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A B S T R A C T

Particle therapy is a therapy technique that exploits protons or light ions to irradiate tumor targets with high
accuracy. Protons and 12C ions are already used for irradiation in clinical routine, while new ions like 4He and
16O are currently being considered. Despite the indisputable physical and biological advantages of such ion
beams, the planning of charged particle therapy treatments is challenged by range uncertainties, i.e. the un-
certainty on the position of the maximal dose release (Bragg Peak – BP), during the treatment. To ensure correct
‘in-treatment’ dose deposition, range monitoring techniques, currently missing in light ion treatment techniques,
are eagerly needed.

The results presented in this manuscript indicate that charged secondary particles, mainly protons, produced
by an 16O beam during target irradiation can be considered as candidates for 16O beam range monitoring.
Hereafter, we report on the first yield measurements of protons, deuterons and tritons produced in the inter-
action of an 16O beam impinging on a PMMA target, as a function of detected energy and particle production
position. Charged particles were detected at 90° and 60° with respect to incoming beam direction, and homo-
geneous and heterogeneous PMMA targets were used to probe the sensitivity of the technique to target in-
homogeneities. The reported secondary particle yields provide essential information needed to assess the ac-
curacy and resolution achievable in clinical conditions by range monitoring techniques based on secondary
charged radiation.

1. Introduction

Charged particle therapy (PT) is presently used in more than 70
oncology centres worldwide, allowing patients to be treated with pro-
tons and carbon ions. In comparing PT to conventional radiotherapy

using photons, the improvement in tumor control probability (TCP) can
be viewed as a direct consequence of superior dose release selectivity,
of higher relative biological effectiveness (RBE) and oxygen enhance-
ment ratio (OER). These features significantly contribute to the reduc-
tion of both normal tissue exposure to radiation and complication
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probability (normal tissue complication probability – NTCP) [6].
While for historical, technological and economical reasons particle

therapy with protons is presently more widespread, also other ions,
mostly 12C ions, are nowadays investigated for therapy applications by
oncologists and researchers [36,35,6].

The treatment plan optimization, and the related TCP and NTCP,
can profit from the use of 4He, 12C, or 16O beams, even using different
ions for separate fractions within a treatment course [15,36,17,16,6].
On one hand, it has been recently shown that the high linear energy
transfer (LET) of 16O beams offers increased oxygen enhancement ratio
(OER) with respect to lower Z ions, which could be effectively exploited
to overcome hypoxia in the tumor region [33]. On the other hand, 16O
ions have to be accelerated to higher energies with respect to 12C ions,
and this represents a substantial technical and economical effort. Pre-
sently 16O beams at therapeutic energies for deep-seated tumors are
only available in a clinical environment at the Heidelberg ion beam
therapy center (HIT), Germany.

Charged particle range uncertainty [11] is severely limiting the PT
efficacy implying that displacements of the BP/dose distal fall-off po-
sitions, as predicted from the treatment planning software, with respect
to the ones actually delivered during the treatment have to be properly
handled. Safety margins have to be introduced in the treatment plan-
ning to account for many different factors, e.g. computed tomography
(CT) scanner calibration, patient positioning uncertainties and anato-
mical variations occurring in the course of treatment. Range un-
certainty is hence representing one of the greatest challenges in charged
PT, and it is driving the development of particle range monitoring de-
vices aiming to detect secondary radiation produced during the treat-
ment. This radiation is typically generated inside the patient by nuclear
interactions of the treatment beam, and can exit the body during irra-
diation [12]. The abundance of secondary radiation of different types,
like back-to-back photon pairs from +β emitters, prompt photons due to
nuclear excitations, charged secondary particles and neutrons gener-
ated in nuclear fragmentation, depends on the flux and kind of primary
particles used for irradiation [21] as well as on tumor location, com-
position and geometry of patient anatomy. Therefore, the optimal range
monitoring method might differ for different ion types.

