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Abstract

A technique has been devel oped for measuring the energy spectra of high-energy proton therapy beamsin situ under
conditions similar to those used for radiotherapy. A thin polyethyleneradiator is placed in the proton beam and two DE-E
detector telescopes mounted outside the beam detect coincident proton pairs produced by p-p elastic scattering in the
radiator. M easurements have been made to investigate the effect of standard beam modification elements on the energy
spectrum of a proton therapy beam produced by a passive scattering system. Experimentally measured proton spectraare
compared with simulated spectra cal cul ated using the Monte Carlo code MCNPX.

1. INTRODUCTION

The nudear patide therapy fadlities of the South African Nationd Accdeaor Centre (NAC) ae
described by Jones et al [1] in another contribution to this megting. The proton thergpy fadility that has
operated at NAC since 1993 is based on a 203 MeV proton beam provided by a (k = 200) split-sector
cyclatron. A radiothergpy beam is produced by directing the proton beam through a sysem of passve
beam modification dements [2,3] such as scaterers, energy degraders, modulators and collimators,
mounted immediatdly upsream of the patient trestment pogtion. These devices modify the energy
gpectrum and other characteridtics of the beam, and can thus be used to talor the dose didribution
ddivered to the patient. Monte Carlo [4] and andytic [56] cdculaions may be used to predict the
effect of different beam modification eements and thereby to achieve beam characteridics appropriate
to gpecific trestment requirements. It is necessry tha the results of these cdculations should be
vdidaed by independent experimenta messurements and messurements of the energy pectra of
different proton thergpy beams are vauable for this purpose. We have therefore developed a technique
for measuring the spectra of proton thergpy beams up to 200 MeV [7] and are usng this technique to
study proton therapy spectraat NAC.

2. THE PROTON SPECTROMETER

Treatment planning for proton thergpy usudly cdls for a proton beam having an energy spectrum that
is concentrated in a wdl-defined energy range. However, it is concevable that beam modification
sysgems may dso introduce components & unwanted energies, for example low-energy “tals’. It is
therefore important that the experimenta technique used to measure Spectra should be cgpable of
monitoring the spectrum accuratdy over a wide energy range and dso a wide a range of intensty (eg
100:1). Thexe reguirements ae unfortunatdy difficult to meet usng “conventiond” proton
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spectroscopy  techniques, for example those based on traditiond Single-detector spectrometers such as
Nal(Tl) scintillation crysds or large semiconductor detectors. At high proton energies (> 100 MeV)
non-dadic nudear interactions of protons on any high-Z maeid in the detector are dgnificant and
produce a so-cdled reaction tall which didorts the observed energy spectrum by enhancing the low
energy component. Furthermore, severe dectronic pile-up effects may occur if detectors are placed
directly in a pulssd proton thergpy beam such as that used a NAC. We have therefore used a
completdy different method, in which the proton beam fdls on a thin hydrogenous radiator
(polyethylene disc, 10 mm diam x 3 mm thick) and the energies of coincident proton pairs which result
from p-p dadic scatering in the radiator ae messured and summed to obtain the energy of the
incident proton.

