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5.7.2 Time-of-ight reconstructions of real treatment simulations
During heavy ion treatments, a considerable amount of activity is transported to locations
outside the FOV of the in-beam positron tomograph. In these situations, the use of TOF
information may decrease the number of background events registered. But the most important
advantages of an eventual in-beam TOF-PET arise if the time dierence between the arrival
of the photons is used to directly compute, on an event-by-event basis, the location where
the positron annihilation occurred. Not only the computing time is immensely reduced, as
shown in Table 5.8, but also the limitations arising from limited-angle tomography vanish if
the coincidence time resolution is better than 200 ps FWHM, as shown in Figs. 5.23 and 5.24,
obtained with a simulated dual head tomograph with wide gaps (φ = 100◦ , cf. Fig. 2.1). The
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∆t = 200 ps

∆t = 100 ps

Frontal

Figure 5.23: Head and neck irradiation: direct TOF reconstruction for dierent coincidence time

resolutions ∆t given in ps FWHM. All images correspond to a dual head tomograph with wide
gaps (φ = 100◦ , cf. Fig. 2.1). The dashed lines in the frontal views show the limits (top view) of
the dual-head tomograph considered.
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minimum coincidence time resolution mentioned, 200 ps FWHM, although not far from being
achieved [Var05, Ver05, Mos04], is still a technological challenge for commercial PET systems.
The analysis of Figs. 5.23 and 5.24 allows a minimum, useful coincidence time resolution to be
estimated at 200 ps FWHM, as mentioned. This corresponds to a spatial resolution of 3 cm
FWHM in the YP ET axis, along which the gap with missing detectors lies (cf. Fig. 2.1). This
spatial resolution is enough, as observed in the middle row in Figs. 5.23 and 5.24, to refrain
the image elongation observed in Figs. 2.10 and 2.13, respectively, yielding therefore in-beam
PET images that can be directly compared with the β + -activity distribution produced in the
target volume (Figs. 2.9 and 2.12 for head-and-neck and pelvis irradiation, respectively).
The most impressive results expected if TOF-PET detectors with very high coincidence time
resolution, below 200 ps FWHM, would be commercialy available, are the speed with which
the image becomes available to the radiotherapist after the irradiation of each portal: below 2
minutes as demonstrated in Table 5.8. This increase in image processing speed arises from the
possibility to calculate at once the point of positron annihilation as soon as the coordinates of
the hit detectors and the TOF information are known. Such algorithm needs to process one
single iteration through the collected data only, in opposition to the 50 iterations necessary
with the MLEM algorithm which, in addition, needs to cross the full image space for every
pair of detectors that was triggered. Due to this last detail the processing speed of the direct
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∆t = 100 ps

Frontal

Figure 5.24: Pelvis irradiation: direct TOF reconstruction with dierent coincidence time reso-

lutions ∆t given in ps FWHM. All images correspond to a dual head tomograph with wide gaps
(φ = 100◦ , cf. Fig. 2.1). The dashed lines in the frontal views show the limits (top view) of the
dual-head tomograph considered.
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Table 5.8: Comparison of times required for image availability: direct-TOF versus MLEM-based
PET imaging. Computations executed on an Intel(R) Xeon(TM) CPU 3.20 GHz dual-processor.
All reconstructions regard a dual head tomograph with wide gaps (φ = 100◦ , Fig. 2.1).
Treatment

Image size
(cm3 )

Number
of events

TOFa

Run time
MLEM (50 iterations)

Head and neck
Pelvis

22 × 20 × 20
40 × 25 × 25

1.3 × 106
5.3 × 106

45 s
103 s

5 h 40 m
> 5 days

a

The image is ready after a single iteration through the data

TOF algorithm is expected to stay below that of fast, expectation maximization algorithms
like OSEM.
Since the time to obtain an image is smaller than the typical irradiation time, TOF-PET
would allow the image to be processed and shown to the oncologist during the course of
the irradiation, i.e. in-beam PET could be called for the rst time on-line, in-beam PET.
Moreover, a coincidence time resolution of 50 ps FWHM, i.e. 7.5 mm FWHM, would allow an
image of each single pencil-like beam being delivered with the rasterscan technique [Hab93] to
be obtained at once.

5.8 Summary and Outlook
The performance and in-beam imaging capabilities of two position sensitive γ -ray detectors
consisting of Hamamatsu avalanche photodiode arrays (S8550) individually coupled to crystals
of cerium-doped lutetium oxyorthosilicate (LSO) were presented. In a rst set of experiments
the imaging performance of the detectors was tested before, during and after the irradiation of
phantoms of polymethylmethacralate with carbon ion beams with uences equivalent to 1 000
typical daily therapeutic fractions. Only minor energy, time and spatial resolution deterioration
was observed, with the initial values being recovered after stopping the irradiation. The line
source, placed in the FOV of the detectors, was imaged as the detectors were positioned in the
backward or forward cone of phantoms bombarded with the high energy 12 C ion beam with the
mentioned characteristics. The line source images obtained revealed that it is possible, from
the point of view of detector hardness, implementing a dual-head, in-beam positron camera
with these detectors forming two small gaps for (1) the entrance of the therapeutic beam and
(2) the escape of the light nuclear fragments produced in the patient. Thus, a double-head
positron camera of large solid angle covered becomes feasible, allowing limited angle artifacts
in in-beam PET images to be minimized (chapter 2). However, it must be noted that, from
the point of view of in-beam PET imaging with low statistics, a more realistic experiment with
decreased activity within the FOV of the detectors could also provide useful information since
the activity of the line source was orders of magnitude higher than that of typical in-beam
PET measurements.
In the second set of experiments, an image of the β + -activity depth distribution created in
a phantom stopping the high energy carbon ion beam was successfully performed. This was
an important achievement since it demonstrated (1) the in-beam imaging capability of this
detector type and (2) the sucient radiation hardness of such detectors to be operated at a
radiotherapy treatment site.
In another experiment the activation of the scintillator material LSO under therapeutical irradiation was investigated. An LSO crystal matrix was submitted to the ux of light particles
leaving two, single-portal patients treated with carbon ions. The absence of either new γ -ray
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lines or an enhancement of existing lines in the high-resolution spectroscopic measurements performed before and after irradiating the LSO crystal matrix reveals that scintillator activation
does not take place in realistic therapeutic conditions.
Due to the small amount of 176 Lu, a natural radioactive isotope, in LSO, the inuence of the
natural background activity of LSO onto the random and true coincidences expected for an
LSO-based tomograph was addressed. It was seen that the random coincidences count rates
arising from this background can compromise the use of LSO for in-beam PET scanners due to
the low-intensity in-beam PET signal. Conventional random suppression techniques applied in
nuclear medicine PET imaging fail for in-beam PET measurements during particle extraction,
which is a mandatory requisite for next-generation in-beam positron tomographs due to the
optimized usage of ion accelerators (chapter 6). This means that, in order not to compromise
the quality of the low-statistics in-beam PET images, a modern readout with digital signal
processing, providing a coincidence time resolution of 500 ps, is mandatory.
Finally, the impact of recent developments in ultra-fast timing detectors, potentially allowing
the implementation of the time-of-ight technique onto commercial PET scanners, was extrapolated to in-beam PET. It was seen that TOF techniques gain much importance for dual-head,
in-beam PET scanners due to the capability of the TOF information to reduce the image elongation that characterizes limited-angle tomography. Equally important, both for closed-ring as
well as for dual-head, in-beam positron tomographs, is the immense decrease in data processing
time if the TOF information is used, making in-beam PET images available even during the
irradiation for tomographs with a coincidence time resolution below 200 ps FWHM.
In summary, the obtained results indicate that LSO, a fast, high light-yield scintillator material, is best suitable for in-beam PET when its time output is read with digital signal processing
techniques achieving 500 ps coincidence time resolution. With this constraint satised, its combination with APDA forms a feasible concept for the compact, magnetic eld resistant detectors
required for in-beam PET applications. There may be an increased interest in such dedicated
PET systems in the future since several clinical heavy ion facilities are planned [Hea98, Sie04]
and, furthermore, the in-beam PET method has also the potential to monitor the precision of
ion therapy with lighter species [Par04, Par05a, Fie05].

Chapter 6

Suppression of Random Coincidences during
Particle Extraction
6.1 Motivation
The counting statistics of in-beam PET is generally low with consequences to the signal-to-noise
ratio of the reconstructed images. The reasons for this are twofold. First, the counting statistics
are limited by the dose applied to the patient, delivered mostly in 20 fractions1 [Sch02b] with
usually two beam portals. Typical activity densities induced at the tumor therapy irradiation
reach about 200 Bq cm−3 Gy−1 , with the dose per portal ranging between 0.3 and 1 Gy. This
contrasts with activity density values of 104 to 105 Bq cm−3 in human PET tracer imaging and
even 106 Bq cm−3 in animal PET studies. In addition, current limitations arise from the fact
that in-beam PET data, measured at beams with a sub-µs time structure due to the accelerator
radiofrequency (RF), are highly corrupted by random coincidences. These arise from prompt
γ -rays following nuclear reactions of the projectiles with the atomic nuclei of the tissue. As
outlined in section 6.2, they cannot be suppressed with random-correction techniques from
conventional PET [Paw97, Par02b]. Therefore, in-beam PET images are reconstructed taking
into account merely events registered in the pauses (∼ 2 - 4 s) between the beam macropulses
(≤ 2 s, Fig. 1.19). For a given detector geometry, the only way for improving image quality is
the ecient utilization of the annihilation photons available.
Furthermore, and more important than improving image quality, is the fact that recent accelerator developments implementing optimized beam extraction techniques result in a much
reduced timing window for in-beam PET data taking if the presently installed acquisition
technique is applied. The synchrotron proposed for the clinic in Heidelberg will use the RF
knock-out2 extraction method [Hir92] with variable extraction time between 1 and 10 s and
multiple beam extraction at the same at top [Dol00]. This yields great advantages [Eic03]
both for respiration-gated treatments as well as for reducing the treatment duration using the
rasterscan beam delivery technique [Hab93]. With injection and acceleration times of about
30 µs and 1 s, respectively, this results in a beam delivery duty factor3 Df between 8 and 93 %,
1

2

3

The less frequent treatment of locally advanced adenoid cystic carcinomas [Sch03d] or spinal chordomas [Sch03a] applies 6 fractions with carbon ion irradiation complemented with photon irradiation by means
of intensity modulated radiation therapy (IMRT).
In summary, the RF knock-out method consists in applying a transverse electric radio-frequency-eld (RF)
with a frequency synchronous to the betatron frequency of the particles in the ring [Dol00]. Due to this
excitation the particles are moved from the inner, stable region of their trajectories to outer, unstable
ones. After a few turns in the ring the particles are driven through electrostatic and magnetic septa into a
trajectory leading them out of the ring (extraction).
Duty factor Df of an accelerator is the ratio Df = ∆tM / TM , with ∆tM being the macropulse duration
(beam extraction, ∼ 2 s at the present GSI therapy unit) and TM being the time of a synchrotron acceleration
cycle, comprising beam injection, acceleration and extraction (presently 5 s at GSI).
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i.e. extreme cases of accelerator optimization could yield only 7 % of the (reduced) irradiation
time available for in-beam PET data taking, making in-beam PET unfeasible if a method for
random suppression during particle extraction [Eng05c] is not implemented.
One immediate consequence of the implementation of such a method, also mentionable as a motivation, is the applicability of in-beam PET to cyclotron-delivered therapeutic ion beams [Cre05d],
not possible without random suppression during particle extraction because of the continuous
particle delivery behaviour of cyclotrons (i.e. Df ∼ 100 %).
For these reasons, two methods for suppressing the micropulse-induced random coincidences
have been proposed [Eng05c] and were tested at the GSI medical beam line [Cre05d] with
results described below.

