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Abstract—In-beam positron emission tomography (PET) is
currently the only method for an in-situ monitoring of charged
hadron therapy. However, in-beam PET data, measured at beams
with a sub-us-microstructure due to the accelerator radio fre-
quency (RF), are highly corrupted by random coincidences arising
from prompt ~ rays following nuclear reactions as the projectiles
penetrate the tissue. Since random-correction techniques from
conventional PET cannot be applied, the clinical in-beam PET at
the therapy facility at the Gesellschaft fiir Schwerionenforschung
(GSI), Darmstadt, Germany, merely reconstructs events registered
in the pauses (~ 2-4 s) between the beam macropulses (< 2 s).
We have successfully tested two methods for suppressing the
micropulse-induced random coincidences during beam extraction.
Image statistics can be increased by about 90 %. Both methods rely
on the synchronization of the v~ coincidences measured by the
positron camera with the time microstructure of the beam, either
by using the RF signal from the accelerator or the signal of a thin
diamond detector placed in the beam path in front of the target.
Energy and triple-coincidence time-correlated spectra first mea-
sured during beam extraction, combined with the corresponding
tomographic images of the 31 activity induced by the beam in a
plastic phantom, clearly confirm the feasibility of the proposed
random suppression methods. These methods provide the solution
for applying in-beam PET at synchrotron and cyclotron radio-
therapy facilities with optimal use of the annihilation photon flux.

Index Terms—Avalanche photodiode (APD), ion therapy, LSO,
positron emission tomography (PET), proton therapy.

I. INTRODUCTION

HE TERM in-beam PET denotes the use of positron emis-
sion tomography (PET) to image the 37 activity distribu-
tions induced in the target volume during patient irradiation
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Fig. 1.

In-beam PET. 31 activity distribution expected from the treatment plan
(left) versus measured (right) for one patient suffering from a skull base tumor
and treated with carbon ion therapy. The distributions are superimposed onto
the patient’s X ray computed tomogram. Note the sparing of the brainstem in
both the expected as well as the measured distributions.

[1]. This is currently the only method for an in-situ monitoring
of the particle delivery in hadron tumor therapy (Fig. 1). It is
clinically applied to the carbon ion tumor irradiation at the
Gesellschaft fiir Schwerionenforschung (GSI) in Darmstadt,
Germany. There, over 240 patients with radioresistant tumors
in the head and neck region or in the spinal cord have been irra-
diated since December 1997, yielding very promising clinical
results [2], [3]. Six years of clinical application have proven the
technical feasibility of operating an in-beam PET scanner for
monitoring therapeutic irradiation with ion beams. Although
the implementation of safety margins around the tumor and the
selection of proper beam portals minimize the clinical effect
of deviations from treatment planning, in-beam PET is able to
detect possible range or portal deviations, as well as anatomical
modifications during fractionated irradiation [1].

The counting statistics of in-beam PET images is generally
low, and limited by the applied dose. Typical activity densi-
ties induced at the fractionated tumor therapy irradiation reach
about 200 Bq cm~2 Gy~1, with the dose per portal ranging be-
tween 0.3 and 1 Gy. This contrasts with activity density values
of 10% to 10° Bq cm ™2 in human PET tracer imaging, and even
10% Bq cm ~2 in animal PET studies. For a given detector geom-
etry, the only way to improve image quality is the efficient use
of the annihilation photons available. Current limitations arise
from the fact that in-beam PET data, measured at beams with
a sub-us-microstructure due to the accelerator radio frequency
(RF), are highly corrupted by random coincidences. These arise
from prompt v rays following nuclear reactions of the projec-
tiles with the atomic nuclei of the tissue. They cannot be sup-
pressed with random-correction techniques from conventional
PET [4], [5]. Therefore, at the GSI treatment facility, in-beam
PET images are reconstructed, taking into account events reg-
istered in the pauses (~ 2—4 s) between the beam macropulses
(£ 2, Fig. 2).
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Fig. 2. Correlation between the beam delivery and the coincidence event rate

during an in-beam PET scan. The rectangular graph denotes the extraction
signal: low during beam acceleration (no particle delivered, data reconstructed),
high during the beam macropulses (data discarded for reconstruction).

