decays

The dominance of the PET decays from short-lived nuclides depends on their production rate relative to the
longer lived ones. A further enhancement of the dominance of a short-lived nuclide is expected if the short-lived
nuclide is produced on more abundant elements in the material.
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For irradiation with “*He, >O/'*N dominates the PET decays up to about 20s in adipose, muscle and PMMA;
no significant dependence of the '*O/!>N dominance on the carbon—oxygen ratio is observed. This makes range
determination quite robust with respect to the tissue type. The absence of a dependence on carbon—oxygen ratio
is due to the approximately equal production rate of >O/'*N on carbon and oxygen.

For irradiation with *He, *O/'?N dominates the PET decays in oxygen-poor, carbon-rich materials for irra-
diation times up to 105s in adipose tissue and 80 s in PMMA. In oxygen-rich, carbon-poor materials like skeletal
muscle, ?O/!*N dominates for irradiation times up to 25s. This dependence of the dominance of *O/'?N on
carbon—oxygen ratio for irradiation with *He is because '°O is produced on oxygen only, in contrast to the pro-
duction on both oxygen and carbon during irradiation with *He.

In addition to *O/'?N, other short-lived nuclides are produced during the irradiation of bone with both *He
and *He ions. For irradiation with *He, *?8Sc/*!Sc/**Ti dominates the PET decays for irradiation times up to 30's
and 50s in compact and cortical bones, respectively. For irradiations with *He, next to *O/!2N, #28S¢c/*1Sc/**Ti
dominates the PET decays for irradiation times up to 30s and 35s in compact and cortical bones, respectively.
The significant decays from *€Sc/*!Sc/**Ti and '>O/'*N in the first few seconds of irradiation in bony tissues
implies that bone will become visible early on during irradiation.

All very short-lived nuclides, except SAr/ 7KK /*Ca, have a (much) lower production rate than the
longer-lived ones (see section 4.1). However, the much shorter half-lives result in the detection of more PET
counts early on during an irradiation. The dominance of these very short-lived nuclides allows feedback on a
sub-second timescale. However, the long positron ranges (directly proportional to the positron endpoint energy
given in table 3) will result in the blurring of the image.

In contrast to irradiations with protons, where >N dominates the PET count for irradiation times up to 70's
and 455 in adipose tissue and PMMA, the dominance of the short-lived nuclide *O/**N is 3.5 and 2.3 times
shorter for irradiation with “He in adipose tissue and PMMA, respectively, and 1.5 times longer and for a compa-
rable duration for irradiations with *He in adipose and PMMA, respectively.

4.4. Feasibility of quasi-prompt range verification using short-lived nuclides

The production yield of *O/'*N in PMMA as determined in section 3.3 is 1.6 x 10~* nuclei per ion. PET
acquisition over several times the half-life of >O/'*N will thus result in 1.6 x 10~* decays per ion. Crespo et al
(2006) calculated PET scanner efficiencies for different scanner geometries, considering spheres of radioactivity
of different radius. Attenuation in the phantom is notincluded. For a radius of activity of 50 mm,a good surrogate
for imaging the distal edge of an irradiation, an in situ PET scanner with axial length of 32 cm, inner radius
of 45.8 cm and angular coverage of 270° has a coincidence detection efficiency of about 14%. When imaging
an object 20 cm in diameter, the coincidence detection efficiency will be reduced due to attenuation (assuming
water as attenuating material) to about 2%, leading to the detection of 3.2 x 107¢30/!?N coincidence counts
per *Heion.

In order to estimate the feasibility of *O/'*N-based ion range monitoring, in terms of the amount of *O/1”2N
signal produced in a treatment scenario, we refer to ‘rule-of-thumb’ considerations in proton pencil beam
delivery provided by Zeng et al (2018). The spot scanning irradiation of a 1L cube with 2 Gy (RBE) requires
2 x 10" protons distributed over 10000 spots in 15 layers with a maximum of 2.10 x 10® protons in a spot. As
*He ions have a factor 4 higher stopping power, a similar dose distribution, without considering differences in
RBE, requires a maximum number of “He ions in a spot of 5.3 x 107 and 3.5 x 10'%ions in the distal layer. This
leads toa >O/'*N countof 170 and 1.1 x 10° coincidences for a highest intensity spot and the distal energy layer,
respectively, for an in situ PET scanner as described above.

In Buitenhuis et al (2017), a Monte Carlo simulation was performed to assess the precision of range verifica-
tion on the basis of the imaging of N in a graphite target. In the absence of experimental cross sections for the
production of 12N, the authors relied on a simplified >N distribution scaled to yield the value of 7.32 x 102N
nuclei per 55 MeV proton given in Dendooven et al (2015). The updated >N production by protons on carbon
of 4.46 x 10~*'2N nuclei per 55 MeV proton from Dendooven et al (2019) is a factor 1.6 smaller than the value
used in the Monte Carlo simulations performed by Buitenhuis et al (2017). One can thus consider the results of
these simulations to be valid for a number of protons that is 1.6 times higher than that quoted by Buitenhuis e al
(2017). These simulations thus show that the range shift of a proton beam in graphite can be measured with a
limited angle dual panel scanner (panel separation of 40 cm and sensitivity of 3.3% with beam activation in the
centre of a graphite target block of 5 x 5 x 5cm?) with a precision of 1.1 mm for 1.6 x 10® protons. In the fol-
lowing, we use this result to estimate the precision of range verification on the basis of imaging of '>N/**O during
helium therapy taking into consideration only the counting statistics. We assume that the beam range, target,
image reconstruction algorithm and data analysis are similar to those used in Buitenhuis ef al (2017). Other
image reconstruction and data analysis methods will yield different values for the precision of range verifica-
tion, but the scaling with counting statistics, the only factor we consider here, will remain valid. For 2.10 x 10*
protons in a highest intensity spot, the situation simulated by Buitenhuis et al (2017) will results in a precision
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Figure9. The number of decays of positron emitting nuclides integrated from the start of an irradiation as a function of time
during the irradiation, for irradiation with 50 MeV/u *He ions and scaled to a beam intensity of 1 ions~!, for compact and cortical
bone. The plots on the right show the integrated number of decays for irradiation up to I's.