6.2 Methods for Random Correction
It has been shown that the noise introduced by random coincidences is an important limiting
factor of count-rate performance for PET cameras operating in 3D mode [Bad96, Spi98]. The
number of random coincidences may be reduced by altering the camera geometry to restrict the
FOV for single events [Spi98] or by reducing the coincidence resolving time of the system. Once
these factors have been minimized, the number of random coincidences on a particluar line-ofresponse (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 Cm at a
given LOR to be the sum of the true coincidence count rate Ct with the random count rate
Cr , provided Cr is stationary in time. Cr is measured at a time signicantly greater than
the coincidence resolving time of the detectors and subtracted from Cm for each LOR. In the
singles count rates method, singles rates from each individual detector element are collected
and used to account for the random count rate of each LOR with the relation

Cr = 2 ∆t Ci Cj ,

(6.1)

where Ci and Cj are the singles count rates in detectors i and j forming LOR ij and 2 ∆t is the
time resolution of the system. The application of both methods to in-beam PET fails because
during particle extraction Cr is not constant in time due to the existence of a microstructured
beam delivery [Par02b].

6.2.1 The time microstructure of the beam
During beam extraction, a correlation between the moment of arrival of the carbon ions and a
given phase of the RF-signal from the accelerator has been found [Par05b]. This correlation is
depicted in Fig. 6.1 for a given beam energy and intensity (107 ions/s). During each RF period
TRF the ions arrive within a time window ∆tbunch . The width of ∆tbunch depends on the beam
energy and, therefore, on TRF , and is independent from the beam intensity up to the maximum
therapy value of 2 × 108 ions/spill, which is orders of magnitude below the incoherent charge
space limit of 1011 carbon ions/spill of the heavy ion synchrotron SIS1 at GSI.
At the tumor therapy at GSI, the 12 C beam energy ranges from 88.83 to 430.10 AMeV, corresponding to TRF from 480 down to 250 ns, respectively. The correlation between TRF and the
beam relativistic kinetic energy K is given by

TRF =
1

Schwerionensynchrotron.

PSIS · f (E)
K + mo c2
·√ 2
,
nSIS · c
K + 2Kmo c2

(6.2)
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Figure 6.1: Correlation between the time of particle arrival, illustrated schematically with arrows,
and RF-phase (arbitrarily set to π ), depicted for a given beam energy and intensity (107 ions/s).
The RF-occupancy occRF in the example displayed is 5, with occRF = I · TRF and I the beam
intensity. The letters A and B refer to the time windows outside the microbunch (A) and inside
the microbunch with the corresponding high photon yield (B, bunch).

with values and units described in Table 6.1. The particle trajectory factor f (K) arises from
the dierent oscillations about the synchrotron perimeter that the particles undergo for a given
energy, with f (K) decreasing with increasing energy.

Table 6.1: Parameters correlating beam energy and RF-period.
Name
Perimeter of synchrotron
Particle trajectory factor
Number of concomitant bunches
Speed of light in vacuum
Energy per nucleon
Total kinetic energy
Rest mass of 12 C

Symbol
PSIS
f (E)
nSIS
c
E
K = 12 · E
mo

Value
216 m
1.091 to 1.008
4
2.998 ×108 m/s
88.8 to 430.1 AMeV
1.1 to 5.2 GeV
11 178 MeV/c2

The time window ∆tbunch comprises the time slot in which the ions arrive at each RF cycle.
During this time, and shortly after it (∆tbg in Fig. 6.1), a high ux of γ -rays arising from
nuclear reactions is emitted [Par05b]. This sub-µs periodic ux constitutes the source of the
high, in-beam random rate and any in-beam random suppression method must be able to
discard it.

6.2.2 The methods for in-beam PET random correction
Two methods have been proposed which allow for identifying coincident events occuring within
the time window ∆tbg [Eng05c] and are depicted in Fig. 6.2. From timing considerations only,
and accounting for the accelerator duty factor presently implemented at GSI (∼ 40 % during
patient irradiation), 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. The two
methods rely on the synchronization of the γγ -coincidences measured by the positron camera
with the time microstructure of the beam, either by using the RF-signal from the accelerator
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or the signal of a thin, fast particle detector placed in the beam path immediately in front of
the target.

Figure 6.2: Implementation of the methods proposed for in-beam PET random suppression.

Each detected γγ -coincidence is correlated with the incoming ion by using either a fast particle
detector or the RF signal from the accelerator.

Using the RF-signal from the accelerator
If each γγ coincidence detected with the positron camera is correlated with the phase of the
RF-signal, those events occuring within ∆tbg can either be labeled for posterior elimination or
immediately discarded by the acquisition electronics (DAQ). In this rst proof-of-principle approach, the readout of all events was performed with a multi-channel, zero-suppression free, list
mode data acquisition (appendix B) that allowed o-line data processing. This was necessary
in order to implement a proper timing selection around ∆tbg since coincidence measurements
between γγ events and the RF-phase had not been performed before. Furthermore, the width
of ∆tbg depends on the time resolution of the scintillation detectors used.
For the detection of a given RF-phase a fast peak detector NIM module (phase-trigger) was
developed at FZR [Hei04]. A peak detector was chosen, instead of the leading edge circuit
proposed in [Eng05c], because the RF signal delivered to the medical cave where the experiment
was performed has about 30 % amplitude variation [For03] depending on the signal frequency.
Although the present experiment was performed at a xed beam energy, the phase trigger was
seen to be a good rst solution since the long cabling between the synchrotron and the medical
cave introduced low frequency base-line oscillations of ± 10 % of the RF amplitude. A time
measurement between RF-periods randomly separated revealed that the phase-trigger used
is nearly insensitive to these oscillations with measured deviations being less than 1 % in all
cases. Despite its phase detection ability independent of the pulse amplitude, this capacitorbased peak detector introduces frequency dependent delays resulting in a non-constant phase
detection when used as a phase-trigger at consecutively changing beam energies, as is the
case during therapeutic irradiation by means of the GSI rasterscan beam delivery [Hab93]. A
phase-trigger independent of signal amplitude, frequency and base line oscillations, based on
the leading edge circuit mentioned but preceeded by a high-pass passive lter and built in
zero-crossing mode is proposed in [Eng05c].

Using a fast particle detector
A second method of labeling 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 RF-occupancies close to unity, this approach should allow the implementation of narrower
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time windows around ∆tbg when compared to the RF-method, as depicted in Fig. 6.3. 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 occRF .

Figure 6.3: Dierent timing windows, automatically adjusting to the RF occupancy, are imple-

mentable with a fast particle detector FD, in contrast to the xed-length, RF-generated windows.

For ion arrival detection a 300 µm thick, chemical vapor deposition (CVD) diamond detector [Fra04] was used. The detector was developed and optimized at the Forschungs- und
Technologietransfer GmbH (FOTEC), Wiener-Neustadt, Austria. Fig. 6.4 shows its in-beam
performance when 200.2 AMeV carbon ions trespass it at a beam intensity of 108 ions/s, corresponding to an occRF of about 32 ions/bunch. The analog signal in Fig. 6.4 shows that
the CVD detector is capable of identifying single ions but, due to the 3 MHz low cuto frequency [Fra04] introduced by the 1 nF capacity placed between the fast ampliers reading
the diamond detector (Fig. 6.5), 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 ux in the middle of the microbunch. For these reasons,
the measurements obtained with the CVD detector present noisier time spectra and spatial
proles, as described in section 6.6. Besides this fact, the results with the diamond detector
are identical in all aspects to those obtained with the phase-trigger.

Figure 6.4: Analog and digital outputs of the diamond detector during two microbunches with
an RF-occupancy of about 32. The analog signal is shown after three amplication stages with
3 MHz bandwidth each and total amplication gain of 60 dB.

6.3 Implementation and Electronics
The two methods described were simultaneously implemented with the system depicted in
Fig. 6.5, partially identical to that described in section 5.2 except for two extra timing channels.
Two position sensitive scintillation detectors, each consisting of 32 crystals of cerium-doped
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lutetium oxyorthosilicate with 2.1 × 2.1 × 15 mm3 , coupled to the 4 × 8 pixels of an avalanche
photodiode array [Kap04], were operated in coincidence. Limited angle in-beam tomographic
imaging was performed following the method summarized in [Cre04] and described in more
detail in section 5.4.1. This allowed to retrieve 2D images and linear proles of the positron
emitter depth distribution under several regimes, e.g. during the extraction pauses or during
the beam extractions, inside and outside the microbunches.
For every detected γγ coincidence a readout of the energy signal in all imaging pixels (64) is
performed, which allows for applying energy selection during o-line data evaluation. Further,
the time dierences between the detected γγ coincidence and the RF-phase (TAC 3: γγ -RF)
were recorded, as well as the particle crossing the diamond detector (TAC 2: γγ -ion). The
accelerator status was also recorded by sampling the extraction signal. Finally, all detected
γγ coincidences signaled by the SCA output of TAC1 were fed into a scaler that counted all
hits, even if the acquisition was busy processing a previous event. This allowed correcting the
measured event rates with the corresponding DAQ dead time.
The timing diagram corresponding to the front-end and processing electronics during beam
extraction is depicted in Fig. 6.6. Although the experiment was performed at occRF = 32, the
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Figure 6.5: Scheme of the experimental setup, the event trigger, front-end and signal processing
electronics implemented for the random suppression experiment.
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gure displays occRF = 4 for simplicity. The output of the fast particle detector FD is depicted
with the desired ultra-fast detector timing, i.e. without undershoot, pileup-free and able to
perform single particle detection.
320 ns
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Figure 6.6: Timing diagram of the electronics in Fig. 6.5 during beam extraction depicted with
occRF = 4 for simplicity.