An increase in image statistics of up to 65% is expected if
coincidences acquired during the macropulse, but out of the
micropulses, can be taken into account [6]. Two methods for
suppressing the micropulse-induced random coincidences have
been successfully tested with carbon ions at the medical beam
line at GSI, and are described here.

II. METHODS FOR RANDOM CORRECTION

It has been shown that the noise introduced by random co-
incidences is an important limiting factor of count-rate perfor-
mance for PET cameras operating in three-dimensional (3-D)
mode [7]. The number of random coincidences on a partic-
ular line-of-response (LOR) can be corrected in conventional
PET, following either the delayed-coincidence method or the
singles-count-rates method. The delayed-coincidence method is
more common in the current generation of cameras. It assumes
the measured prompt count rate C,,, at a given LOR to be the
sum of the true coincidence count rate C; with the random count
rate C,., provided C,. is stationary in time. C). is measured at a
time significantly greater than the coincidence-resolving time of
the detectors, and subtracted from C,,, for each LOR. In the sin-
gles-count-rates method, singles rates from each individual de-
tector element are collected and used to account for the random
count rate of each LOR with the relation

C, = 2AtC;C; (1

where C; and C are the singles-count rates in detectors ¢ and 7,
forming LOR ¢j, and 2 At is the coincidence-time resolution.

The application of both methods to in-beam PET fails be-
cause C). is not constant in time during particle extraction due
to the existence of a microstructured beam delivery [5].

A. The Time Microstructure of the Beam

During beam extraction, a correlation between the moment
of arrival of the ions and a given phase of the RF signal from
the accelerator has been found [5]. This correlation is depicted
in Fig. 3 for a given beam energy and intensity (107 ions/s).
During each RF period Trr, the ions arrive within a time
window Atpunen. The width of this window is dependent on
the beam energy and, therefore, on TRy, and independent of the
beam intensity up to the maximum therapy intensity (2 x 10%
ions/spill).

At the tumor therapy unit at GSI, '2C beam energies range
from 88.83 to 430.10 AMeV, corresponding to Try from

Beam energy = 88.83 AMeV
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Fig. 3. Correlation between the moment of particle arrival (illustrated
schematically with arrows) and RF phase (arbitrarily set to ), depicted for a
given beam energy and intensity (107 ions/s). The RF occupancy occry is 5
(occgp = I - Try, with T the beam intensity).

TABLE 1

PARAMETERS CORRELATING BEAM ENERGY AND RF PERIOD
Perimeter of synchrotron Psrs 216 m
Particle trajectory factor F(K) 1.091 to 1.008
Number of concomitant bunches ngjrgs 4
Speed of light in vacuum c 2.998 x10% m/s
Energy per nucleon E 88.8 to 430.1 AMeV
Total kinetic energy K=12-E 111t05.2GeV
Rest mass of 12C Mo 11178 MeV/c?

480 down to 250 ns, respectively. The correlation between Trp
and beam relativistic kinetic energy K is given by

Psrs - f(K K+ myc?
Ty = o1 SO K ; ®
nsis ' C VvVK?+2Km,c

with values and units described in Table 1. The particle trajec-
tory factor f(K) arises from the different oscillations about the
synchrotron perimeter that the particles undergo for a given en-
ergy, with f(K) decreasing with increasing energy.

The time window Atpyunen comprises the time slot in which
the ions arrive at each RF cycle. During this time, and shortly
after it (Aty, in Fig. 3), a high flux of v rays, arising from
nuclear reactions when the ions penetrate the target, is emitted
[5]. This sub-us periodic flux constitutes the source of the high,
in-beam random rate, and any in-beam random suppression
method must be able to discard it.