of 1.1x4/1.6/2.1 = 1.0 mm. For an imaging scenario which detects N; PET counts, the precision of range veri-
fication scales with y/N;/Np, where Nj refers in this discussion to the detected counts from the simulations of
Buitenhuis et al (2017). For a 4 times smaller number of *He particles (to achieve the same dose as for protons)
and considering the 2.8 times smaller production of *O/'?N than with a proton beam, the number of detected
PET counts will be 11.2 times smaller than that observed in Buitenhuis et al (2017). Thus, the precision of range
verification on the basis of imaging '*O/!?>N during irradiation with *He will be \/11.2 = 3.3 times larger, i.e.
3.3 mm, for the highest intensity spots in the most distal layer given the scanner assumed in the simulation. For a
combination of PET counts from the most distal layer following irradiation with 3.5 x 10'°*He ions, a precision
of 1.0 X 1/2.8/219 = 0.11 mm is expected using the same scanner.

In order to assess the range verification performance with a full ring system, we consider the OpenPET scan-
ner which features two rings of 40 depth of interaction (Dol) enabled blocks of zirconium-doped gadolinium
oxyorthosilicate (GSOZ) scintillators (Yoshida et al 2017). The rings with a diameter of 66 cm are separated by
a space of 9 cm between the rings. The Dol functionality allows the use of the oblique lines of response without
any loss in the spatial resolution. However, due to the large positron range of '?N/!*O (20.8 mm RMS in water),
the use of Dol detectors confers only a marginal gain in spatial resolution when imaging ?N/**O. Therefore, the
following comparison reflects only the contribution of the scanner sensitivity to detect coincidences. The sensi-
tivity at the centre of the field of view of the OpenPET scanner is 4.4%. When imaging a graphite target block of
5 x 5 x 5cm?, as simulated in Buitenhuis et al (2017), photon attenuation of 53% in the target will reduce the
sensitivity to 2.1%, leading to a 1.6 times smaller number of *O/'?N counts detected than with the dual panel
scanner simulated in Buitenhuis et al (2017). Thus, it is expected that the precision for detection of range shifts
ina5 x 5 x 5cm’ graphite target with the OpenPET scanner during irradiation with *He ions, considering only
count statistics and using comparable image reconstruction and data analysis as used in Buitenhuis et al (2017),
will be 4.1 mm and 0.14 mm for the highest intensity spots and all spots in the most distal layer, respectively.

19



I0P Publishing

Phys. Med. Biol. 64 (2019) 235012 (22pp) 10zoemelam eral

For the materials considered in this work, the production of 130/"2N ina*He irradiation is 3 to 4 times higher
than in a *He irradiation, see table 5. Consequently, from a statistical point of view, range verification using
10/'*N PET imaging will be about 2 times more precise for a *He irradiation compared to a *He irradiation.

5. Conclusion

Very short-lived positron emitters are key to the implementation of near real-time monitoring of beam delivery
with PET during ion therapy. Considering the sparse information on the production of these nuclides during
irradiation with helium ions, we investigated their production by irradiating water, graphite, phosphorus and
calcium targets with 59 MeV/u *He and 50 MeV/u *“He ions, which have the same range in the target materials. On
each of these targets, the most produced very short-lived nuclides and their production relative to the long-lived
nuclides are: *O/"?N (T}, = 8.6ms/11.0ms) on water (7% and 6% relative to °O for irradiation with *He and
4He, respectively), '?O/!’>N on graphite (5% and 2% relative to !'C for irradiation with *He and *He, respectively),
4288¢/*1Sc/*Ti (T}, = 509-680ms) on calcium (78% and 63% relative to *%¢K for irradiation with *He and “He,
respectively), *P (T}, = 268 ms) on phosphorus (5% and 10% relative to *°P for irradiation with *He and “He,
respectively).

On the basis of the production rates obtained in this study, the expected number of counts on representa-
tive body tissues and PMMA were determined. For most of these materials, the dominantly produced nuclide
is O/!2N. It dominates the PET count during the first 20s of an irradiation with *He in adipose, muscle, and
PMMA. #28S¢/41Sc/**Ti is the dominant nuclide up to 30s and 50 s when irradiating compact and cortical bone
with *He. For irradiations with *He, the PET count dominance of 1*O/!2N exceeds 25 s in all materials considered.

As the production of 1*O/*>N in a *He irradiation is 3 to 4 times higher than in a *He irradiation, from a sta-
tistical point of view, range verification using '*O/'2N PET imaging will be about 2 times more accurate for a *He
irradiation compared to a “He irradiation.
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