6.4 Data Acquisition Dead-Time
In order to quantify the real event count rate hitting the detectors, together with the gain in
image statistics, the dead time η of the DAQ must be known. For that, every event triggered
increased a scaler that counted all hits, even if the DAQ was busy processing a given event.
Fig. 6.7 shows the histograms of unread events obtained during the whole scan for all beam
delivery regimes: extraction pauses and extractions. A detailed explanation of the plots and
their meaning was presented in section 5.4.2. The extraction regime was further divided into
the timing windows A and B of Fig. 6.1, i.e. outside and during the microbunches, respectively,
as detailed in section 6.5.1. The ratio of total unread events during the extraction pauses and
beam extractions, with the total number of events generated during the scan, yields a system
total dead time ηtot of 57.4 %. This value includes the dead times of two dierent measuring
regimes that can be clearly separated (Fig. 1.19): the extraction pauses with low count rate
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Figure 6.7: Histograms of unread events during all beam delivery regimes, with correspond-

ing system dead times. The letters A and B refer to the time windows outside and inside the
microbunches, respectively (Fig. 6.1).

and, consequently, low DAQ dead time, with ηpause = 1.2 %, and events aquired during beam
extraction with higher DAQ dead time ηext = 58.8 %. The relation between ηtot , ηext and ηpause
must follow
Mpause
Mext
Mtot
=
+
,
(6.3)
1 − ηtot
1 − ηext 1 − ηpause
with Mtot , Mext and Mpause the number of measured events in total, during beam extractions and pauses, respectively. These values are given in Fig. 6.7, namely Mtot = 3 736 991,
Mext = 3 648 896 and Mpause = 88 095. The correlation between ηext and ηpause is plotted with
the solid curve in Fig. 6.8, obtained by xing ηtot in Eq. 6.3. The diamond symbol shows the
readout dead times achieved during particle extraction and in the pauses. The same relation
given by Eq. 6.3 is valid during beam extraction with its two sub-regimes: timing windows A
and B. This relation is plotted with the dashed curve in Fig. 6.8, with ηA and ηB related to
the top and right axes, respectively, and ηext = 58.8 %. As expected, the values obtained for
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ηA and ηB are very similar to that of ηext , i.e. a separation of the two sub-regimes could not
be achieved. This happens because during beam extraction the signals and the readout of each
event overlay several RF periods (Fig. 6.6) and count rate regimes. For this reason, even the
low rate events taking place outside ∆tbg (A) present a high dead time close to 58.8 %.
In summary, the dead times taken into account to correct image intensities in the next sections,
ηpause = 1.2 % and ηext = 58.8 %, are understood and justied.

Figure 6.8: Relation between the dead times of several beam delivery regimes following Eq. 6.3.
The bottom and left axes correspond to the solid curve, whereas the dashed curve is plotted
against the right and top axes.

6.5 Results with the γγ -RF Method
For o-line data evaluation the routines developed to analyze the rst in-beam imaging experiment with LSO/APDA detectors (chapter 5) were extended in order to handle two extra
timing channels. An event selection based on the accelerator status signal and detailed in
section 5.2 discriminated coincidences occuring within the beam extractions from those sampled during the extraction pauses. In addition, the present analysis further separated events
acquired during beam extractions, as described in the next section.

6.5.1 Time and energy correlation between γγ and γγ -RF
A clear correlation between the γγ coincidences and the beam microstructure was observed
and is shown in Fig. 6.9 for the RF measurements. This correlation can rst 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 γγ time
spectrum is deteriorated by randoms in comparison to the same spectrum in the extraction
pauses (column 4) and the γγ -RF time spectrum shows a peak above a constant plateau,
indicating the elevated event rate during the microbunches [Par05b]. After setting an energy
window for the photon detectors (column 2), the peak-to-plateau ratio in the γγ -RF time
spectrum decreases more than one order of magnitude. The γγ -RF peak almost vanishes
if only photopeak coincident photons within two times the full width at half maximum, i.e
511 keV ± FWHM, are considered (column 3). The energy spectra displayed in column 2 and
3, with software-imposed energy windows, show only events corresponding to the maximum
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Figure 6.9:

Results of γγ -RF triple coincidence measurements during 12 C beam extraction.
The γγ coincidence time spectra (lower row) have been constructed by setting dierent sorting
conditions in the γ -ray energy spectra (upper row) and the γγ -RF time distributions (middle row).
As reference, γ -ray energy and coincidence time spectra acquired in the beam extraction pauses
are additionally shown (column 4).

energy in both detectors. In contrary, columns 1 and 4 display spectra with a hardware imposed
threshold of about 300 keV, which consequently allows low energy events below the threshold
to be seen. These arise due to noise, inter-pixel crosstalk and, more importantly, due to the
acceptance of low energy events imposed by higher energy events triggered in pixels elsewhere
in the detectors. This behaviour was expected and allowed at this stage in order to be able
to analyze low energy events due to the single-pixel threshold implemented. Evaluation of
crosstalk is described in section 6.9.3. In conclusion, the γγ time spectra in columns 2 (curve
A2 ) and 3 (curve A3 +B3 ) approach the shape seen in the extraction pauses. This indicates
that the large peak in the γγ -RF time spectra originates indeed from prompt nuclear decay
and not from positron annihilation.

6.5.2 Tomographic imaging and quantication of image gain
A broad energy window is normally implemented in commercial PET systems in order to
cope with the detector energy resolution, together with detector gain variations with time and
temperature between system calibrations. Therefore, the following section presents random
suppression results achieved by applying an energy window at each read event of 300 to 850 keV,
similar to that of BASTEI (250 to 850 keV) despite the dierent detector energy resolutions.
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Broad energy window: 300 to 850 keV
The activity distributions obtained with a photon energy window betweeen 300 and 850 keV are
plotted in Figs. 6.10 and 6.11 for three beam delivery regimes: extraction pauses (P), during
extractions but out of ∆tbg (A2 ), and during extractions but inside ∆tbg (B2 ). In both gures
it can be seen that the events acquired within the microbunch (B2 ) exhibit a typical random
behavior, presenting a nearly constant spatial distribution (Fig. 6.10, top) corresponding to
a plateau (Fig. 6.11, curve B2 ) declining beyond the primary particle range, i.e. outside the
region where the nuclear reactions predominantly take place. In contrast, events acquired
outside ∆tbg reproduce well the characteristic β + distribution (Fig. 6.10, middle) and depth
prole (Fig. 6.11, curve A2 ) of the irradiation-induced activity rather well (Fig. 6.10, bottom
and Fig. 6.11, curve P).

Figure 6.10: Longitudinal tomograms of the activities generated by stopping the beam in a
phantom of Lucite and obtained with the γγ -RF method (top and middle only). The γ -ray energy
window is 300 to 850 keV. The symbols P, A2 and B2 , also described in the text, refer to Fig. 6.9.

Figure 6.11: Depth proles obtained with the γγ -RF method. The simulation (extraction pauses
only) curve was shifted 4 mm to the left in an attempt to compensate for the ion energy loss in
the diamond detector (300 µm thick) and its copper housing.
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For image quantication the correction factors mentioned in Table 5.3 were used. These included the solid angle of the two coincident detectors, simulated by starting 10 million events
at the isocenter annihilating isotropically and registering the fraction of events detected along
one line-of-response (LOR) of two opposing crystals, yielding ΩLOR = 2.3 × 10−4 . Due to the
much longer distance between detectors (112 mm) in respect to detector size (18.4 × 9.2 mm2
front face), the central solid angle Ω¯ follows by multiplication with the total number of LOR
(32). The total coincidence detection eciency ε,tot of the two opposing detectors is given by

ε,tot = Ω¯ · ε,LOR · Π · (1 − εP M M A )2 ,

(6.4)

with ε,LOR the eciency of coincidence photon detection for one LOR. With the photon energy
window implemented ε,LOR amounts to 18.1 %. The value of ε,LOR is higher than εLOR , obtained
in section 4.6.3, due to the inclusion of photons from outside the photopeak arising mostly from
the lower threshold of 300 keV. The value was calculated by considering the ratio of events
measured within the photopeak (FWHM) in both detectors to the events measured within a
wide energy window of 300 to 850 keV also in both detectors. This ratio was found to be 3.7,
i.e. ε,LOR = 3.7 · εLOR . The image ll factor Π was calculated in section 4.6.2 and represents
the mean relative solid angle of each image voxel with respect to the central voxel (30.5 %), as
determined by ood source measurements. The term (1-²P M M A )2 quanties the probability
for double escape of the 511 keV γ -rays from the phantom: 15.2 %.
The simulation of the expected number of counts was achieved with the PosGen Monte-Carlo
code [Has96, Pön04], yielding a total of 1.98 × 107 β + -decaying nuclei produced per spill
(2 × 108 carbon ions with 200.2 AMeV energy). The expected total number of counts C (j)
(j)
(j)
from the decay of isotope j with half-life T1/2 follows by integrating the initial activity A0
induced per spill over the 300 spills used (5 s spill period):
(j)

C

(j)

=

(j)
A0

299
T1/2 X

ln 2

"

i=0

µ
¶#
−i · 5 s
1 − exp
(j)
T1/2 /ln 2

(6.5)

For the calculation of the simulation curve in Fig. 6.11, and because it regards acquisitions in
the extraction pauses only (short lived nuclei not imaged), only isotopes with half-lives greater
than a few seconds were considered (11 C, 10 C, 15 O and 13 N) and the total events detected
were multiplied by 3/5 (timing weight of the extraction pauses). Table 6.2 shows the relative
production of the most abundant nuclei and its relative decay in a 25 minute measurement
due to the eects of the dierent lifetimes and the uence delivery throughout 300 spills. In
Fig. 6.12 the time evolution of the event rate and the corresponding number of total decaying
events is shown for the most abundant isotopes created in PMMA. It was calculated taking into

Table 6.2: Production and decay of positron emitter nuclei after stopping 6 · 1010 carbon ions

with 200.2 AMeV in PMMA. The ions were delivered throughout 300 spills, corresponding to a
25 minute irradiation. Calculated with the PosGen Monte-Carlo code and weighted with Eq. 6.5.

Nucleus

Lifetime

Total generated

Total decaying

Endpoint energy

11 C

20.4 min
19.3 s
2.0 min
10 min
11 ms
770 ms

4.0· 109
2.8· 108
9.2· 108
1.2· 108
3.8· 108
8.3· 107

2.1 · 109
2.8 · 108
8.8 · 108
9.2 · 107
3.8 · 108
8.3 · 107

1.98 MeV
3.65 MeV
2.75 MeV
2.2 MeV
16.6 MeV
3.3 MeV

10 C

15 O
13 N
12 N
8B

(68 %)
(4.7 %)
(15.6 %)
(2 %)
(6.5 %)
(1.4 %)

(55.7 %)
(7.2 %)
(22.7 %)
(2.4 %)
(9.9 %)
(2.1 %)
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account the formalism described in appendix C. Fig. 6.12 allows to see that the relative weight
of short-lived isotopes, measurable only by making use of randoms suppression, increases if the
irradiation time is made smaller, which is the current trend due to the accelerator developments
mentioned in section 6.1.

Figure 6.12: Event rate (top left), rate time integral (top right, right y axis), and corresponding
relative isotope abundance (bottom) during carbon irradiation of a phantom of Lucite. Only the
most abundant products are considered. Beam energy and intensity are 200.2 AMeV and 2 × 108
ions per spill, respectively. The dotted lines plot isotopes with half-lives shorter than a second.

The relative improvement in image counts, ∆Cr , was ≤ 90 %. It was calculated by dividing the
number of coincidences measured during beam extraction, outside the microbunches (image A2 ,
Fig. 6.10), by the number of events measured during the extraction pauses (image P, Fig. 6.10).
This ratio is dependent on the width of the energy window applied, as well as on the beam
energy. Table 6.3 summarizes results.