B. Methods Proposed for In-Beam PET

Two methods have been proposed which allow for identifying
coincident events occuring within the time window Aty [6],
and are depicted in Fig. 4.

1) Using the RF-Signal From the Accelerator: If each ~yv
coincidence detected with the positron camera is correlated
with the phase of the RF signal, those events occuring within
Atyg can either be labeled for posterior elimination, or imme-
diately discarded by the acquisition electronics (DAQ). In this
first proof-of-principle approach, we have chosen to register
all events in list mode [8] and process them offline, in order
to store the maximum of information and to preserve the full
flexibility for data evaluation. This was necessary in order to
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Fig. 4. Implementation of the methods proposed for in-beam PET random
correction. Every detected -y coincidence is correlated with the incoming ion
by using either an FD or the RF signal from the accelerator.
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occupancy, are implementable with an FD, in contrast to the fixed-length,
RF-generated windows.

implement a proper timing selection around Aty since coinci-
dence measurements between yy events and the RF phase had
not been performed before.

2) Using a Fast Particle Detector: A second method of la-
beling coincidences arriving during the microbunches makes
use of a thin, fast particle detector (FD) placed in the beam path
in front of the target. In principle, and for low-RF occupancies,
this approach should allow the implementation of narrower time
windows around At,, when compared with the RF method, as
depicted in Fig. 5. As it can be seen, the FD method does not
trigger a gate unless a particle arrives, leading to higher readout
available time in the case of low occrp.

IITI. IMPLEMENTATION: SETUP AND ELECTRONICS

The two methods described were simultaneously imple-
mented with the system depicted in Fig. 6. For the detection of
a given RF phase, a very fast peak detector NIM module (phase
trigger) was developed at the Forschungszentrum Rossendorf
(FZR), Dresden, Germany. For ion arrival detection, we have
used a 300-pm thick, chemical vapor deposition (CVD) dia-
mond detector [9] developed and optimized at the Forschungs-
und Technologietransfer GmbH (FOTEC), Wiener-Neustadt,
Austria. Furthermore, two position-sensitive scintillation de-
tectors, each consisting of 32 crystals (2.1 x 2.1 x 15 mm?)
of cerium-doped lutetium oxyorthosilicate (LSO) coupled to
the 4 x 8 pixels of an avalanche photodiode array (APDA)
[10], were operated in coincidence, and limited-angle in-beam
tomographic imaging was performed following the method de-
scribed in [11]. In short, a phantom of polymethylmethacralate
(PMMA) stopping the beam was placed between the detectors
and was scanned parallel to the beam axis. This allowed re-
trieving 2-D images and linear profiles of the positron emitter
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depth distribution under several regimes (e.g., during the extrac-
tion pauses or during the beam extraction, inside and outside
the microbunches). For every detected -y coincidence (trigger:
time window of TAC1), a readout of the energy signal in all
imaging pixels (64) is performed, which allows for applying
energy selection during offline data evaluation. Further, the
time differences between the detected vy~ coincidence and the
RF phase (TAC3: yv-RF), as well as the particle crossing the
diamond detector (TAC2: ~~-ion), were read. The accelerator
status was also recorded by sampling the extraction signal.

IV. RESULTS AND DISCUSSION

A. Detectors for Synchronization With the Beam
Microstructure

1) Phase Trigger: This module proved to be a good first so-
lution for the detection of a given RF phase, since the long ca-
bling between the SIS and the experiment place (medical cave)
introduced baseline oscillations of +10% of the RF amplitude.
A time measurement between consecutive RF periods at fixed
beam energy revealed that the phase trigger was nearly insen-
sitive to these oscillations (measured deviations were less than
1%). Despite performing well at a fixed beam energy, this capac-
itor-based peak detector introduces frequency-dependent delays
that have to be improved before the phase trigger can be used
with the consecutively changing energies during therapeutic ir-
radiations by means of the GSI rasterscan beam delivery [12].