Currently, the most investigated proton therapy range monitoring
technique is based on prompt-gamma (PG) detection, which was tested
experimentally and clinically [14,29,38,39]. As it was already men-
tioned in Krimmer et al. [14] and Rucinski et al. [30], and discussed in
Mattei et al. [21], the number of PG produced from ion beams with
Z > 1 is smaller with respect to proton beams, while the uncorrelated
background is increased, challenging the on-line verification of light ion
range with the gamma detectors that are currently under development.
Positron emission tomography (PET) can be an alternative to PG-based
monitoring, exploiting the +β emitters generated by the treatment
beam. The post-irradiation PET verification is now mainly considered
for protons [25,2,32,13,23,31] and it is facing several challenges due to
high background, low signal rate and biological washout effects [24,4].
Moreover, in potential treatments with 16O beams, one has to consider
that the same biologically equivalent dose is obtained with less primary
ions with respect to protons and carbon ions. Such primary flux de-
crease is not compensated by the increase in +β emitters production, as
known from the results already documented for 12C ions [32,31]. The
in-beam PET range verification of proton treatments was recently de-
veloped and tested clinically [34,26] showing promising results based
on the successful detection of signal from short-lived 15O emitters. The
increasing abundance of charged secondary particles with increasing
charge number Z of the primary ion makes them particularly suited for
achieving the desired precision of on-line ion range verifications with
4He, 12C, or 16O beams, providing the motivation to develop new range
monitoring techniques, dedicated to such beams.

The measured emission profile can be exploited for PT range mon-
itoring applications as it was suggested by it was suggested by [19],
Agodi et al. [2], Agodi et al. [10], Gwosch et al. [9], Piersanti et al.

[27], Mattei et al. [20], Rucinski et al. [30] and more extensively re-
viewed by Muraro et al. [22]. The production position of charged sec-
ondary particles has a distribution that depends on the primary beam
range, but it is distorted when it is reconstructed outside the patient,
due to the absorption along the exit path in the phantom/patient un-
dergone by the fragments. Characterization and quantification of
charged secondary radiation exiting the patient during the therapy, i.e.
secondary particle yield, energy spectra and emission profiles are es-
sential to design detectors that are suitable for beam range monitoring,
and this information is also needed to assess the accuracy and resolu-
tion achievable by range monitoring techniques in clinical conditions.
These quantities were not investigated experimentally before, and
cannot be accurately predicted using Monte Carlo (MC) simulations.

This manuscript belongs to a paper series entitled Secondary radia-
tion measurements for particle therapy applications aiming at character-
izing the PG, charged particles and heavier fragments production when
irradiating with 4He, 12C and 16O beams. Hereafter are reported the
secondary charged particles measurements performed using 16O beams.
These results are supplementary to the previous ones obtained studying
4He and 12C ion beams and documented in Rucinski et al. [30].

2. Materials and methods

2.1. Experimental set-up

In the presented work we studied secondary charged particles pro-
duced in the interaction of a primary 16O beam with a polymethyl
methacrylate (PMMA) target. The measurement were performed in the
HIT experimental cave. Several targets with dimensions

× ×5 5 dPMMA cm3 were placed at the beam isocentre, varying the
longitudinal length of PMMA target (dPMMA) accordingly to the primary
16O beam energy and range. In order to ease the forward fragmentation
measurements [18], dPMMA was adjusted to be about 2 cm longer with
respect to the beam range for a given energy, in order to stop the beam
in the PMMA target always at the same distance with respect to the
fragment forward exit window. The reference frame is depicted in
Fig. 1, and its origin is marked by a black spot within the PMMA.
Table 1 lists the target configurations and beam conditions (beam en-
ergy, transverse size, range computed by means of a MC simulation) of

PMMA

LTS

SC
beam z

x y

LYSO

DCH

θ

Fig. 1. The experimental set-up used for the emission measurements of charged
secondary particles generated in a homogeneous target for a 60° detector
configuration. Homogeneous and heterogeneous PMMA target configurations,
as well as a 60° and 90° detector set-up mounted on a movable arm were used
for the measurements reported in Table 1. SC was positioned 37 cm upstream of
the PMMA target. The front faces of the detectors were positioned in the global
reference frame at the following distance from the isocentre: LTS 8.0 cm, DCH:
50.5 cm (90°) and 55.0 cm (60°), LYSO: 73.5 cm (90°) and 78.0 cm (60°). The
origin of the reference frame is placed about 2 cm before the distal edge of
PMMA box. Figure is not to scale. The original figure was printed in Rucinski
et al. [30].
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the data set collected using 16O beams. Homogeneous and hetero-
geneous PMMA target configurations, as well as different angular de-
tector configurations (60° and 90°) were used in the measurements. The
heterogeneous target consists of PMMA blocks (separated by air gaps)
and have the same total length ( =d 10PMMA cm) as the homogeneous
target. Both targets were used to collect data using beams with energy
260MeV/u.

The experimental set-up for the homogeneous target study, with the
detector positioned at 60° with respect to the incoming beam direction,
is sketched in Fig. 1. The detector acceptance, efficiency and particle
identification were studied using FLUKA [7,5] MC simulations, in
which the complete geometry of the experimental set-up was im-
plemented. The MC simulation has been used to model the detector
response to the incoming radiation in order to estimate its detection
efficiency. No comparison with the MC prediction of fragment emission
was performed, since the focus of the manuscript is on experimental
results. The PMMA targets were assigned a density of −1.19 g·cm 3 and
ionization potential of 74 eV in the MC simulations.