Table 6.3: Increase in image statistics deduced from the β + -activity distributions.
Energy window
∆Cr
∆Cr
∆Cr
300 - 850 keV
Photopeak (2×FWHM)

(peak-to-peak)
78 %
73 %

(8.8 - 90 mm)
88 %
75 %

(0 - 90 mm)
90 %
78 %

The values of ∆Cr peak-to-peak, shown in Table 6.3 in the rst column with results, correspond
to the ratio of the maxima in the two β + -activity proles described in the previous paragraph.
For the values of ∆Cr corresponding to a depth in PMMA of 0 to 90 mm, shown in the last
column, a constant plateau of activity was assumed to exist between the point at 8.8 mm (beginning of image) down to the point at 0 mm (beginning of phantom, not imaged). The higher
relative increase in image statistics obtained with respect to the 65 % estimated in [Eng05c]
is suspected to originate from the contribution of short lived, β + -decaying isotopes that are
detected with high eciency during the beam extractions for the rst time. According to the
simulation, and correcting for the measuring time of 25 minutes by using Eq. 6.5, the most
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abundant are 12 N and 8 B, contributing 9.9 % and 2.1 % to the total number of annihilation
events, respectively (Table 6.2). Note also the higher image blurring at the entrance plateau
of activity in Fig. 6.10 (middle, A2 ) due to the higher β + endpoint energy of these isotopes.

Narrow energy window: photopeak
The random suppression results obtained by selecting events that deposited its energy fully
within the photopeak in both detectors are discussed in the present section. The corresponding
relative increase in image statistics was already included in Table 6.3.
Figs. 6.13 and 6.14 show the longitudinal tomograms and depth-proles obtained in the beam
extraction regimes under consideration. The measured data in both gures were corrected
taking into account Eq. 6.4 but, due to the dierent energy window, a new value for the
eciency of coincidence photon detection for one LOR (ε,,LOR ) was used. This value was
calculated to be 8.3 %, corresponding to ε,,LOR = 1.7 · εLOR .

Figure 6.13: Longitudinal tomograms obtained with a narrow energy window (other details as
in Fig. 6.10). The symbols P, A3 and B3 refer to Fig. 6.9.

Figure 6.14: Depth proles obtained with a narrow energy window and the γγ -RF method.
Simulation and other details as in Fig. 6.11.
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From the top image in Fig. 6.13 and curve B3 in Fig. 6.14 it can be seen that the implementation
of a narrow energy window around the photopeak in both detectors lters a great part, but not
all, of the events arriving during the macrobunches. This is in agreement with the corresponding
γγ -RF time spectrum in Fig. 6.9, column 3, where a slight peak above the plateau is still
observable. Also observable in the middle image in Fig. 6.13 is the higher image blurring at the
entrance plateau of activity due to the higher β + endpoint energy of the short-lived isotopes
imaged, as pointed out in the last section.

6.6 Results with the γγ -Ion Method
The results obtained with the diamond detector are similar to those presented in the previous
section (γγ -RF) if proper energy selection is applied. Fig. 6.15 compares triple-coincidence
time spectra obtained with both methods. In addition to the worse time resolution achieved
with the diamond detector, it can be seen that for a relatively high amount of events this
measurement was not achieved, which can be quantied by the number of hits in channel zero
of the TAC (overload). The amount of unread events with the CVD detector represents 48 %
of all events measured during particle extractions. This is thought to originate on the too low
threshold implemented on the electronics of the diamond detector, resulting in noise detection
and the consequent over-extension of the timing signals. For this reason, the γγ -ion analysis
has considered only events occurring between 1 and 350 ns in the γγ -ion triple-time spectrum,
since only these events have physical signicance.

Figure 6.15: Triple-coincidence time spectra: γγ -RF (left) and γγ -ion (right, measured with

the diamond detector). Both spectra correspond to γγ events within an energy window of 300 to
850 keV.

6.6.1 Time and energy correlation between γγ and γγ -ion
A clear correlation between the γγ coincidences and the beam microstructure measured with
the γγ -ion was also observed and is shown in Fig. 6.16. The energy spectra displaying the
implemented energy windows, as well as the energy and time measurements performed during
extraction pauses, were already shown in Fig. 6.9. Fig. 6.16 shows the time window implemented on the γγ -ion spectra in order to separate events collected inside (B') and outside
(A') the microbunches. As mentioned, this separation could not be so well achieved as with
the γγ -RF method due to the too low threshold implemented on the diamond detector that
allowed noise measurements to be performed, yielding a low number of events collected in the
spectra. Despite this fact, the curves show the same correlations described in section 6.5.1
which allow the suppression of coincident events during beam extraction and the construction
of the tomographic images and depth proles shown in the next section.
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Figure 6.16: Results of γγ -ion coincidence measurements during

12

C beam extraction with
200.2 AMeV. The time and energy correlations are the same as those described in Fig. 6.9.

Figure 6.17: Longitudinal tomograms obtained with the γγ -ion method. The symbols A'2 and
B'2 refer to Fig. 6.16.

Figure 6.18: Depth proles obtained with the γγ -ion method.
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6.6.2 Tomographic imaging
Figs. 6.17 and 6.18 show the activity distributions obtained with a broad energy window from
300 to 850 keV for the two beam delivery regimes collected during beam extractions: inside
(B') and outside (A') the microbunches. The activity distributions collected in the extraction
pauses were already shown in section 6.5.2 and are not displayed here. In both gures it can
be seen that the separation of events collected inside and outside the microbunches is also
achieved but with much lower statistics due to the reasons described. The same factors for
quantication of image statistics acquired within the energy window of 300 to 850 keV were
applied, namely ΩLOR = 2.3 × 10−4 , Ω¯ = 7.36 × 10−3 , ε,LOR = 18.1 %, (1-εP M M A )2 = 15.2 %
and Π = 30.5 %. Therefore, Figs. 6.17 and 6.10, as well as Figs. 6.18 and 6.11, can be compared
directly.

6.7 Time Correlation between RF-Phase and Ion Arrival
As it can be seen in Figs. 6.5 and 6.6, the start signal for both the γγ -RF as well as the γγ -ion
time measurements was exactly the same. Care was taken so that the same cable length was
used after the AND gate in Fig. 6.5. This allows to combine, by subtraction on an event-byevent basis, the time information of both measurements to obtain the time correlation between
the moment of ion arrival, triggered by the diamond detector, and a given RF-phase, given by
the phase-trigger. Eqs. 6.6, 6.7 and 6.8 put in evidence the physical processes inherent to each
time distribution acquired, with ∗ denoting the convolution operation in the time domain:

∆tγγ−RF = ∆tRF −det ∗ ∆tbunch ∗ ∆tγ−emiss ∗ ∆tγγ−det ,

(6.6)

∆tγγ−ion = ∆tion−det ∗ ∆tbunch ∗ ∆tγ−emiss ∗ ∆tγγ−det

(6.7)

∆tion−RF = ∆tion−det ∗ ∆tRF −det .

(6.8)

The measured ∆tγγ−RF time distribution in Eq. 6.6 is the result of the convolution of ∆tRF −det
with ∆tbunch , ∆tγ−emiss and ∆tγγ−det . The distribution ∆tRF −det represents the time resolution achieved by the phase trigger in detecting a xed RF phase, which was seen in section 6.2.2
to be less than 1 ns; ∆tbunch is the time distribution of the ions in the microbunch; ∆tγ−emiss
describes the photon or particle emission after the nuclear reaction during the microbunch
(section 6.8); and ∆tγγ−det is the time resolution of the the two photon detectors operated
in coincidence, shown to be approximately 5 ns in Figs. 6.9 and 6.16. The time distribution ∆tγ−emiss describes all the event emission processes: the events promptly emitted at the
nanosecond scale during the microbunch as well as the delayed γ -rays resulting from the several
β + -decays induced. The ∆tγγ−ion time distribution in Eq. 6.7 results from the same processes
except for ∆tRF −det , which is substituted with ∆tion−det given by the time resolution achieved
with the diamond detector in reading the moment of ion arrival. By subtracting (6.6) from
(6.7), on an event-by-event basis as mentioned, the dependence on all processes, except those
shown in Eq. 6.8, is eliminated1 . This correlation is shown in Fig. 6.19. The double peak
structure observed, separated by about one RF-period, was expected due to the dierent electronics components and cabling implemented on the two stopping channels. Besides the small,
slightly peaked continuum observable on the left of each main peak, arising most probably
from the noisy conditions at the diamond detector described in section 6.6.1, the packing of
1

It is important to emphasize that the subtraction of the variables of Eq. 6.6 from those of Eq. 6.7 was done
on an event-by-event basis, i.e. from the list mode data and still within the time domain.
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Figure 6.19: Time correlation between RF-phase and ion arrival for dierent energy windows
imposed on the γγ events. The spectra were obtained by subtracting (event by event) the diamond
detector time value (TAC 3, Fig. 6.5) from the RF time measurement (TAC 2), with a bias of
500 ns to avoid negative values in the spectra.

all events into a single RF-phase is remarkable. Due to the leading edge trigger implemented
with the diamond detector (Fig. 6.4) and to the high occRF of 32 ions per bunch during these
measurements, the values obtained for the time resolution between ion arrival and RF phase
in Fig. 6.19 (∆tion-RF ) do not correspond to the bunch width ∆tbunch (Fig. 6.9), but to the
time correlation between the arrival of the rst ion in the bunch and a given RF-phase so that
∆tion-RF ≤ ∆tbunch . If occRF were of the order of unity or smaller, than ∆tion-RF = ∆tbunch
would hold. Table 6.4 summarizes the results obtained for ∆tion-RF and compares them to the
measured γγ -RF and γγ -ion measurements, taken from row 2 in Fig. 6.9 and row 1 in Fig. 6.16,
respectively.

Table 6.4: Measured time resolution for ion-RF, γγ -RF and γγ -ion coincidences.
ion-RF γγ -RF
γγ -ion
Energy window
≥ 300 keV
300-850 keV

Time resolution (FWHM, ns)
21
30
33
26
26
38

The worse results obtained with the γγ -ion method, due to the noise accepted at the diamond
detector, were discussed in section 6.6.1. Nevertheless, important information can be drawn
by comparing the values of ∆tion-RF = 21 ns and ∆tγγ -RF = 30 ns, measured with an energy
threshold of 300 keV, with the value of ∆tbunch = 32 ns FWHM, measured in [Par05b] for the
same beam energy. The value of ∆tbunch mentioned was measured with a plastic scintillator
used as a particle detector and at lower occRF in order to avoid pulse pileup: the beam intensity
was 5 · 105 ions/s which corresponds to occRF = 0.16. Despite the lower value obtained for
∆tion-RF , expected and justied above, the similar time resolutions observed between ∆tbunch
and ∆tγγ -RF are remarkable and indicate a negligible delay between the moment of particle
arrival and single photon emission1 . As a consequence, the application of a time window for
random suppression needs to consider only the time distribution of the ions in respect to the
RF-phase, i.e. ∆tbunch .
1

This is valid at the nanosecond time scale under discussion, with instrumentation of interest for in-beam
PET. Faster timing techniques applied to a narrower beam microbunch, or to the present microbunch time
structure but with occRF ≤1, will o course be able to detect the delay between ion arrival and single photon
emission (section 1.2.1).
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6.8 Events with Higher Energy
Due to its inuence on the system dead time and on the count rates achieved, the depth proles
and detector hit patterns of coincidences with energy values above 300 keV and above 1200 keV
(ADC overload) were analyzed. This information is necessary since commercial PET systems,
including BASTEI, applying energy discrimination for coincident events do not apply it on the
channels processing the singles rates [Lub04]. Consequently, dead time estimations on these
systems do include the full energy spectrum of detected events and, therefore, this knowledge
for quantitative in-beam PET is of high importance.