2) CVD Diamond Detector: Fig. 7 shows the in-beam per-
formance of the CVD detector when 200.2 AMeV carbon ions
trespass it at a beam intensity of 10® ions/s, corresponding to
an occrp of about 32 ions/bunch. The analog signal in Fig. 7
shows that the detector is capable of identifying single ions, but
due to the 3 MHz low cutoff frequency [9] introduced by the
1 nF capacity placed between the fast amplifiers (Fig. 6), the
shaping electronics deliver a signal with undershoot and pulse
pileup. Furthermore, saturation of the last amplifying stage also
occurred due to the high current induced by the high ion flux
in the middle of the microbunch. For these reasons, the mea-
surements obtained with the CVD detector present noisier time
spectra and spatial profiles, as exemplified in Section IV-B. Be-
sides this fact, the results with the diamond detector are identical
in all aspects to those obtained with the phase trigger [13] and,
therefore, only the latter are presented.

B. Time and Energy Correlation Between vy, vv-RE, and
yvy-lon

A clear correlation between the vy coincidences and the
beam microstructure was observed with both methods, and is
shown in Fig. 8 for the RF measurements. This correlation can
first be seen in column 1, where all events arriving within a
time window of about 20 ns are plotted. The energy threshold
was set by hardware individually for each pixel at about
300 keV. The +y time spectrum is deteriorated by randoms, in
comparison with the same spectrum in the extraction pauses
(column 4), and the y~-RF time spectrum shows a peak above
a constant plateau, indicating the elevated event rate during
the microbunches [5]. After setting an energy window for the
photon detectors (column 2), the peak-to-plateau ratio in the
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Fig. 6. Scheme of the experimental setup, the event trigger, front-end, and signal-processing electronics implemented.
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Fig. 7. Analog (after three amplification stages) and digital outputs of the
diamond detector during two microbunches with an occupancy of ~ 32.

~v7v-RF time spectrum decreases more than one order of mag-
nitude. If only photopeak-coincident photons [within the full
width at half maximum (FWHM)] are considered, the vy-RF
peak almost vanishes (column 3), and the v~ time spectrum ap-
proaches the shape seen in the extraction pauses. This indicates
that the large peak in the yv-RF time spectra originates indeed
from prompt nuclear decay, and not from positron annihilation.

The ~+-RF time spectrum of Fig. 8 (column 1, B;), showing
a measured Aty, of 30 ns FWHM, also allows concluding that
Athunch = Atyg at the used beam energy, since a measurement
showing Atpunch = 32 ns was performed in [5].

The results obtained with the diamond detector are similar but
much noisier, as shown in Fig. 9.

C. DAQ Dead Time

The system dead time 7 over the whole measurement was
57.4%. This value includes the dead times of two different mea-
suring regimes that can be clearly separated (Fig. 2): the extrac-

tion pauses with low count rate, and consequently, low DAQ
dead time (Tpause ~ 1.2%), and events aquired during beam ex-
traction with higher DAQ dead time (7ext ~ 58.8%). The same
separation cannot be achieved during beam extractions (within
microbunch, B, or not, A), because the signal and readout of
each event overlays several RF periods. For this reason, even
the low-rate events taking place outside Aty, (A) present a high
dead time close to 58.8%. A more detailed analysis can be found
in [13].

D. Tomographic Imaging and Quantification of Image Gain

The activity distributions obtained with a photon energy
window between 300 and 850 keV are plotted in Figs. 10 and
11 for three beam-delivery regimes: extraction pauses (P),
during extractions but out of Aty, (A2), and during extractions
but inside At,, (Bz). In both figures, it can be seen that the
events acquired within the microbunch (Bs) exhibit a typical
random behavior, presenting a nearly constant spatial distribu-
tion (Fig. 10, top) corresponding to a plateau (Fig. 11, curve Bo)
declining beyond the primary particle range, i.e., outside the re-
gion where the nuclear reactions predominantly take place. The
small, but noticeable, increase at about 68 mm arises from g+
decays taking place within At, which, consequently, cannot
be separated (Fig. 8). In contrast, events acquired outside Aty
reproduce the characteristic 37 distribution (Fig. 10, middle)
and depth profile (Fig. 11, curve Ay) of the irradiation-induced
activity rather well (Fig. 10, bottom, and Fig. 11, curve P).