The detectors used for the charged particles measurement are: the
0.2 cm-thick start counter (SC) used for triggering purposes, a 0.1 cm-
thick plastic scintillator (LTS) and a matrix of LYSO crystals, each of
1.5× 1.5×12 cm3 dimension, for time of flight (TOF) measurements,
and a 21 cm-long drift chamber (DCH) used to reconstruct and track the
charged particles, as sketched in Fig. 1. The SC provided also the
number of impinging primary ions on the PMMA target. The secondary
particles were detected by the LTS, DCH and LYSO detectors, aligned on
a movable arm pointing towards the isocentre, and that could be placed
at 60° or 90° with respect to primary beam direction.

The SC scintillator light was read-out by two Hamamatsu (H10580)
Photomultiplier tubes (PMT), placed at two opposite sides of the

scintillator, whereas the LYSO crystals matrix was read-out by a single
EMI 9814B PMT. The DCH detector consisted of 12 wire layers oriented
in alternating directions, i.e. six horizontal (x-z plane) and six vertical
(y-z plane), used for the three dimensional reconstruction of particle
tracks. More details regarding the DCH operation, signal read-out,
signal discrimination and DCH performance, i.e. cell spatial resolution
and efficiency as well as the reconstruction algorithms, can be found
elsewhere [1,2,27]. The tracks were back-projected to compute the
point of closest distance to the incoming beam axis, which was then
used to build the charged secondary emission profile (see Section 3.3).
The reconstructed tracks were also used to extrapolate the particle
position in the LYSO detector, assigning each fragment to the appro-
priate LYSO crystal, with the same procedure described in Mattei et al.
[21], Rucinski et al. [30]. The different light yield response of the LYSO
crystals was equalized allowing a proper tuning of the particle identi-
fication cuts (see Section 2.2).

The time and charge electronic signals were read-out by the front-
end, which was interfaced with a VME system connected to the data
acquisition server, as it was described in detail elsewhere [27,20]. At
the highest delivered beam rate of ∼3MHz, the global system trigger
rate was in the 0.3–6 kHz range.

2.2. Data selection and particle identification

The events of interest have been selected using as trigger the coin-
cidence within a 80 ns time window between the signal produced by the
primary ions traversing the SC and the secondary particles that hit the
LYSO.

The time difference between the signals produced by the charged
secondary particles in the LTS and LYSO detectors was used to calculate
the TOF and, consequently, the kinetic energy of the secondary parti-
cles (Ekin

Det, see Section 3.2) specific for each particle type (p,d,t). The
energy released by the particles measured using the LYSO detector, i.e.,
the integrated pulse charge of the light detector coupled with the LYSO
array, corrected for the light collection efficiency in individual pixels
(LYSO charge), was used for particle identification (PID) purposes only.
The charged particles were tracked by the DCH. A charged particle
crossing the DCH is expected to produce in average one hit (in a single
cell) in each transverse plane, resulting in a total number of =N 12DCH
DCH cells fired. Fig. 2a and b show the number of particles selected
requiring ⩾N 8DCH DCH cells, as a function of both the charge mea-
sured by LYSO detector and the TOF, respectively for the 90° (Fig. 2a)
and 60° (Fig. 2b) set-up configurations. Fig. 2a includes also the events
acquired with the heterogeneous target configuration. Following the
analysis strategy already adopted in Rucinski et al. [30], the ⩾N 8DCH
DCH selection criteria was used to identify the secondary charged
particles produced by the 16O beam, which were subsequently used for

Table 1
Target configurations and beam conditions used in the measurements. The
columns are showing: the detector angle positioning with respect to the primary
beam direction (θ), the energy of the 16O beam, the FWHM of the transversal
Gaussian shaped pencil beam (BFWHM), the beam range in PMMA as computed
from MC simulations (Range), the PMMA thickness along the beam direction
(dPMMA) and the total number of ions used in the measurements at the different
angles (Nion). The starred (*) values refer to the total number of collisions re-
gistered with the =d 10.0PMMA cm configuration obtained combining the
homogeneous and heterogeneous target results.