6.8.1 Depth proles and event hit multiplicity
Fig. 6.20 shows the depth proles obtained with the higher energy events mentioned. It can
be seen that the typical random or β + -activity proles of Fig. 6.11 are substituted by proles
with counts increasing with the penetration depth, suggesting the detection of events emitted
preferentially in the forward direction, as noted in [Par05b] for a single detector and described
in section 5.3 for these multi-pixel detectors. Although it is known that a ux of particles
of mainly protons and neutrons, but also other light nuclei, escapes the target volume in the
forward direction [Gun04a, Gun04b], it is not clear whether the proles observed in Fig. 6.20
arise from γ -rays, particles or both. In order to gain some insight into this quest, the event hit
multiplicity, i.e. the number of triggered pixels in each detected coincidence, was analyzed.

Figure 6.20: Depth proles of coincident events with higher energy values registered during beam
extractions. The proles 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. 6.9). The β + -activity prole measured during the extraction pauses is also shown
for comparison.
Fig. 6.21 shows the hit multiplicities obtained during beam extraction, separated by dierent
event energies and plotted for the full scan of the detectors as depicted in Fig. 5.8 (except
detectors positioned at 90 mm), as well as for the rst and last positions of the detectors in these
random suppression measurements. It can be seen that the hit multiplicities obtained for the
low energy events (photopeak and energy window from 300 to 850 keV) decrease monotonically
and continuously, presenting low mean multiplicity values close to unity (Table 6.5) as expected
from the single hit characteristic of photons in such small detectors. The only phenomenon
expected to contribute to higher multiplicity at these energies is multiple Compton scattering in
the LSO crystals. Interpixel crosstalk (measured to be about 10 %, section 6.9.3), whith higher
energy events creating a false low energy trigger in neighbouring pixels, is ruled out since the
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Figure 6.21: Histograms with the event hit multiplicity for dierent energy windows. The

detector positions refer to Fig. 5.8. The analysis of all the events corresponding to the full scan
with the detectors is signed as All positions.

Table 6.5: Mean hit multiplicity per coincidence. Detector positions after Fig. 5.8.
Energy window
511 keV ± FWHM
300-850 keV
≥ 300 keV
≥ 1200 keV

Extr. pauses
All positions
Det. 1 Det. 2
1.0
1.0
1.3
1.2
1.1
2.0
1.1
1.0

All positions
Det. 1 Det. 2
1.4
1.0
2.1
1.0
8.9
12.5
4.9
5.2

Extractions
Dets. at +18 mm
Det. 1 Det. 2
1.4
1.0
2.2
1.0
9.5
12.0
6.1
5.3

Dets. at +81mm
Det. 1 Det. 2
1.6
1.0
2.6
1.0
9.0
13.5
4.5
5.6

signal with maximum amplitude in each detector was requested to be within the specied energy
window. If the number of photons detected per coincidence increases, e.g. by considering wider
energy windows in the detected data, the curves showing the hit multiplicity are expected to
decrease their slope (absolute value), but conserving the continuous behaviour described. This
is observed in the multiplicity curves of Fig. 6.21 corresponding to events detected with energy
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above 300 keV, remarkably continuous for the detectors positioned at 81 mm. On the contrary,
coincidences with energy values above 1200 keV present discontinuous multiplicity curves, with
sharp falls occurring precisely at every eight pixels and, therefore, strongly suggesting the
passage of charged particles through the detectors in a logitudinal direction along the beam
(each 8 × 4 pixels detector was positioned with the 8 pixel rows aligned horizontally, parallel to
the beam direction). These particles could have their origin both inside the phantom stopping
the beam as well as on the diamond detector and its housing, trespassed upbeam.
The asymmetry in mean hit multiplicity between detector 1 and 2 (Table 6.5) can be explained
based on the slightly higher threshold implemented on detector 2 (therefore smaller hit multiplicity at lower energies) as well as based on the malfunctioning of two pixels (one per detector,
section 6.9.1) that were shut o. Since the malfunctioning pixel of detector 1 was positioned
closer to its center (maximum solid angle), the hit rejection was higher on this detector and,
consequently, its average hit multiplicity lower.
Although these results do not suce to prove the nature of the particles creating the high
energy event proles of Fig. 6.20, they do indicate the necessity of setting an upper energy
threshold close to 511 keV during in-beam PET measurements.

6.8.2 Event rates
The increase in image statistics obtained is valid for the present beam delivery system with
a duty factor Df of 40 %, with Df = ∆tM / TM , ∆tM being the macropulse duration (beam
extraction, 2 s) and TM being the time of a synchrotron acceleration cycle, comprising beam
injection, acceleration and extraction (5 s). In order to estimate the gain in collected events
for therapeutic beams delivered with other accelerators with dierent Df and microstructure
timings, the knowledge of the event count rates is necessary. This is shown in Fig. 6.22, where

Figure 6.22: Event rate proles in dierent beam delivery regimes. Rates were corrected for the

solid angle of the detectors assuming isotropic event emission. The high event rate during beam
extraction is remarkable.
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the number of events collected in each regime was divided by the total length of the time
window in which it was collected. It must be noted that an extrapolation of these results
to a PET system with larger solid angle is only feasible in the case of the curves showing
the isotropic, β + -decaying events (P and A2 ). The remaining curves regard anisotropic uxes
and will of course yield count rates and image deterioration dependent on the position of the
detectors, as described in section 5.3 as well as in [Par05b, Cre04].

6.9 Detector Performance
The results obtained in the present chapter are related to the properties of the imaging detectors
used which, in turn, dier slightly from those described in chapter 5, section 5.3, due to
dierent operation parameters implemented, such an increased high voltage in order to achieve
better timing performance. Since any in-beam PET to be implemented a posteriori must
carefuly consider these properties, the main performance parameters of the detectors used are
summarized below.

6.9.1 Longterm stability
The present experiment required operating the detectors one year after their last in-beam
experiment (chapter 5), and one and a half year after their initial setup. Two pixels were
found working inappropriately: correct energy spectra could only be acquired at the expense
of extreme amplier gain and timing with these two pixels was not possible. This is thought to
arise from an insucient coupling of the scintillators to the surface of the APD due to exposure
of the detectors to the vibrations during long traveling. Therefore, it can be concluded that
silicon glue and teon tape (chapter 4, section 4.5, and [Kap04]) provide a good, long-lasting
solution for manufacturing these detectors.

6.9.2 Energy and time resolution
Because time resolution was an important issue during the present measurements, the APDA
were operated with an internal gain of 70 instead of gain 50, section 5.2 and [Cre03]. As
expected, the timing performance of the two LSO/APDA detectors improved to 5.0 ns FWHM
from 6.2 ns FWHM at the cost of worse energy resolution: 16.5 ± 0.3 % FWHM versus the
15.5 ± 0.3 % FWHM presented in section 5.2 and [Cre03].

6.9.3 Inter-pixel crosstalk
An inter-pixel crosstalk of about 10 % was observed, meaning that a 511 keV photon fully
depositing its enegy 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 incomplete light isolation of the teon tape
surrounding the LSO crystals and the light sharing at the LSO-diode coupling mostly due to the
common, thick expoxy layer covering all diodes (section 4.4.3). Inter-pixel 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 the present data evaluation all pixels were
read and analyzed and the pixel with maximum energy was selected in each detector for energy
windowing followed by image processing, thus crosstalk events are automatically rejected since
their signals have less amplitude than that of the pixel where the real event took place. 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. In summary,
applying energy windows is sucient for event selection for tomographic imaging but image
quantication requires considering all events impinging the detectors. These ndings may be
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of importance in conventional nuclear medicine PET [Lub04] and are of utmost importance for
random suppression and image quantication during in-beam PET measurements.

6.10 Application to Radiotherapeutic Beams
The applicability and usefulness of the methods presented depend on the timing characteristics of the therapeutic beam where the methods are to be applied. The importance of random
suppression during in-beam PET measurements increases as the accelerator duty factor Df
increases. For example, linear accelerators for electron, photon and even ion [Ama04] radiotherapy have extremely small duty factors (∼ 0.1 %) and, consequently, the random suppression method summarized in section 1.4.2 and detailed in [Paw97, Eng04b] suces for in-beam
PET at these machines. In contrary, isochronous and superconducting cyclotrons used for
ion radiotherapy [Ros00, PSI99, Kim01] deliver continuous wave (CW) beams (Df ∼
= 100 %),
which render in-beam PET implementable only with the present random suppression methods.
Synchrotron-delivered radiotherapeutic beams have duty factors between 10 and 90 % [Hab93,
Eic03, Fur03, Cou04], meaning that such facilities can considerably prot from the application
of the random suppression techniques presented here. Table 6.6 emphasizes these conclusions
by summarizing the timing characteristics of several radiotherapy facilities worldwide. The values given for ∆tbg represent the FWHM of the bunch. All random suppression results presented
in this chapter reserved a time window of 2 × FWHM about the microbunch.

Table 6.6: Time characteristics of some therapeutic beams worldwide. The symbol TM refers to
the period of the macropulses of the accelerator, DF refers to its duty cycle, TRF is the period of
the RF signal, ∆tbg is the typical bunch width, and occRF the mean RF occupancy.

Facility
Catania
GSI
Heidelberg
HIMAC
Loma Linda
NPTC
PSI
TERA
TERA

Acc.
type
Cycl.
Sync.
Sync.
Sync.
Sync.
Cycl.
Cycl.
Sync.
Linear

Ion(s)
p
C
p-O
C
p
p
p
p
p

TM
(s)
n.a.
5
2-12
3.3
2.2
n.a.
n.a.
1
5 ms

Df
(%)
CW
∼ 40
8-92
61
82
CW
CW
65
0.06

TRF
(ns)
30
480-250
284-148
151
109-103
9.4
19.75
80
0.33

∆tbg
(ns)
4-6
∼ 30
n.k.
n.k.
n.k.
0.8
0.3
n.k.
0.03

occRF
(ppb)
300
13.9
8.0
n.k.
1471
118
n.k.
n.k.
n.k.

Ref.
[Cir04]
[Hab93]
[Eic03]
[Fur03]
[Cou04]
[Ros00]
[PSI99]
[Buc96]
[Ama04]

Catania:
Laboratori Nazionali del Sud, Catania, Italy.
Heidelberg:
Heavy Ion Cancer Therapy Facility, Heidelberg, Germany.
HIMAC:
Heavy Ion Medical Accelerator in Chiba, Japan.
Loma Linda: Loma Linda Univ. Proton Treatment Center, Loma Linda, USA.
NPTC:
Northeastern Proton Treatment Center, Boston, USA.
PSI:
Paul Scherrer Institute, Villigen, Switzerland.
TERA:
TErapia con Radiazioni Adroniche, Novara, Italy.
n.a.: not applicable n.k.: not known ppb: particles per bunch CW: continuous wave

6.10.1 Implementation at GSI and at the Heidelberg clinics
A mean RF occupancy of 13.9 carbon ions per bunch was calculated for the GSI facility by
considering all combinations of beam energies and intensities used to treat all patients to this
date (Fig. 6.23). Extrapolating these values to the synchrotron parameters at the future ion
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Figure 6.23: Histogram with the combined beam energies and intensities used to treat 240
patients at GSI between January 1998 and August 2004. Overplot are several RF occupancy
curves at GSI (top, grey) and at the future synchrotron in Heidelberg (bottom, dark).