The experimentd arrangement used (Fg. 18) is a modified verdon of a desgn deveoped for previous
dudies of the NAC proton therapy beam [7]. Two detector telescopes, A and B, with axes a laboratory
angles ga = g = 44.3° to the incident proton direction, detect the coincident proton pair. At non
relaividic incident proton energies (< 30 MeV) the kinemdics of pp dadic scatering (see Fig. 1b)
dictate that the paths of the incident and outgoing protons be coplanar, that both g; and g, be < 90° and
that qi1+g2 = 90°. Rdatividic effects become important as the incident proton energy increeses and leed
to a decrease in the laboratory angle between the two coincident protons. At E = 200 MeV, for
example, q1+02 reduces to 87.2°. The experimenta geometry (Fig. 18) ensures tha this variaion in the
angle g1+g with proton energy does not affect the effidency of the sysem for detecting coincident
proton pars. Each teescope incorporates three detectors an active collimator AC condging of a
NE102A pladic scintillator dab, 8 cm x 6 cm x 5 mm thick, with a drcular gperture & its centre; a DE-
detector SD, condging of a 1 mm thick x 20 mm diameter, totaly-depleted semiconductor detector;
and an E-deector LS, congging of a NE213 liquid scintilletor of diameter 45 mm, length 105 mm,
with a thin (0.01 mm) duminium entrance window for the incoming protons The diangers of the
collimator apertures of telescopes A and B are 4 and 10 mm respectively. At distances of 220 and 150
mm respectively from the centre of the radiator R (see Fg. 1) the cones of acceptance for the two
telescopes are therefore ga = 44.3 £ 05° and gg = 44.3 + 1.9°. For proton pairs from pp dadic
scettering a incident proton energies up to 200 MeV, the range of gi+0 is 87.2° < g1+ < 90°. Thus
for every p-p scatered (or recoil) proton that is accepted by telescope A, the associated recoil (or
scattered) proton will pass through the collimator aperture of tdescope B and should be detected. In
other words, geometrica factors will not introduce any vaiaion of the efficdency for detecting p-p
eadic scattering coincidences over this energy range.

The criterion for sdecting events during experimental measurements was a four-fold, fast coincidence
between the two LS detectors and the two SD detectors. Events in coincidence with a response from
ather of the two AC detectors were vetoed. Nine andogue sgnds were digitised by 12-bit ADCs for
eech accepted event and stored on disk (in lis mode) for later off-line andyss. Four dgnds were
taken from each tdescope the pulse heights from the SD and LS detectors and two pulse shape
disrimingion (PSD) dgnds from a Link Modd 5010 pulse shgpe discriminator unit which was
connected to LS. The ninth 9gnd was a time-difference measurement between the outputs of the two
telescopes, which was used for fine tuning of the fast coincidence sdlection. Cuts gpplied in the off-line
andysis induded, for each tedescope, a DE-E cut (based on the SD and LS pulse heights) to sdlect
protons, a PSD cut to sdect protons in the LS-detector, and, for the coincidence between the two
telescopes, a time-difference cut for the find coincidence sdection. The pulse heights of the SD and
LS detectors were cdibrated to proton energy, making alowance for the (caculated) energy losses of
protons in ther travel, through ar and other materids from the radiaor into LS. Using this cdibration



the dating energies Ex and Eg of each proton par were cdculated directly from the pulse heights
measured by the respective tdescopes and, findly, the energy E of the incident proton was obtained
fromE = Ea + Eg.

3. MEASUREMENTS OF PROTON SPECTRA

Fg. 2 shows a two-parameter plot of counts per pixd as a function of the energies Ea and Eg, obtained
when the radiator R (Fig.1) was podtioned a the isocentre (treetment podtion) of the NAC proton
thergpy fadlity and irradiated by the “standard” NAC proton thergpy beam of energy 190.8 MeV. The
symmetry gQa » 0Og) of the experimental geometry (Fig. 18) implies that the condition Ea » Eg » 05E
should be vdid for detected proton pars that originaie from pp dadic scatering in R. A large fraction
of the events in Fg. 2 lie dose to the diagond Ea » Es and are thus consstent with this condition. The
man exceptions are the amdl numbers of events tha trall avay from the dominant pesk & Ea » Eg »
95 MeV, dther horizontaly (Eg » 95 MeV, Ea < 95 MeV) or verticdly (Ea » 95 MeV, Eg < 95 MeV).
These components can be dtributed to events which should have contributed to the dominant pesk but
are displaced by reection tail effects (section 2) in the LS detector of one or other telescope, A or B.
Reaction tal events can be suppressed by goplying an additiond two-parameter cut in the off-line
andyss, as indicated by the dashed lines shown in FHg. 2, to sdect events which comply with the
condition Ea » Ep,

Fig. 3 shows results dotained under the same conditions as Fig. 2 except that the energy of the proton
beam was reduced to 91.9 MeV by introducing a graphite energy degrader at the entrance to the beam
modification sysem. Reaction tal effects are less evident in this plot than in Fg. 2, as expected for the
lower proton energy. However, the energy thresholds (about 29 MeV) of the two detector telescopes
ae dealy visble It can be seen tha these thresholds impose a threshold condition E > Ey on the

proton spectrum measurements, where Ey, » 60 MeV.