Ion θ Energy BFWHM Range dPMMA Nion ( °90 / °60 )
(MeV/u) (mm) (cm) (cm) × 109

16O ° °90 –60 210 4.6 5.8 7.7 1.9/ 1.2
260 3.9 8.4 10.0* 2.2*/ 1.0
300 3.6 10.7 12.7 2.4/ 1.4

Fig. 2. The secondary proton (p), deuteron (d),
triton (t) and electron populations produced by 16O
beam in the PMMA as a function of TOF and LYSO
charge measured in the 90° (a) and 60° (b) angular
configurations. Dashed, dashed-dotted, dashed-
dotted-dotted lines show how the electrons, p, d,
and t were distinguished (note logarithmic scale).
The systematic uncertainty relative to the PID pro-
cedure was estimated by shifting the separation lines
as explained in detail in the text. The p, d, and t
yields and energy spectra were calculated using the
PID bold dashed lines shown on each plot. Panel (c)
illustrates 8–9 ns TOF slice of the 60° distribution
from panel (b). p distribution is fit with Gaussian
function. d distribution is visible as a characteristic
peak located to the right from the proton peak.
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the emission profile reconstruction, and for the energy spectrum and
yield measurements. In Fig. 2a and b the identification bands are built
out of the charge vs TOF distributions, allowing to distinguish three
different populations relative to protons (p), deuterons (d) and tritons
(t). The population of events with TOF ∼3.5 ns and energies up to few
MeV/u is related to the electrons interacting with the LYSO detector, as
verified using MC simulation studies.

The particle identification was performed exploiting the time and
charge information of Fig. 2a, b and the algorithms already described in
Mattei et al. [20], Rucinski et al. [30]. As the LYSO crystals have dif-
ferent light response to particles of same energy and type, due to the
different optical coupling to the PMT and manufacturing, the DCH in-
formation was used to track each fragment impinging point on the
different crystals, and to individually account for the charge measured
in each crystal.

The dominant proton population clearly visible in the charge versus
TOF distributions (Fig. 2a, b) was modeled with a double exponential
function for each LYSO crystal separately. Such functions were used to
adjust each LYSO crystal response to the reference one, as already de-
scribed in [20]. Once equalized, the curves given by the minimum
between the p and d, and d and t populations were modeled using a
double exponential function and were taken as borders between regions
populated by different particles (bold lines). The points of minimum
between the two nearby populations have been obtained from the LYSO
charge distribution in slice of given TOF. Fig. 2c shows for example the
LYSO charge distribution for ⩽ ⩽8 ns TOF 9 ns in the 60° configura-
tion.

The systematic uncertainty on the PID selection accounting for the
underlying background contribution from neighboring populations was
computed shifting the fitted functions (bold lines) in order to account
for the limited precision on the measurement of the minimum values.
The values were shifted ± σ1 (obtained from the charge distribution fit)
and the corresponding dash-dotted lines were computed and used to re-
evaluate the corresponding particle species yields. The electron se-
paration, instead, was performed and optimized exploiting directly the
information obtained from the MC simulations.

The raw number of detected secondary particles (p+ d+t) is equal
to = ×N 3.3 10ion

4 and = ×N 1.1 10ion
5 for the 90° and 60° configura-

tions respectively (Fig. 2a and b). The raw population of detected sec-
ondary p, d, and t is divided as follows: about 91% (88%), 7% (11%),
and 1% (2%) of the fragments are respectively p, d and t at 90° (60°)
with respect to the incoming beam direction. These data were obtained
with a corresponding total number = ×N 6.5 10ion

9 of incoming pri-
mary 16O ions (including the heterogeneous target) in the 90° config-
uration, and = ×N 3.6 10ion

9 in the 60° configuration (see Table 1).
These numbers enable a rough estimation of secondary particle yields
of which the detailed calculation and the uncertainty considerations are
given in Section 3.1.

3. Results

3.1. Yield and efficiency evaluation

In order to provide the production yields of p and d and of p, d and t
respectively for the 90° and 60° angular configurations, when starting
from the detected tracks, dedicated MC simulations were needed to
compute and properly account for the experimental set-up detection
efficiency.

Following the strategy already documented elsewhere
[27,21,20,30], the differential production rate of charged secondary p,
d and t fragments (measured at 90° and 60°, normalized to the number
of primary ions, the total solid angle and integrated over the full target
length as well as the detected spectrum of kinetic energy) has been
computed accordingly to:

∑ ∑= =
∊ ∊π

Φ
dN
N dΩ

1
4

1
N

N (E , z)
(E , z)

,p,d,t
p,d,t

ion ion DT E z

p,d,t kin
Det

p,d,t kin
Det

kin
Det (1)

where N (E , z)p,d,t kin
Det is the number of detected p, d and t. Nion is the

number of primary 16O ions impinging on the PMMA target. ∊DT is the
dead time (DT) efficiency, and ∊ (E , z)p,d,t kin