Figure 6.24: Histograms with the RF occupancies at GSI (solid curve) and expected for Heidelberg (dashed curve), corresponding to Fig. 6.23.

therapy facility in Heidelberg, with an even higher duty factor, yields occRF = 8.0 12 C ions per
bunch. This value indicates that there may be an advantage, from the point of view of timing
(Fig. 6.3), in using the γγ -ion in respect to the γγ -RF method for this facility. Nevertheless,
the smaller stopping power of ion species with lower atomic number than carbon, and the lower
relative biological eectiveness of these species, require the beam intensity to be magnied if
the same dose is to be applied. Consequently, a higher RF occupancy is to be expected for
ions lighter than carbon, which renders, apart from carbon and oxygen ions, the γγ -RF and
γγ -ion methods identical in this aspect.
Despite the noise problems presented in section 6.6 for the diamond detector, arising from
normal rst-attempt experiments, the γγ -ion method is easier to implement in real therapeutic
situations since it does not require a correction for the transit time of the ions in the beam
pipeline (which is dependent on beam energy). Nevertheless, its has the drawback of requiring
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additional material in the beam path. This would become an advantage if the fast particle
detector could be used also as a beam monitor [Per04, Ber01], which is not a trivial task since a
large area, position sensitive detector covering the whole beam delivery portal (20 × 20 cm2 at
GSI) would have to be assembled. In addition, the very high mean occRF for proton treatments,
e.g. 1479 particles per bunch at the Loma Linda synchrotron (Table 6.6), requires the eventual
beam monitor to be able of performing charge integration in order to detect ions overlapping
in time. In summary, an ultra-fast, particle counter detector with a large dynamic range would
be required, which is indeed a technological challenge. One possible alternative to the large
size of the beam monitor would be to position a small area, fast particle detector at the last
beam focus in the accelerator pipeline. Nevertheless, this again would require a correction for
the ion transit time in the beam pipe.

6.10.2 Cyclotron-delivered therapeutic ion beams
In-beam PET implementation at cyclotron-based facilities seems to be non-trivial because of
the small time dierences between ∆tbg and TRF , with ∆tbg ranging from 0.3 ns [PSI99] to
about 6 ns [Cir04] and TRF from about 10 ns [Ros00] to 30 ns [Cir04]. On the accelerator side,
two methods to increase TRF are possible [Bra99]. 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 dicult for heavy ions). The second uses
multi turn extraction followed by a subharmonic buncher that reduces the beam repetition rate
to the orbital frequency [Bra99]. 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 very fast signal processing electronics, e.g. as proposed [Lec02] and already
achieved [San04] with LSO/APDA used for positron emission mammography (PEM).

6.11 Summary and Outlook
Two methods for suppressing the high-yield, micropulse-induced random coincidences during
beam extraction have been tested successfully at the medical beam line at GSI. With the
accelerator duty cycle of 40 % installed there, the increase in image statistics was measured to
be between 70 and 90 %. Both random suppression methods are based on the synchronization
of the γγ -coincidences measured in-beam 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 and tomographic images of the β + -activity induced by the beam in a plastic
phantom, rst-measured during beam extraction, have clearly conrmed the feasibility of the
proposed random suppression methods. In addition, tomographic imaging of short-lived β + decaying isotopes that could not be discriminated so far due to the high event ux within
the microbunches, could be performed. Both methods indicate that in-beam PET random
suppression can be achieved by applying narrow energy windows about the 511 keV photopeak
on each pair of detectors. Nevertheless, since such narrow windowing is unfeasible with the
current electronics implemented in commercial PET tomographs, a broader energy window
was applied at the detectors, providing the same level of random suppression if the moment of
coincidence arrival was time correlated with the beam microstructure. The methods provide
a solution for implementing in-beam PET in hadrontherapy facilities with synchrotron and
cyclotron delivered beams with high duty factors or continuous wave, respectively. Namely,
and more importantly, they provide a solution for applying in-beam PET at synchrotron-based,
heavy ion radiotherapy facilities [Hea98, Sie04] with an optimized beam delivery duty factor
where in-beam PET data taking can be compromised if none of these random suppression
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methods is applied.
Despite the positive rst results, the random suppression methods presented still require a
system that corrects for the transit time of the ions in the beam pipeline (ion transit time is
energy dependent) before being applied to a therapeutic system either with the γγ -RF method
or with the γγ -ion method, with the fast particle detector positioned at the last focus of the
accelerator. If a fast particle detector capable of performing beam monitoring is developed
(detector size, speed and energy proportionality are an issue), then such a position sensitive
detector must have an area of 20 × 20 cm2 and a disjunctively connected output of all its pixels
must be made available to the in-beam PET data acquisition system.

Chapter 7

Conclusions and Outlook
Several objectives pursued within the present work, optimization of in-beam positron emission
tomography applied for the monitoring of heavy ion tumor irradiation, have been met. In some
issues a rst, important step towards an optimization has been given, but future work is still
needed, as detailed below.
The most important limitation of in-beam PET rstly addressed in this work was the problem
of image artifacts arising from limited angle tomography. The present reconstruction routine
applies a penalization factor at image voxels located far from the isocenter, preserving image
proportionality at the isocenter, where the tumor is located. In order to understand the source
of these artifacts, and in order to be able to propose a detector conguration that minimizes
them, two software tools were constructed. The rst was a tomograph simulation capable of
handling variable detector congurations, simulating the detection of the annihilation radiation
and providing a versatile detector encoding scheme. The second consists of a exible reconstruction routine able of reading and treating mathematically the ouput of this simulation.
This reconstruction routine extends the mathematical data treatment already implemented for
the in-beam tomograph at GSI. It presents a novel approach for 3D data histograming and
allows, therefore, real 3D tomographic reconstruction. Although this routine provides a reconstruction solution for next-generation, optimized in-beam positron emission tomographs, it
presents two limitations. These are the large processing time and large memory size required
if very large data sets are handled, as is the case with irradiation in the pelvis region. In order
to reduce the processing time the routine must be adapted to the ordered subsets estimation
algorithm (OSEM), which reduces the number of iterations from the present fty to only a
few. Concerning the large memory size, modern computers already provide a working solution.
This can be seen by the pelvis irradiation images presented throughout this work. They correspond to a large image volume and data size, and were processed with normal, commercial
computers. Nevertheless, the development of a 3D system matrix exploiting the symmetries
existing in the processes of emmission tomography will greatly reduce both time and memory
demands in PET reconstruction algorithms.
Using the simulation and reconstruction routines mentioned, the origin of several artifacts was
identied to be dependent on the gaps between the two heads in a dual-head detector system.
Two detector congurations for next-generation, improved in-beam PET were proposed: a
dual-head tomograph with small gaps, allowing the incoming beam to arrive to the tumor,
and a closed ring tomograph. The closed ring tomograph must be positioned, during patient
irradiation, tilted in respect to the direction of the incoming beam. In order to evaluate the
optimum detector conguration with real patient data another simulation code, previously
developed by past members of this team, was used. This code, named PosGen, generates β + activity distributions based on the computed tomogram of a patient and on a given irradiation
plan. Within this work the PosGen code was slightly modied in order to be coupled with
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the routine simulating the several tomographs. The images obtained after reconstruction show
a clear advantage for closed ring tomographs if large irradiation elds, like irradiation in the
pelvis region, are to be monitored with in-beam PET.
Integrating either proposed detector conguration into future heavy ion treatment facilities
was also studied. For horizontal, xed beam lines it was seen that both congurations can
be implemented with slight modications in respect to the solution presently installed at GSI.
For isocentric, rotating beam deliveries several proposals were analyzed. It was seen that
implementing in-beam PET in the beam gantry, a solution developed at GSI, oers the most
advantages. This GSI solution was further extended, within this work, in order to allow for a
closed ring tomograph to be implemented.
The limitations imposed by the low statistics data sets of in-beam PET images were also
addressed in this work. Three reasons exist for this. First, the amount of nuclear reactions
inducing β + -decaying isotopes is, per se, relatively small in comparison to the incoming ion
uence. The statistics of in-beam PET images will improve if the number of treatment fractions
is reduced (higher dose per fraction). This item was not addressed in the present work. Second,
a high number of annihilating events is lost due to biological mechanisms like washout, or due
to the low detection eciency provided by a dual-head tomograph with large gaps. This loss of
events is reduced with the detector congurations proposed for next-generation tomographs: a
closed ring, or a dual-head tomograph with small gaps. And third, data taking during particle
extraction is presently vetoed due to the presence of a high background that overlaps the
annihilation signal.
The problem of high noise during particle extractions was rst addressed by other members of
the in-beam PET team. A demanding research work, envisaged at understanding the mechanism originating the high background noise existing during particle extractions, was put forward. A correlation existing between the moment of arrival of background events with the
arrival of the carbon ions, synchronized with the radiofrequency (RF) signal from the accelerator, was found and exploited. This provided the knowledge for developing a technical solution,
within this work, in order to allow in-beam PET data taking during particle extractions. Such
solution was required for two reasons. First, in order to increase the statistics of the presently
acquired images. Second, and more importantly, in order to allow in-beam PET to be implemented at future facilities using optimized synchrotron or cyclotron accelerators. This is
because recent developments in accelerator technology result in beam extraction times occupying close to 100 % of the accelerator duty cycle. Two technological solutions for suppressing the
high noise background of in-beam PET were proposed in a patent, and veried experimentally
at the GSI medical beam line within this work. This verication, using a triple coincidence
technique, allowed for the rst time to readout, and image, double-γ -ray events correlated with
the moment of ion arrival during particle extraction. Two γ -ray, position sensitive detectors,
with 32 pixels each, were assembled and used. A very thin diamond detector, positioned in the
beam path as an ion detector, was used to signal the moment of ion arrival. A fast, RF-trigger
electronics module, developed in house, was used to time a given phase of the RF-signal from
the accelerator. A pencil-like beam was stopped in a phantom and the 2D images and depth
proles, obtained for the rst time during particle extraction, clearly show the feasibility of
the two technical solutions proposed in the patent. These images and proles allowed also to
gather evidence about the inuence of short-lived, β + -decaying isotopes with higher endpoint
energies. These short lived isotopes could not be discriminated so far due to the high event
ux within particle extractions. Nevertheless, a measurement of their lifetimes could not be
performed, meaning that a clear proof of their detection is still lacking.
But the positive background suppression results were obtained with a xed beam energy. Sev-
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eral challenges must be addressed before either of the random suppression methods is applied
onto a therapeutic site equipped with in-beam PET. One random suppression method correlates the incoming γ -rays with the moment of ion arrival based on a fast particle detector
positioned in the beam path. If this method is used, than a fast particle detector capable
of performing beam monitoring must be developed. Detector size, speed and energy proportionality are an issue. Furthermore, such a position sensitive detector must have an area of
20 × 20 cm2 and a disjunctively connected output of all its pixels must be made available to
the in-beam PET DAQ system.
Another random suppression method correlates the incoming γ -rays with a given phase of the
RF-signal from the accelerator. Since the transit time of the ion in the beam pipeline depends
on its energy, the RF-phase that properly vetoes the high background noise will also depend
on the beam energy. Therefore, a system that corrects for the transit time of the ions in the
beam pipeline is necessary in this situation. In addition, the RF-phase trigger must provide a
digital output with constant delay in respect to any input frequency, i.e. it must not depend
on beam energy. One possible solution veried experimentally is described in appendix D.
Concerning detector development, a great eort was put in this work onto assembling and
testing state-of-the-art technology specially adapted to the requisites of in-beam PET. Two
position sensitive, γ -ray detectors consisting of nger-like crystals of lutetium oxyorthosilicate
(LSO) coupled to two avalanche photodiode arrays (APDA) were assembled. The substitution
of the conventional photomultiplier tube (PMT) by APDA provides the magnetic eld resistance needed for the next-generation, in-beam PET detectors. Such elds, generated by the
last beam bending magnet, will be present if in-beam PET is installed onto isocentric, rotating
beam deliveries. In addition, the more than ten times smaller dimensions of APDA in respect
to PMT will allow a huge volume reduction of positron emission tomographs built with such
detectors. Furthermore, the energy and time resolutions measured with the new detectors,
better than those obtained with the presently installed detectors, are directly related to the
quality of PET images. The in-beam imaging capability of these LSO/APDA detectors were
tested under or after harsh irradiation conditions. In one experiment the detectors were positioned up and downbeam from a target irradiated with a uence equivalent to 1000 typical
daily therapeutic fractions. A line source positioned between the detectors was imaged, allowing parameters like time, energy and spatial resolution to be compared before, during and
after irradiating the target. A second experiment imaged the β + -activity distribution generated by a monoenergetic beam in a target of Lucite. In addition, a third experiment exposed
a scintillator block of LSO to the ux of light particles leaving two single-portal patient treatments. Germanium-detector-based, spectroscopic γ -ray measurements showed no scintillator
activation. These combined results prove the feasibility of using an LSO/APDA detector for
next-generation, improved in-beam PET scanners with high detection eciency and reduced
image artifacts.
But, due to the small amount of 176 Lu, a natural radioactive element, in LSO, the inuence
of the natural background activity density of LSO onto an LSO-based tomograph had to be
estimated. It was seen that, in order not to compromise the quality of the low-statistics inbeam PET images, modern, digital data acquisition techniques are necessary in order to reduce
the coincidence time resolution of the detectors to a full width at half maximum (FWHM) of
1 ns or below.
Finally, the impact of recent developments in ultra-fast timing detectors, potentially allowing
the implementation of the time-of-ight technique onto commercial PET scanners, was extrapolated to in-beam PET. Very promising results can be achieved if future PET detectors with
a coincidence time resolution below 200 ps FWHM can be built.