The energy digribution Np(E) of detected events that stisfy dl of the off-line cuts mentioned above is
related to the proton energy spectrum N(E) by the equetion

No(E) = eE)NE) ... )

where e(E) represents the efficdency for producing and detecting a coincident proton par from p-p
dadic scatering in the radiator R. The spectrometer design ensures (section 2) that there are no
geometricd factors that will contribute to the energy-dependence of e(E), therefore we assume that the
vaiaion of e(E)with E will be entirdy due to the energy-dependence of the differentid cross section
for p-p dadic scattering, in other words the Rutherford cross section, which is proportiond to 1/E2.
Thusegn, (1) may be rewritten

NE)=kE*No B) ... )
where Kk is a condant. Since the purpose of the messurements is to determine only relative vaues of

N(E) the congant k has been ahitrarily adjusted, for each spectrum, s0 as to normdize the pesk
intengity of the gpectrum to the vaue of 100 counts per energy bin.



Figure 4 shows (8 the proton energy spectrum mesesured for an incident proton energy 190.8 MeV;
and, (b) and (c), Monte-Carlo amulations of this spectrum cdculated usng the code MCNPX [§], (b)
without, and (c) with, the resolution broadening introduced by the detection sysem folded into the
caculaion. Spectra (8) and (b) have been normaised to a pesk vaue of 100 counts per bin. Spectrum
(¢) has been normdised to the same total proton count as spectrum (a). Spectra (8) and (¢) of Fg. 4 are
reproduced in Fg. 5 together with corresponding measured and smulated spectra for the proton
thergpy beam energies of 174.1, 134.6 and 91.9 MeV. As can be seen in Figs 4 and 5, the experimentd
measurements are in reasonable agreement with the Monte-Carlo cdculations and confirm thet the
beam modification system is successful in controlling the proton energy spectrum over the range 90 —
200 MeV, as required for proton thergpy, without introducing dgnificat additiond low energy
components. However, it should be noted that the energy threshold of Eg = 60 MeV that gpplies to the
expaimentd messurements precdudes us from meking aty comment aout the posshility of low
energy components that may be present at energies below thislevd.

Figure 6 shows proton energy spectra measured using a 190.8 MeV proton beam, (a) without, and (b)
with, a modulator propdler [2,3] incorporated in the beam modification sysem. Curve (c) of Fg. 6
dows the Monte-Carlo smulaion of the expeimentdly messured spectrum (b). The modulator
propdler [2] is a cylinder which rotates with its axis pardld to and dongsde the beam, introducing a
degrader of acrylic maerid of thickness varying between 0 and 50 mm as t rotates. This endbles the
energy Spread of the proton spectrum to be increased in controlled way, when required for proton
thergpy. The results shown in Fg. 6 demondrate that the propdler system is successful in producing a
broader proton spectrum, as required, without introducng any Sgnificant, unwanted low energy
component.

Low-energy components of the spectra may be conveniently displayed by caculding running integrals
of the energy spectra, that is integras [(E) of the number of events a energies between the detection
threshold energy Et and energy E, as a function of E, from E = Et to an arbitrary upper limit of 200
MeV,

| (E) = KéE N(E) ... ©)

En

where K is a condant which is adjusted to normdize the limiting value of I(E) (a E = 200 MeV) to
100. Thus I(E) represents the percentage of the proton spectrum (above Eg) for which the proton
energy lies within the range Ewn to E. Fg. 7 shows the integras I(E) cdculated from the spectra (Fig. 5)
measured for the beam energies 190.8, 174.1 and 134.6 MeV. For the spectrum measured using the
190.8 MeV proton beam, for example, the deta in Fig. 7 show that about 6 % of the spectrum is due to
protons of energy lessthan 176 MeV.