Det is the total detection effi-
ciency computed as a function of the production point (z) and of the
kinetic energy (Ekin

Det) of secondary particles.
The dead time efficiency was introduced in order to account (i) for

the loss in incoming ions counting due to the length of the trigger di-
gital signal and (ii) for the dead time induced by the VME-based DAQ
system [21,30]. Both effects are functions of the beam rate and were
accounted for when computing the yields using Eq. (1) with ∊DT values
computed specifically for each run, beam energy and angular config-
uration, allowing to obtain the correct number of ions impinging on the
PMMA target. The DT efficiency was computed using the VME scaler
information and is defined as ∊ = N /NDT TrAcq TrTot, where NTrAcq is the
number of trigger signals acquired by the DAQ system, and NTrTot is the
total number of generated trigger signals. The measured ∊DT values
ranged from 55% to 80%. The correction factors, and their systematic
uncertainties, used to account for the trigger signal length were ob-
tained using dedicated, in-house implemented MC simulations of the
beam time structure, as described in detail in Mattei et al. [21], and are
varying in the 1.04–1.28 range.

The total detection efficiency ∊ (E , z)p,d,t kin
Det of secondary particles

was computed from a MC simulation in which p, d and t fragments were
directly generated inside the PMMA assuming an isotropic angular
distribution, flat spatial and energy distributions. and counting the
number of particles detected by LTS, DCH and LYSO in these condi-
tions. In this way it was possible to obtain efficiency results that are
independent from the FLUKA secondary production models and that
covers all the energy and position phase space relative to the data
distribution. The efficiency ∊ E z( , )p d t kin

Det
, , is defined accordingly to Eq.

(2) as:

∊ =E z
N E z
N E z

( , )
( , )
( , )p d t kin

Det
det

kin
Det

gen
kin
Det, ,

(2)

where Ndet and Ngen are respectively the number of detected and gen-
erated particles in the E , zkin

Det bin.
An example of the total p detection efficiency map ∊ (E , z)p kin

Det is
shown in Fig. 3b for the 90° set-up. The p efficiency maps are the same
as those used in Rucinski et al. [30] when studying the 12C and 4He
fragmentation, as they are independent of the production model and
are accounting only for the p interactions with the target in their exit
path towards the detector.

The efficiency maps ∊ (E , z)d kin
Det and ∊ (E , z)t kin

Det were computed, in
addition, to study the d and t production from the 16O beam interac-
tions. The efficiency maps for p, d and t at 90° and 60° configurations
are documented in the Supplementary material.

The efficiency map was computed using equally spaced intervals in
the z and Ekin

Det variables (5 mm and 10MeV respectively), and the sys-
tematic uncertainty was assessed using two different analysis methods
and comparing the results [30].

The definition of ∊ (E , z)p,d,t kin
Det takes into account not only the LTS,

DCH, LYSO detector efficiencies, but also the geometrical acceptance
and the possible fragment absorption within the PMMA itself, and
hence depends on the secondary particle production point in PMMA
both along the longitudinal (z) and lateral (x) directions. The efficiency
modulation along the (z) direction is mainly due to the detector system
geometrical acceptance and, for more energetic particles, is dominated
by the geometrical acceptance of DCH-LYSO system (Fig. 3b: yellow
stripe around z=−5 cm).

The efficiency dependence on the (x) production position, i.e. radial
distance from the beam axis due to nonzero lateral beam size, is af-
fected by the interactions of produced fragments (energy loss and
multiple Coulomb scattering) with the PMMA along their exit path
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towards the detector. Fig. 3b shows that depending on the secondary
particle production point along the (x) direction, the probability to
escape the PMMA target is smaller for less energetic particles, namely
for <E 50kin

Prod MeV as shown in Fig. 3b (blue area).
The yields of secondary p, d and t fragments were calculated ac-

cordingly to Eq. (1). The Φ (E , z)p,d,t kin
Det measurements can be used as an

input for the validation of MC models used for the production of sec-
ondary charged particles in matter, and hence for PT monitoring ap-
plications when evaluating the fragments’ statistics available in clinical
conditions.

Fig. 3a–c are respectively showing the number Np of detected pro-
tons, efficiency ∊p and final yield Φp distributions obtained when
studying the 260MeV/u 16O beam interactions with the heterogeneous
target. The complete set of results obtained for all the secondary p, d
and t production, for all energies, target types and set-up configurations
are collected in the Supplementary material, whereas the integrated
yields are listed in Table 2 and illustrated in Fig. 3a as a function of the
primary beam energy per nucleon for both angular set-up configura-
tions. Single charged secondary particles with detected kinetic energy
greater than the kinetic energy of primary 16O beam can be observed
for all beam energies (see Fig. 3a and Supplementary material), and are
more abundant at 60° with respect to 90°.