140

Chapter 7. Conclusions and Outlook

Appendices

141

142

Appendices

Appendix A

A Factorization Scheme for 3D Tomographic
Data
In order to be able to optimize the detector geometry for in-beam PET scanners, a set of
simulation and reconstruction routines capable of handling a high number of coincidence channels, corresponding to a high resolution, closed ring tomograph, was needed. If the ECATr
EXACTTM HR+ tomograph (CTI PET Systems Inc.) is considered, containing 32 complete
detector rings, the total number of single detector channels is 18 432. Since in-beam PET is
characterized by low statistics data-sets sampled with a limited angle tomograph, rebinning
the 3D collected data into 2D sets disturbs the spatial information of the few lines-of-response
(LOR) existing, which vetoes the application of already existing rebinning algorithms. Therefore, a fully 3D implementation of the maximum likelihood expectation maximization (MLEM)
algorithm was done [Cre02, Cre05b] by making use of the system symmetries and coincidence
channel possibilities illustrated in Figs. A.1 and A.2.
Fig. A.1 shows the pixel numbering scheme implemented both in the simulation and in the
reconstruction routines. For every detected coincidence the simulation registers, in list mode,
two numbers corresponding to the pixels hit. It is up to the reconstruction routine to histogram
the incoming list mode data appropriately before proceeding with the iterations of the MLEM
algorithm. In order to handle the enormous amount of crystal combinations possibilities, close
to 170 million, dynamic memory allocation was necessary together with a factorization scheme
that allowed the reconstruction to handle only non-empty coincidence channels. For that, all
possible coincidence possibilities were analyzed, as depicted in Fig. A.2. It can be seen that a
total of 5 299 200 and 164 275 200 crystal combinations can occur within intra-ring and inter-ring

Crystal number:

Ring number: 0 1 2 3

…

28 29 30 31

2
1 577
0 576
575

Intra-ring coinc.

Crystal #18431

Inter-ring coinc.

Figure A.1: Intra- and inter-ring coincidences and ring and pixel numbering adopted for the
reconstruction routine. The image shows a closed ring detector geometry. If a dual head tomograph
is considered pixels that should be absent are simply ignored.
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Possible intra and inter-ring
combinations:
0 0
0 1
0 2
…
0 31
1 1
1 2
…
1 31
…
29 29
29 30
29 31
30 30
30 31
31 31

Possible intra-ring pixel
combinations:
0
0

1 intra-ring plane
31 inter-ring „planes“

1 intra-ring plane
30 inter-ring „planes“

1 intra-ring plane
2 inter-ring „planes“
1 intra-ring plane
1 inter-ring „plane“
1 intra-ring plane

0
1
1
496 „planes“
32 planes

1
2
2
2

…

…

…

1
2
575
2
3
575
3
4

575 elements

574 elements

573 elements

575

…
573 574
573 575
574 575

2 elements
1 element

Possible inter-ring pixel
combinations:
0
0
0
1
1
1
2
165 600 elements 2
2
2

…

…

…

1
2

575 elements

575
0
2

575 elements

575
0
1
3

575 elements

575
…
575 0
575 1
…
575 574

331 200 elements

575 elements

Figure A.2: Scheme showing possible intra-ring, inter-ring and pixel combinations.
coincidences, respectively, yielding a total number of coincidence possibilities of 169 574 400.
In order to facilitate the histograming of any given set of coincidences, measured or simulated,
the asymmetry between intra-ring and inter-ring pixel combinations was broken by assuming a
factorization scheme that considers inter-ring pixel combinations only. The asymmetry is again
restored if during the factorization all pixels triggered in an intra-ring coincidence, and only
those, are histogramed taking into account the pixel with inferior number in rst place. For
example, if pixels 100 and 200 are hit in the same ring, than the histogram combination with
pixels 200 and 100 must not exist since it regards the same coincidence channel, which is not
true if two dierent rings are hit. The next paragraph exemplies the C code that, respecting
the constraints mentioned, generates a triangle-shaped histogram (Fig. A.2, left column) with
a unique channel existing for every coincidence occuring in any given rowA, ringA and rowB,
ringB of the tomograph, with rowA and rowB denoting the number of the pixel triggered within
the ring (0 to 575, cf. Fig. A.1).

if (rowA > rowB && ringA == ringB) { // smaller pixel goes first
aux = rowB, rowB = rowA, rowA = aux; }
// smaller ring goes first except for detections in same ring
if (ringA > ringB) { aux = rowB, rowB = rowA, rowA = aux;
aux = ringB, ringB = ringA, ringA = aux; }
hitPlane= ringA * axialCH + ringB;
// hit plane (axialCH=32 for exact-hr+)
chINpl = rowA * crPERri + rowB;
// channel within plane (crPERri=576)
channel = hitPlane * chPERpl + chINpl;// unique channel number (chPERpl=331200)
In addition to the factorization algorithm described, dynamical allocation for new histogram
channels appearing during the building of the histogram was implemented by means of a linked
list scheme, where each histogram channel points to its immediately inferior, non-empty, nonadjacent channel and, at the same time, to its immediately superior, non-empty, non-adjacent
channel. This allows the histogram to contain only non-empty channels and to grow only
when a new, nonexisting channel is triggered. In order to save computer memory and increase
the processing speed the histograms used during later iterations loose the linked list character
since new histogram channels cannot appear during the iterations of the MLEM reconstruction
algorithm. Finally, both the simulation and the reconstruction routines are versatile concerning
the number of pixels considered, i.e. they are able to handle a larger number of pixels in the
tomograph, e.g. by increasing the radius of the tomograph as studied in section 2.6.2.

Appendix B

CAGE - A Multi-Parameter Data Acquisition
at CAMAC Speed
A data acquisition system performing multi parameter readout of electronic modules operating
under the CAMAC1 standard was developed in order to readout the two position sensitive
γ -ray detectors studied in chapters 4, 5 and 6. Each detector provides 32 energy outputs
resulting in 65 and 67 analog channels to be read if the additional coincidence time spectra
are taken into account (chapters 4 and 5, and chapter 6, respectively). This numbers increase
further if the extraction status from the accelerator is also sampled, as well as a scaler allowing
to read the number of events lost by the system during data readout. Four CAMAC peak
sensing ADC from Phillips Scientic, model PS7164, were used, each providing 16 channels
input. A CAMAC/GPIB2 crate controller from Kinetic Systems, model 3988, reads the ADC
and sends the data through the GPIB protocol to a GPIB/Ethernet converter from National
Intruments, model GPIB-ENET/100. The GPIB/Ethernet converter can be accessed by any
linux-running machine logged to the local network. For that, a C/C++ based application
named CAGE (Camac Acquisition through GPIB and Ethernet) was developed [Cre03]. It
allows the user to control the CAMAC acquisition and to see, on-line, the spectra being collected. The GPIB/ENET driver software for linux is publicly available [Nat05] and the control
routines for the display are based on the Qt open-source package [Tro05].
CAGE is prepared to automatically perform and display single spectrum acquisitions with rates
above 40 kcps3 (Table B.1), two simultaneous spectra (Fig. B.1) reaching rates of approximately
30 kcps, 16 spectra, 64, 66 and 69 spectra. When acquiring 16 spectra or less, the 65 kiloword
buer of the crate controller, with 24-bit long words, is used to maximize speed throughput
by reading one ADC in the so-called Q-repeat mode. In this mode, a CAMAC read function
can be repeatedly executed at CAMAC-bus speed (∼ 1 MHz, 24 bit, parallel) and the result
is stored in the buer only when the ADC delivers a CAMAC Q-signal, i.e. a valid read cycle.
CAGE starts the connection protocol only when the buer is full and, once the hand-shake
between the host computer and the crate controller is performed, the full buer is transferred
in direct memory access (DMA) mode at the maximum speed of the intervening buses (8 Mbit,
parallel, for the GPIB bus and 10 to 100 Mbit, serial, for the TCP/IP4 ).
If the number of spectra exceeds 16, than more than one ADC is needed and one repeated
read function does not suce. In this case, an auxilliary crate controller from Kinetic Systems,
model 3982, is used which has two internal buers: one for function storage and one for data,
with 8 kiloword each. CAGE rst stores in the 3982 function buer the CAMAC operations to
be performed every time an event arrives. An ADC from Ortec, model 811, with the slowest
1
2
3
4

Computer Automated Measurement And Control.
General Purpose Interface Bus.
Kilo counts per second.
Transmission Control Protocol / Internet Protocol.
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conversion time, asserts its look-at-me (LAM) signal when it has nished conversion and with
this starts the 3982 acquisition cycle. The 3982 runs in standalone mode, handling the arriving
events and storing them in the data buer at CAMAC speed. CAGE checks the data buer
and only reads it, in DMA mode as mentioned, after it is more than half-full, again optimizing
the buses transfer capabilities.