4. DISCUSSION AND CONCLUSIONS

Figs 4-6 represent a smdl sample of the proton thergpy beam spectra that have been investigated
usng the new technique Studies have dso been made of proton spectra obtained using different
collimator geometries and a postions displaced from the isocentre both dong and perpendicular to the
beem axis. In order to cary out these messurements, the complete spectrometer (Fig. 1a), including
radiator and detector telescopes, is mounted on a table which can be moved both dong and a right



angles to the beam axis. Experimentd messurements are being compared with Monte-Carlo smulated
results, as in FHgs 4-6, for dl configurations sudied. No large discrepancies have been found yet
between experimentd data and the Monte-Carlo predictions.

Some unexpected results have dso been obtained. For example, in Fig. 3, which shows data obtained
usng a proton thergpy beam of energy 91.9 MeV, there is surprisng evidence of a smdl number of
events a proton energies higher than 91.9 MeV. This is demondrated by the weak but disinct trall of
events that extends, within the Ea » Eg window, from the dominant (919 MeV) pesk to about 200
MeV. Protons in this beam cannot have energy E > 100 MeV if they have passed through the graphite
degrader a the entrance to the beam modification sysem. It may be concevable that a very smdl
fraction of the entering 203 MeV protons could somehow undergo multiple scattering dong paths that
bypass the graphite degrader and then return to a trgectory within the beam. However it is extremdy
unlikdy tha this could have hgppened in the beam modification sysem used a NAC. An dternaive
possibility might be 2C(p,n)*?N reections in the graphite degrader followed by np dastic scatering of
forward-emitted neutrons in downstream components of the beam modification sysem. Further
invedtigations will be undertaken to determine the source of this phenomenon. Although the proportion
of high-energy protons in the data shown in FHg. 3 is vey tiny (< 1%) it is obvioudy important to
understand this phenomenon in view of the possible implications for proton thergpy.

In summary, the proton spectrometer developed for thiswork, like the predecessor on which it is based

[7], has been successfully tested and demondrated, and is now being used to vdidate cdculations of
proton thergpy spectra made usng Monte-Carlo smulations. Such caculaions are expected to become
more widdy usad in the planning of proton thergpy trestments in the future. The spectrometer has dso
proved ussful in reveding unexpected featuresin the spectra of proton thergpy beams.
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Fig. 1: (a) Schematic diagram of the proton spectrometer, showing polyethylene radiator (R), detector
telescopes (A and B), active collimators (AC), semiconductor detectors (SD) and NE213 liquid scintillators

(LS). (b) Schematic diagram of p-p elastic scattering
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Fig. 2: Counts per pixel asafunction of coincident proton energiesE and Eg, measured using an incident
proton beam of energy 190.8 MeV. The dashed lines show the boundaries of the cut used to select proton
pairsfrom p-p elastic scattering in the radiator. Note that the counts scaleis multiplied by afactor of 0.258.
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Fig. 3: Counts per pixel asafunction of coincident proton energiesE and Eg, measured using an incident
proton beam of energy 91.9 MeV. The dashed lines show the boundaries of the cut used to select proton
pairs from p-p elastic scattering in the radiator.
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Fig. 4: Proton spectra N(E) measured and simulated for the 190.8 proton therapy beam: (a) measured
spectrum (histogram); (b) spectrum simulated using MCNPX (histogram); and (c) spectrum(b) convol uted
with the response function of the detection system (curve). Spectra(a) and (b) are normalized to a peak
intensity of N(E) = 100. Spectrum (c) is normalized to the same total number of protonsas ().
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Fig. 5: Proton spectraasfor (a) and (c) in Fig. 4 for proton beam energiesof 91.9, 134.6, 174.1 and 190.8
MeV.
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Fig. 6: Proton spectrafor the 190.8 MeV proton therapy beam: (a) measured spectrum asin Fig. 4a; (b)
measured spectrum asfor (8) but with a50 mm modulator propeller included in the beam modification
system; and (c) simulated spectrum obtained using MCNPX for the conditions applying to (b).
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Fig. 7: Plot of theintegra I(E) (egn. (3)) for the spectra (Fig. 5) measured at proton beam energies of: (a)
190.8 MeV; (b) 174.1 MeV; and (C) 134.6 MeV.