The results obtained studying the 16O beam interactions are super-
imposed, in Fig. 4, to the p yields measured using 4He and 12C beams as
reported in Rucinski et al. [30]. The proton production Φp is dominant,
in both angular configurations, with respect to the deuteron Φd and
triton Φt contributions at all energies. The yield of secondary particles
produced in the target increases with the energy of the primary beam,
i.e. with its range, as the secondary particles are essentially the products
of the projectile fragmentation, and is nearly one order of magnitude

greater at 60° with respect to 90° measurements.
The secondary proton and deuteron yields measured studying the

260MeV/u 16O beam interactions with the heterogeneous PMMA target
are marked in Table 2 by an asterisk, and are in agreement, within the

Fig. 3. (a) Number of secondary protons N (E , z)p kin
Det produced by an 16O beam of 260MeV/u energy impinging on the heterogeneous target and detected by the DCH

detector. No efficiency correction is applied. (b) Efficiency map ∊ (E , z)p kin
Det obtained from MC simulations. For details regarding the efficiency definition and cal-

culation, please see the text. (c) Secondary proton yield Φ (E , z)p kin
Det as computed following the definition detailed in the text, accounting for the efficiency shown in

(b). The (a–c) distributions are showing the results obtained in the 90° set-up configuration. The data are shown as a function of the detected kinetic energy (Ekin
Det) and

reconstructed production point (z).

Table 2
The secondary proton Φp, deuteron Φd and triton Φt yields measured with the detector positioned at θ=90° and 60° with respect to the incoming beam direction.
Fragments were produced by the primary 16O beam with different kinetic energy impinging on a PMMA target. The measurements performed with the heterogeneous
PMMA target are marked with an asterisk.

Beam θ Energy ± ±σ σΦ stat sysp ± ±σ σΦd stat sys ± ±σ σΦt stat (sys

[MeV/u] [ − −sr10 3 1] [ − −sr10 3 1] [ − −sr10 3 1]

16O 90° 210 ± ±3.25 0.06 0.41 ± ±0.47 0.03 0.22 –
260 ± ±5.48 0.12 0.68 ± ±0.91 0.06 0.38 –
260* ± ±6.73 0.11 0.74 ± ±1.18 0.06 0.49 –
300 ± ±11.60 0.11 1.41 ± ±1.84 0.06 0.77 –

60° 210 ± ±22.86 0.23 3.44 ± ±4.91 0.13 0.57 ± ±1.69 0.15 0.24
260 ± ±42.21 0.36 6.60 ± ±9.23 0.21 1.00 ± ±3.87 0.26 0.46
300 ± ±74.18 0.40 13.02 ± ±16.07 0.23 1.98 ± ±11.75 0.40 1.47

Energy [MeV/u]
100 200 300

]
-1

 s
r

-3
Fl

ux
 [1

0

0

50

Helium 90 degrees - P
Helium 60 degrees - P
Carbon 90 degrees - P
Oxygen 90 degrees - P
Oxygen 60 degrees - P
Oxygen 90 degrees - D
Oxygen 60 degrees - D

Fig. 4. The secondary proton Φp and deuteron Φd yields measured with the
detector positioned at 90° and 60° with respect to the incoming beam direction.
Fragments were produced by the primary 16O beam (red markers) of different
kinetic energy impinging on a PMMA target. Closed and open markers are used
to distinguish secondary p and d production. To distinguish production at 90
and 60°, square and triangle markers are used. Charged secondary production
from 4He, 12C [30], and 16O beams was marked with blue, black and red. The
total uncertainty shown in the plot is the sum in quadrature of the statistical
and systematic contributions. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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uncertainty, with the measurement performed with a homogeneous
target. This result is expected, since the secondary particle production
occurs mainly in the PMMA target material.

The uncertainty listed in Table 2 is the statistical σstat and systematic
σsys contribution. The total relative uncertainty ranges (see Fig. 4) are
11–18% for p, 11–46% for d, and 13–17% for t (the t results are sig-
nificantly different from zero only at 60°) and are dominated by the
systematic uncertainty contribution.