For image quantification, the geometrical solid angle of the
two coincident detectors was simulated. This was done by
starting 10 million events at the image center and registering
the fraction of events impinging onto two opposing crystals
along one LOR, yielding Qror = 2.3 x 107%. Due to the
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Fig. 9. Triple-coincident time spectra. vy RF (left) and v+ ion (right,
measured with the diamond detector). Both spectra correspond to 7y events
within an energy window of 300-850 keV.

much longer distance between detectors (112 mm) in respect
to detector front size (18.4 x 9.2 mm?), the central solid angle
Qg follows by multiplication of Q2;or with the total number
of LOR (32). The total coincidence-detection efficiency €o¢ of
the two opposing detectors is given by

3)

€tot = Q@ * €LOR - Q'r,@ . P’yesc

with eror the efficiency of coincidence photon detection in
the LSO for one LOR. With the photon energy window imple-
mented, e;or amounts to 18.1%. The term €2, ., represents the

mean relative solid angle of each image voxel with respect to
the central voxel (30%), as determined by flood source mea-
surements. The term P,.s. quantifies the probability for double
escape of the 511 keV + rays from the phantom: 15.2%.

The simulation of the expected number of counts was
achieved with the PosGen Monte Carlo code [14], yielding
a total of 1.98 x 107 3% decaying nuclei produced per spill
(2% 10%12€ jons with 200.2 AMeV). The expected total number
of counts C'¥) from the decay of isotope j with half-life Tl(%
follows by integrating the initial activity Ag induced per spill
over 300 extraction cycles (5-s period) and amounts to

(7) 299

. ~NL179 15008 —2-5s
oW = A(()J)—ln/2 > |1—exp | — e “
i—0 1/2
In2

The calculation of the simulation curve in Fig. 11 takes into
account only acquisitions in the extraction pauses. The isotopes
e, 10¢, 150, and 3N, with half-lives larger than a few sec-
onds, were considered, and the total events detected were mul-
tiplied by 3/5 (timing weight of the extraction pauses).

The relative improvement in image counts AC,. was calcu-
lated to be < 90% by taking into account the coincidences mea-
sured during beam extraction, outside the microbunches (image
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TABLE 11
RELATIVE INCREASE IN IMAGE STATISTICS DEDUCED
FROM THE 3% ACTIVITY DEPTH DISTRIBUTIONS

Energy window ACy AC, ACy
(maximum)  (8.8-90mm)  (0-90 mm)

300 - 850 keV 78 % 88 % 90 %

Photopeak 2xFWHM) 73 % 75 % 78 %

Ao, Fig. 10), to the number of events measured during the ex-
traction pauses (image P, Fig. 10). This ratio is dependent on
the width of the energy window applied, as well as on the beam
energy. Table I summarizes results.

The values of AC, corresponding to a depth in PMMA of
0-90 mm were obtained by extrapolation, assuming a constant
plateau of activity between 8.8 mm (beginning of image) down
to 0 mm (beginning of phantom, not imaged). The higher rel-
ative increase in image statistics obtained with respect to the
65% estimated in [6] is suspected to originate from the contribu-
tion of short-lived, 31 decaying isotopes that are detected with
high efficiency during the beam extractions for the first time. Ac-
cording to the simulation [14], and correcting for the measuring
time of 25 min by using (4), the most abundant are 2N (7} /2=
11 ms) and ®B (17 /> = 770 ms), contributing 9.9% and 2.1% to
the total number of annihilation events, respectively. Note also
the higher image blurring at the entrance plateau of activity in
Fig. 10 (middle, As) due to the higher 8T endpoint energy of
these isotopes (16.6 and 3.3 MeV, respectively).
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registered during beam extractions. The profiles show the average of the events
seen by the full detector, rather than a pixel-based backprojection, due to
the impossibility of energy discrimination above 1200 keV (ADC overload,
Fig. 8). The profile measured during the extraction pauses is also shown for
comparison.

