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INTRODUCTION

Heavy-ion therapy has the potential to provide
near-optimal tumour coverage while sparing
even more healthy bystander tissue than
proton therapyl. Figure 1 compares dose
profiles for photons, protons, and heavy ions.
The lack of an energy-dependent exit dose in
heavy-ion therapy makes it challenging to
verify the treatment quality in real time2. HTM Depth in Tissue

range verification (HTM RV) is a method of in  Figure 1. lllustration of dose profiles
vivo range verification that has been shown for photens, protons, and heavy ions
through simulation®? and preliminary experiments® to provide accurate
reconstruction of proton beam range on a sub-mm scale. In this work we present
the preliminary results of the first application of HTM RV using a heavy-ion beam.
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METHOD

A hadron tumour marker (HTM) is a small metallic fiducial marker that is
implanted near the clinical treatment volume (CTV) to provide real time feedback
on treatment quality. An HTM must be composed of a material which upon
interaction with the treatment beam, undergoes two or more competing
reactions whose products decay by emission of strong gamma rays within the
time frame of fraction delivery. These constraints limit the available materials.
Therefore, it can be advantageous to combine multiple isotopes to form a
composite HTM (cHTM), using the strongest reaction channel from each isotope.

HTM RV relies on the detection of characteristic gamma rays emitted through the
decay of different reaction products generated by interactions between the HTM
and the treatment beam. Since the gamma rays of interest are produced from
competing reaction channels, the ratio of their intensities is indicative of the
energy of the beam at the HTM'’s position, in vivo, and in real time. The use of
multiple reactions with different energy dependencies allows HTM RV to be
independent of detector efficiency and beam intensity. A conceptual sketch
illustrating the application of HTM RV in proton therapy is illustrated in Figure 2.
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Since particle stopping powers scale with Z2, heavy ion beams have a higher
energy loss rate than protons in the Bragg peak, resulting in a much stronger
correlation between beam energy at the HTM position and residual range. This
property is favorable for HTM RV, as the intensity of the peaks of interest will
change more dramatically with a small deviation in beam range.
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EXPERIMENT

In March 2020, an experiment was performed at the National Superconducting Cyclotron Laboratory
(NSCL) with the goal of illustrating the application of HTM RV to heavy-ion therapy, using a 150
MeV/u 160 beam. Although 160 is not currently used clinically for heavy-ion therapy, there is
evidence for its application using similar setups®. Prior to the experiment, simulations using a %0
projectile on various targets were performed using PACE’ in order to identify potential HTM
candidates. One of these candidates is 197Ag, which undergoes two reactions suitable for HTM RV.
The cross sections for these reactions according to PACE data are shown in Figure 3, and partial
decay radiation information for the resulting reaction products is shown in Table 1.
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Figure 3. Cross
sections for two
reactions of interest
in 1%7Ag upon
interaction with %0,
as a function of the
180 jon’s remaining
Table 1. Relevant decay radiation for 0.2 0.4 0.6 o rangein PMMA.
reaction products of interest®. Remaining Beam Range (mm)

Several candidate HTM materials were investigated using the setup illustrated in Figure 4. The beam
was slowed to the desired energy range in a block of PMMA (51 x 51 x 28 mm?3) containing an HTM
foil (Figure 5). The range of the beam within the PMMA was modified using a rotating aluminum
degrader in the beamline. In order to acquire reference data, some targets instead consisted of an
HTM foil on an Al frame, with the PMMA block positioned upstream to slow the beam to the correct
energy range without contributing to the gamma background.

The emitted gammas were measured by a pair of high purity germanium (HPGe) detectors, shown in
Figure 5. A rail system perpendicular to the beamline was used in order to protect the detectors
from the high gamma and neutron flux present during target activation. The targets were activated
for 150 seconds, then quickly moved approximately 1.5 m to be positioned in between the detectors
for a decay measurement (approx. 300s).
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Figure 5. Pictures from experiment. PMMA target containing HTM foil in activation
position (left). Foil target on aluminium backing, without PMMA, in measurement
position between two lead-shielded HPGe detectors (right).

PRELIMINARY RESULTS

Gamma spectra from the decay measurements of a
25 um-thick "*Ag HTM foil mounted on an Al frame 718.3 keV 1014.5 keV
(i.e without PMMA background) are shown in Figures \
6 and 7. The remaining range of the beam in PMMA
after the foil for each run was calculated based on the
thickness of the degraders used, with SRIM®
simulation data. The gamma spectra have been
scaled such that the background for each run is
aligned. In Figure 6, prominent background peaks are
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Figure 6. Selected gamma decay spectra for three different beam  Figure 7. Region of interest from gamma decay spectra depicted
range settings, impinging on a 25 um-thick "*'Ag foil. Prominent  in Figure 6. The peaks of interest from the HTM are indicated,

experiment54, this Suggests that natAg is viable for background peaks are labelled in grey, and the region containing the along with the associated decay and half-life. Note the different
further investigation as an HTM material. peaks of interest is indicated by the light blue square. range-dependences of the peak intensities.
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CONCLUSIONS

Preliminary analysis of the delayed gamma spectra acquired indicates
that the peaks of interest are present and exhibit the expected
dependence on energy. Due to the large stopping power of heavy ion
beams, this energy dependence has the potential to translate to a sub-
mm range uncertainty much smaller than other uncertainties present in
hadron therapy, such as CT image resolution and inherent range
straggling. Further analysis is required to determine the sensitivity of
HTM RV in heavy ion therapy, as well as to confirm and define the range
uncertainty that can be achieved using this method. The other HTM
materials studied in this experiment will be investigated for viability as
well. In addition, further experiments with clinical heavy-ion beams will
be necessary.
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