The relative statistical uncertainty on yield calculation is dominated
by the uncertainty on the number of detected charged secondary par-
ticles, that depends on the beam energy, secondary particle type and
angular set-up configuration. This uncertainty ranges from 0.5% for
secondary p to 9% for secondary t (the yield of secondary t at 90° was
consistent with zero and hence not reported or considered in the re-
sults). The contributions to the statistical uncertainty from the MC de-
tection efficiency evaluation and the number of primary ions are neg-
ligible.

The relative systematic uncertainty on the yield calculation is
dominated by the uncertainty in the computation of the total detection
efficiency map. The relative yield semi-dispersion computed using the
two different efficiency map computation methods, which were de-
scribed in detail in Rucinski et al. [30] and implement different MC
simulation samples and extrapolation algorithms in the low energy
region, ranges from 2% to 46%. The large variations occur in the low
energy part of the spectrum and are reflecting the inaccuracy in the
energy loss estimation and amount of absorption near the threshold in
this region. The systematic uncertainty on the efficiency calculation
introduced using an isotropic angular distribution has been assumed
negligible with respect to the other contributions. When studying the
efficiency in bins of Ekin

Det and z, highly correlated with the emission
angle, the remaining dependence on the angle is largely reduced. Fur-
thermore, the particles intercepted by the detector have similar pro-
duction angles due to the small detector acceptance (within ± °2 with
respect to the selected direction). The PID systematic uncertainty, i.e.
the systematic uncertainty related to the particle mis-identification, is
below 1.5% for p, but ranges from 7% to 15% for d and t. Fig. 2 shows
the reference, soft and hard PID selection bands used to calculate the
uncertainty on the secondary particle yield. The systematic uncertainty
related to the estimation of the raw number of primary ions Nion was
assessed with two methods: (i) using a dedicated MC simulation and (ii)
using the other (PET) detectors that were part of the full experimental
set-up, as described in detail in Rucinski et al. [30], Mattei et al. [21].
The corresponding uncertainties are in the 3–5% and 3–4.5% range,
respectively. The systematic uncertainty contributions related to DCH
selection criteria (computed by changing the selection criteria as fol-
lows: ⩾N 7DCH or ⩾N 9DCH ) as well as dead time efficiency are negli-
gible.

3.2. Energy spectra

Fig. 5 shows energy spectra of the detected secondary particles, i.e.
the p, d and t production yields as a function of secondary particle
detection energy (Ekin

Det). The results obtained studying the collisions of
16O beams with 210, 260 and 300MeV/u kinetic energy are shown. The
first row of plots shows the results obtained with the detector at 90°
with respect to incoming beam direction, while the second row shows
the results at 60°.

The yields increase and the energy spectrum widens when the 16O
beam energy (and range) increases. In particular, with increasing 16O
beam energy, the produced fragments are more energetic, and a larger
fraction of them can escape the target/patient and reach the detectors.
The yield integrated over the energy spectrum is equal to the total yield
reported in Table 2 and Fig. 4.

The energy spectra shown in Fig. 5 were obtained by integrating the
two dimensional Φ (E , z)p,d,t kin

Det distributions (e.g. Fig. 3c) over the
PMMA target length (z). The uncertainty on the secondary particle yield

Φ (E , z)p,d,t kin
Det increases when the secondary particle detection energy

Ekin
Det decreases (first bins of Fig. 5) and the mass number increases,

mainly due to the systematic uncertainty contribution from the total
detection efficiency map evaluation (see Sec. 3.1).

When computing Ekin
Prod using Ekin

Det information, one has to account for
the uncertainty on the actual production point of the secondary particle
in the PMMA. Such point varies due to the nonzero Oxygen beam size
that increases very slightly with the beam path inside the PMMA, due to
the multiple Coulomb scattering. The different distances that the frag-
ment has to travel inside the target in its exit path towards the detector
results in the uncertainty documented in Rucinski et al. [30]Fig. 5. The
secondary particles with a production energy >E 60kin

Prod MeV are con-
sidered as the most interesting for monitoring purposes [2,30], as they
have enough energy to escape the patient, even in the case of deep
seated tumors.

3.3. Emission profiles

The secondary particle emission profiles along the longitudinal di-
rection were reconstructed by back-tracking the detected secondary
particles towards the PMMA target [9,27,30]. The profiles obtained
with 16O beams of 210, 260 and 300MeV/u are shown in Fig. 6b and c
for 90° and 60° set-up configurations, respectively. Fig. 6a shows an
overlap of the depth dose distribution profile of an 16O beam of
260MeV/u in the PMMA as obtained from FLUKA simulations super-
imposed to the detected charged secondary emission profile.