E. Higher Energy Events

Due to its influence on the system dead time and on the count
rates achieved, the depth profiles of coincidences with energy
values above 300 keV and above 1200 keV were analyzed
(Fig. 12). It can be seen that the typical random or 87 activity
profiles of Fig. 11 are substituted by profiles with counts
increasing with the penetration depth, suggesting the detection
of events emitted preferentially in the forward direction [5].
Although it is known that a flux of particles (mainly protons
and neutrons, but also other light nuclei [15]) escapes the target
volume, mainly in the forward direction, it is not clear whether
the observed profiles arise from + rays, particles, or both. An
analysis of the event hit patterns onto the detectors, though,
strongly suggests the passage of charged particles through the
detectors in a longitudinal direction along the beam [13]. These
particles could have their origin both inside the phantom and
on the diamond detector and its housing, trespassed upbeam.
These results indicate the strong necessity of setting an upper
energy threshold close to 511 keV.

F. Event Rates

The obtained increase in image statistics is valid for the
present beam-delivery system with a duty factor D of 40%,
with

At
D=

T

)

Aty being the macropulse duration (beam extraction, 2 s), and
Ty being the time of a synchrotron acceleration cycle, com-
prising beam injection, acceleration, and extraction (5 s). In
order to estimate the gain in collected events for therapeutic
beams delivered with other accelerators with different D and
microstructure timings, the knowledge of the event count rates
calculated in the phantom is necessary. Fig. 13 shows this event
rate, with the number of events collected in each regime divided
by the total length of the time window in which it was collected.
An extrapolation of these results to a PET system with larger
solid angle is only feasible in the case of the curves showing the
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Fig. 13. Event rates versus depth in different regimes. Corrected for the solid

angle of the detectors assuming isotropic event emission. The high event rate
during beam extraction is remarkable.

isotropic, 1 decaying events (P and A,). The remaining curves
regard anisotropic fluxes and will, of course, yield count rates
and image deterioration dependent on the position of the detec-
tors [5], [11].

G. Detector Performance

The results obtained are related to the properties of the
imaging detectors, and any in-beam PET implementation must
carefully consider these properties. Therefore, we present the
main performance parameters of the detectors used.

1) Stability: This experiment required operating the detec-
tors one year after their last in-beam experiment, and one-and-
one-half years after their initial setup. We have found two pixels
working inappropriately. Correct energy spectra could only be
acquired at the expense of extreme amplifier gain, and timing
with these two pixels was not possible. We attribute this to insuf-
ficient coupling of the scintillators to the surface of the APDA,
probably due to the exposure of the detectors to the vibrations
during their long transport between FZR and GSI. We conclude,
therefore, that silicon glue and teflon tape [10] provide a good,
long-lasting solution for manufacturing these detectors.

2) Energy and Time Resolution: Because time resolution
was an important issue during these measurements, we operated
the APDA with an internal gain of 70 instead of 50 in [11].
As expected, the timing performance of the two LSO/APDA
detectors improved to 5.0 ns FWHM versus 6.2 ns FWHM
in [11] at the cost of worse energy resolution: 16.5 + 0.3%
FWHM versus 15.5 + 0.3% FWHM in [11].