Figure B.1: CAGE user interface displaying two single photoelectron spectra. The spectra were
simultaneously acquired with two Phillips PMT: an XP2020Q at -2650 V (top) and an XP3312B
at -1300 V (bottom).

Table B.1: CAGE performance for several input rates and readout channels. All values obtained
with a comb-shape spectrum generator.
In
Input
rate
(cps)
100
1k
10 k
100 k

Out
1 ch.
RR
(cps)
98.7
977
9k
43 k

DT
(%)
1.3
2.3
9.8
57

2 ch.
RR
(cps)
98.4
974
9.1 k
29 k

DT
(%)
1.6
2.6
9.5
71

RR = Readout rate (counts per second),

16 ch.
RR
(cps)
96
900
4.4 k
6k

DT
(%)
4
10
56
94

32 ch.
RR
(cps)
92
624
1.4 k
1.6 k

DT = Dead time (%).

DT
(%)
8
37
86
98.4

64 ch.
RR
(cps)
87
446
745
794

DT
(%)
13
55
93
99.2

66 ch.
RR
(cps)
86
398
611
650

DT
(%)
14
60
94
99.4

Appendix C

Generated and Detected Positron Activity
during Irradiation
The present appendix summarizes the method used to estimate the number of positron emitting
nuclei detected within a given irradiation, e.g. as plotted in the simulation curve in Figs. 6.11
(j)
and 6.14, and detailed in Table 6.2 and Fig. 6.12. The number N0 of each isotope species j
produced by an incoming beam with uence F and target range R was extrapolated from the
output of the Monte-Carlo code PosGen [Has96, Pön04] shown in Fig. 1.17. The simulated
(j)
value of N0 must agree with that expected for thick targets
(j)

N0

=F ·ρ·

NA
· R · σ (j) ,
A

(C.1)

with ρ · NAA being the target molecular density and σ (j) the partial cross section containing all
the reactions yielding isotope j . The term σ (j) is given by

σ

(j)

=

M
X

(j)

fi · σP Ti ,

(C.2)

i

with M the number of chemical elements composing the target, fi the stoichiometric coecient
(j)
for element i in the target molecule and σP Ti the partial cross section for the reactions Ti (P ,j )Ti0
and Ti (P ,P 0 )j , i.e. the cross section for the reactions creating the projectile or target fragment
j by impinging projectile P on target element Ti , respectively.
Eq. C.1 holds for a beam kinetic energy E between 500 down to 100 AMeV, where σ (j) is
approximately constant [Sih93]. For smaller beam energies σ (j) depends on E and must be
substituted with σ (j) (E ), with σ (j) (E ) presenting a rst steep rise with decreasing E , followed
by a sharp drop to zero for E ≤ 30 AMeV [Has96, Sih93].
If the irradiation conditions used to build Table 6.2 are considered, i.e. a total of 6 × 1010
carbon ions are delivered onto a PMMA target with a kinetic energy of 200.2 AMeV, cor(15 O)
responding to R = 74 mm, together with e.g. σ12 C16 O = 84 mb taken from [Sih93], than
the total number of 15 O target fragments produced following Eq. C.1 is 8.06 × 108 , which lies
12 % below the number simulated with the PosGen code (9.2 × 108 , Table 6.2) most probably
because the Monte Carlo code takes into account the steep increase in the cross section for
producing 15 O at low beam kinetic energy. The same is veried for the production of 11 C,
(11 C)
(11 C)
both target and projectile, by considering σ12 C12 C = 53 mb [Sih93], σ12 C16 O = 26.5 mb [Sih93],
(11 C)

and σ12 C 1 H = 57 mb [Bee03]. In this case Eq. C.1 yields 3.7 × 109 11 C ions versus a total of
4.0 × 109 generated with the PosGen code. This again is a good agreement due to the same
argument: the Monte Carlo code must consider the higher cross sections veried when the
beam energy decreases, therefore yielding 7.2 % more 11 C isotopes than the simpler approach
given by Eq. C.1.
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Appendix C. Generated and Detected Positron Activity during Irradiation
(j)

Once the number N0 of isotopes j produced per spill is known, and assuming it is created at
(j)
time instant t0 = 0, the activity value at a later time instant t1 , At1 , is given by
(j)
At1

(j)

=

N0
(j)

T1/2 / ln 2

·

NX
s −1
i=0

µ
¶
−i · TM
exp
,
(j)
T1/2 / ln 2

(C.3)

with Ns the number of spills delivered between t0 and t1 , TM the macropulse (spill) period
(j)
and T1/2 the half-life of isotope j . The number of isotopes j decaying within the time window
(t0 = 0, t1 ) of a PET measurement, C (j) = N (j) (t0 = 0, t1 ), is given by the time integral of
Eq. C.3:
"
¶#
µ
Z t1
NX
s −1
−i
·
T
(j)
M
C (j) = N (j) (t0 = 0, t1 ) =
.
(C.4)
A(j) (t) dt = N0 ·
1 − exp
(j)
t0
T1/2 / ln 2
i=0
(j)

Eq. C.4 shows that isotopes with half-lives T1/2 much shorter than TM yield
(j)

(j)0
Cshort−lived

=

(j)
A0

·

T1/2
ln 2

· Ns ,

(C.5)

i.e. the induced activity nearly completely decays within any PET measurement. This mechanism explains the increasing relative weight of short-lived, β + -decaying isotopes, e.g. 12 N and
8 B, with decreasing measuring time. Due to their fast decay, this fact can only be observed
when data taking during particle extraction is implemented (Table 6.2 and Fig. 6.12). By
weighting Eq. C.5 with the proper time window for data taking during particle extraction, the
number of short-lived isotopes detected slightly reduces to

¸
∆tbg
· Ns ·
−1 ,
·
ln 2
TRF
(j)

(j)
Cshort−lived

=

(j)
A0

T1/2

·

(C.6)

with ∆tbg and TRF dened in Fig. 6.1 and Eq. 6.2, respectively.
(j)

If the same time window is applied for isotopes with T1/2 > TM , and adding the proper weight
resulting from the duty factor Df of the accelerator, dened in section 6.1, the number of
long-lived isotopes detected is given by
·
¸
·
¸
·
¸
¡ ∆tbg
¢
∆tbg
(j)
(j)
(j)
(j)
Clong−lived = C · 1 − Df + C · Df ·
− 1 = C · 1 + Df ·
− 2 . (C.7)
TRF
TRF
(j)

(j)

Finally, both Clong−lived and Cshort−lived must be multiplied by the geometrical acceptance and
coincidence detection eciency of the detectors measuring the decaying β + -activity.

Appendix D

A Random Suppression Solution for BASTEI
The results obtained with the phase trigger described in section 6.2.2 allowed to perform random suppression during particle extraction with the two LSO/APDA detectors (section 6.5).
The phase trigger utilized [Hei04] showed excellent performance for a xed beam energy, being independent from the amplitude of the RF signal, as necessary for all results presented
in sections 6.5, 6.7 and 6.8.2. Nevertheless, its digital output presents frequency dependent
delays, described in section 6.2.2, which veto its application during the consecutive changing
beam energies utilized during therapeutic irradiation by means of the GSI rasterscan beam
delivery [Hab93]. For this reason, the experimental results obtained with a phase trigger independent of the amplitude, frequency and baseline oscillations of its input signal are presented
here. The proposed phase trigger [Eng05c] is based on a leading edge circuit, preceeded by a
high-pass passive lter and built in zero-crossing mode (Fig D.1). Its performance is shown
in Fig. D.2, obtained by feeding into an assembled phase-trigger several signals from a waveform generator. The timings of the input signals covered the range of frequencies used at the
GSI rasterscan delivery system, was well as the timings to be used at the synchrotron in the
Heildelberg clinics (Table 6.6). It can be seen that a negligible oscillation (inferior to 2 %)
exists between the output of the phase trigger in respect to the moment of zero-crossing of all
input signals. The input frequencies covered the accelerator RF timings from the GSI facility
as well as from the hospital facility planned in Heidelberg. Input frequencies ranged between
2.08 MHz (Fig. D.2, top) up to 7.1 MHz (Fig. D.2, bottom), with the signal amplitudes varying
between 0.5 and 2 V in all cases, which is well above the 30 % maximum amplitude variation
of the RF signal at GSI [For03]. In addition to the tests described, a low frequency signal (not
shown), simulating an oscillating baseline, was added to the input of the phase-trigger and it
VRF
VHIGH
VLOW

CMP1

+

CMP2

CMP1
-

GG2

DAQ
VETO

DL

GG1
RF

GG
Stop 1

VHIGH

HP

DAQ
VETO

Start

~

+
CMP2
-

t1 t2 t3

Start

GG

VLOW

Figure D.1: Timing diagram (left) of a zero-crossing, phase trigger concept (right). The highpass lter HP brings the DC component of the RF signal to zero, i.e. it eliminates slow moving
baseline oscillations. By setting VHIGH to ground the remaining electronics acts like a zero-crossing
detector insensitive to amplitue and frequency variations of the input signal (cf. Fig. D.2).
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Figure D.2: Results measured with the phase trigger proposed. The three output signals in each
image overlap perfectly (text has details).

was seen that a simple passive, double stage, high-pass lter (HP in Fig. D.1) provided enough
attenuation of the slow oscillations, enabling the phase-trigger to perform without restrictions.
The output of the phase trigger, DAQ VETO, can be implemented onto the electronics of
BASTEI following the scheme in Fig. D.3. An analog multiplexer sets the connection from
the anode signal of each PMT to ground (through a 50 Ω resistor) only when the DAQ VETO
signal is asserted. This disables the data acquisition from BASTEI to read the high yield event
background during the microbunches (∆tbg , Fig. 6.1). This setup still lacks a time correction
for the ion transit time in the beam pipeline, which is a parameter dependent on the beam
energy that can be calibrated once and written on an electronic look-up table. Together with
this look-up table, the whole assembly would provide a low-cost random suppression solution
for BASTEI based on one phase-trigger circuit, already assembled at FZR, together with 256
(or 64 Quad) fast analog multiplexers installed between the anode outputs of the 256 PMT
and the electronics boards from BASTEI, as shown in Fig. D.3.
DAQ VETO
50 Ω

from
anode

AM
RL

RD

RD

RD RD

+ HV

BASTEI
ELECTRONICS

Analog Multiplexer (AM)

Photocathode Anode

RD

to BASTEI
electronics

Figure D.3: Implementation of the phase trigger output onto BASTEI. The dashed, curved lines
denote the two cables connecting the data acquisition electronics from BASTEI to each PMT.
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