The shape of the charged secondary emission profile shown in Fig. 6
varies as a function of the 16O primary beam energy with characteristics
that are similar to what was already observed studying the interactions
of 4He and 12C beams. PMMA targets of different length, determined by
the 16O beam energy (see Table 1), were used for the measurements:
Fig. 6a and b demonstrate the clear correlation between the rising edge
of the profile and the target length that easily allows the identification
of the PMMA entrance face position. The overall shape of the emission
profile can be correlated to the range of the primary beam as discussed
in Piersanti et al. [27]. Some characteristic features of the shape (e.g.
the slope of the emission’s falling edge) depend on the choice of pri-
mary ion type, and have to be calibrated to fully exploit this range
monitoring technique in the clinical case. Such profile could be used for
range monitoring purposes in particle therapy with 16O beams in the
same way as with 4He and 12C beams, as presented in Piersanti et al.
[27], Mattei et al. [20], Rucinski et al. [30].

4. Discussion

The measured proton, deuteron and triton yields produced by pri-
mary 16O beams impinging on a thick target indicate that these parti-
cles can be potentially considered as candidates to be exploited for
primary beam range monitoring applications. The yields range from 0.5
to × − −74.2 10 sr3 1 per primary 16O ion, and depend on the charged
secondary particle type (proton, deuteron, triton), the emission angle
and the primary 16O beam energy. The total fractional uncertainty on
the measured yields of secondary protons is in range 11–18%. At large
angle with respect to the incoming beam direction, the charged frag-
ments production is clearly dominated by the proton contribution. The
energy spectra were measured using the TOF technique and show that
at 60° a significant amount of fragments are produced with relatively
large kinetic energy (larger than 100MeV/u).

The charged secondary particle yields produced by 16O beams
shown in Fig. 4 are, as expected, higher than the yields produced with
an ion beam of lower Z (4He and 12C). The deuteron yield produced by
16O beams is comparable to the proton yield produced by the 4He beam
for both 60° and 90° set-up configurations.

Fig. 7 illustrates that the beam range as well as the target hetero-
geneities can be identified using the charged secondary emission pro-
file, similarly to what was reported by Gaa et al. [8] exploiting both PG
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and charged secondary radiation. The emission shape was obtained
from a data sample collected using the 16O beam at 260MeV impinging
on a heterogeneous target consisting of four PMMA blocks with length
5 cm, 1 cm, 1.5 cm and 2.65 cm, separated by three 1 cm long air gaps.
Fig. 7 was obtained with 12442 secondary proton tracks. The statistical
uncertainty is illustrated with error bars. The correlation between the
target position and the secondary charged fragments production points
is shown.

A method to deconvolve the interactions undergone by the frag-
ments inside the target material (absorption, multiple scattering), as
well as their different production rates due to different target densities,
is needed in order to assess the final accuracy achievable when trying to
identify the target inhomogeneities in PT treatments applications. The
proposed set-up was designed to obtain a characterization of the yields
of charged secondary particles. An alternative approach for the more
complex clinical case was proposed and discussed in Battistoni et al.
[3], Traini et al. [37]. In the new set-up the drift chamber is replaced by
a self-triggering tracking detector based on scintillating fibers. This
solution is a subject of further, ongoing studies which will be performed
with anthropomorphic phantoms and patients undergoing 12C therapy
in CNAO. Aim of such studies is to finally assess the feasibility of the
charged secondary technique, assessing the actual resolution on the BP
position, in a clinical case scenario.

5. Conclusions

Secondary radiation measurements for particle therapy applications is a
series of manuscripts characterizing the secondary radiation produced
by 4He, 12C, and 16O beams.

This paper reports on the data analysis performed to characterize
the charged secondary radiation produced in a thick PMMA target ir-
radiated with 16O beams with energies of interest for charged PT ap-
plications (namely 210, 260, and 300MeV/u). The experimental set-up
included a PMMA target, two plastic scintillators, a drift chamber and
four LYSO crystals arranged in a single detector, and allowed to per-
form the production measurements in two different angular config-
urations (90° and 60° with respect to the primary beam direction). The
collected information was used to estimate charged secondary particle
yields, energy spectra and emission profiles accounting for the detec-
tion and geometrical efficiencies using MC simulations. Such informa-
tion is consistent and complementary to published data obtained with
4He and 12C beams.

The presented results are an essential piece of information when
trying to assess the performance of range monitoring detectors for
charged particle therapy. The obtained yield characterization supports
the feasibility of charged PT online monitoring techniques exploiting
the reconstructed emission profile of charged fragments. The actual
accuracy attainable in monitoring the BP position in heterogeneous
target conditions as in the clinical case is beyond the scope of this
manuscript, and is discussed in detail in other publications [28,37,3].
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