3) Interpixel Crosstalk: An interpixel crosstalk of about
10% was observed, meaning that a 511 keV photon fully de-
positing its energy in a given pixel leaves a signal of ~ 50 keV
in its neighboring pixels due to optical crosstalk only. The
reasons for this are the noncomplete light isolation of the teflon
tape surrounding the LSO crystals and, more importantly, light
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sharing at the LSO-diode coupling, mostly due to the common,
thick expoxy layer covering all diodes [13]. Interpixel crosstalk
plays a role in estimating count rates, since high-energy events
(e.g., a 5 MeV signal from a crossing particle) may leave in
its neighbor a false signal (~ 500 keV). In this experiment,
all pixels were read and analyzed, thus crosstalk events are
automatically rejected. Future applications must apply either
the same principle, or a hardware energy selection that is able
to reject a full cluster of pixels once a high-energy event is
detected in one of them.

V. APPLICATION TO RADIOTHERAPEUTIC BEAMS

The applicability and usefulness of the methods presented de-
pend on the timing characteristics of the therapeutic beam where
the methods are to be applied. The importance of random sup-
pression during in-beam PET measurements increases as the ac-
celerator duty factor D also increases. For example, linear ac-
celerators for electron, photon, and even ion [16] radiotherapy
have extremely small duty factors (~ 0.1%), and consequently,
the random suppression method described in [1] is sufficient for
in-beam PET at these machines. In contrast, isochronous and
superconducting cyclotrons used for ion radiotherapy [17]-[19]
deliver continuous wave (CW) beams (D; = 100%), which
renders in-beam PET implementable only if the present random
suppression methods are applied. Synchrotron-delivered radio-
therapeutic beams have duty factors between 10% and 90% [12],
[20]-[22], meaning that such facilities can greatly profit from
the application of the random suppression techniques presented
here.

A. Implementation at GSI and at the Heidelberg Clinics

A mean RF occupancy of 13.9 '2C ions per bunch was cal-
culated for the GSI facility by considering all combinations of
beam energies and intensities used to treat all patients to this
date. Extrapolating these values to the synchrotron parameters at
the future ion therapy facility in Heidelberg with an even higher
duty factor yields 6ccgr = 8.0. This value indicates that there
may be an advantage (from the point of view of timing) in using
the v~y-ion with respect to the vy-RF method for this facility.
Finally, the yy-ion method is easier to implement, since it does
not require a correction for the transit time of the ions in the
beam pipeline, which is dependent on beam energy, but has the
drawback of additional material in the beam path. This becomes
an advantage if the same detector could be used as a beam mon-
itor [23].

B. Cyclotron-Delivered Therapeutic lon Beams

In-beam PET implementation at cyclotron-based facilities
seems to be nontrivial, due to the small time differences be-
tween Aty, and Trr, with Aty ranging from 0.3 ns [18]
to about 6 ns [19], and Trr from about 10 ns [17] to 30 ns
[19]. On the accelerator side, two methods to increase Trr are
possible [24]. One makes use of single-turn extraction, which
allows delivering an arbitrary pattern of beam pulses produced
with a combination of bunching and chopping at the injection
level (more difficult for heavy ions). The second uses multiturn
extraction, followed by a subharmonic buncher that reduces the
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beam repetition rate to the orbital frequency [24]. Nevertheless,
in order not to disturb the optimal operation of the cyclotron,
the best solution should arise from the use of fast scintillators
combined with appropriate signal-processing electronics.

VI. CONCLUSIONS

We present first-measured, triple-coincidence time- and
energy-correlated spectra, combined with tomographic images
of the B activity induced by a 12C beam of 200.2 AMeV in
a plastic phantom, indicating the feasibility of the proposed
random suppression methods. However, in-beam PET during
particle extraction also detects annihilation photons from
short-lived 3% emitters with high endpoint energy. Although
their production cross sections are low, their influence on image
blurring has to be further investigated. With the accelerator
duty cycle installed at GSI, the increase in image statistics was
measured to be < 90%.

It was seen that hadrontherapy facilities based on a linear
accelerator can implement in-beam PET with no need for these
random suppression techniques. Synchrotron-based facilities
can greatly profit from their application, and cyclotron-based
facilities cannot implement in-beam PET unless random sup-
pression is applied.
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