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Abstract: This work presents a simple method for determining the energy of the proton beam in
biomedical cyclotrons, using no additional experimental set-up and only materials from radioisotope
routine productions that are therefore available on-site. The developed method requires neither
absolute efficiency calibration nor beam current measurements, thus avoiding two major sources of
uncertainty. Two stacks composed of natural titanium thin foils, separated by an energy degrader of
niobium, were mounted in a commercial target and irradiated. The resulting activities of “*V were
assessed by a HPGe spectrometer.
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1. Introduction

Accurate knowledge of the incident beam energy is fundamental for the production of medical
radioisotopes; either to optimize production yields or to prevent the co-production of undesired
radioimpurities. However, since biomedical cyclotrons are not properly equipped for energy
measurements, several indirect measurement techniques have been studied and reported over the
years. These methods are commonly based on activity measurements of radioisotopes produced via
well-documented and recommended monitor-reactions, requiring both beam current and activity
measurements. In order to avoid the difficulty arising from beam current measurements, several
authors measured activity ratios from distinct radioisotopes produced simultaneously, either in a
single monitor foil or in a stack of target foils, and compared the results to calculated ratios from
the recommended cross-sections in the published data [1-4]. However, as these methods rely on the
determination of absolute activities for two distinct radioisotopes through y-spectrometry, the results
are highly influenced by uncertainties in the absolute efficiency calibration. In order to surmount this
drawback, Burrage et al. [5] suggested the determination of activity ratios for a single radioisotope.
Because a unique photopeak is characterized, the technique presents the advantage of requiring neither
direct beam-current measurement nor problematic y-spectroscopy absolute efficiency calibration.
Burrage et al. [5] implemented the method by characterizing the production of ®Zn in a stack of
copper foils; with the technique later improved by Asad et al. [6]. Gagnon et al. [7] also made use of
this technique with only two foils of copper separated by an energy degrader of adequate thickness.
These latter methods make use of the fact that each monitor excitation function presents a unique shape
so that the activity profile vs. depth, i.e., vs. foil, is specific of the monitor reaction but also dependent
on the incident energy. Since the cross-sections and the stopping-power can be estimated for each foil,
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it is possible to compute and predict the activity ratios between foils for several distinct initial energies
and to determine which computed energy best fits the experimental data. As previously pointed out
by Gagnon et al. [7], uncertainties in the cross-sections do not influence the ratio of activities between
foils because it is the profile of the excitation function that determines the activity ratio.

The present work describes an improved method based on the stacked-foils technique, in an
experimental configuration similar to the useful work of Burrage et al. [5] and Asad et al. [6]. The use
of several foils in a stack configuration enables to experimentally determine several activity ratios
instead of elaborating the result of an entire experiment on a single ratio as is the case in the work
developed by Gagnon et al. [7]. The developed method was used to determine the proton beam energy
in a IBA Cyclone 18/9 cyclotron [8], accelerating protons to 18 MeV. The beam energy was measured
at several exit ports and for distinct high-voltages for the radio-frequency. Both the materials used
and the experimental arrangement were chosen so that the technique can be immediately performed,
exploiting only materials from routine productions, therefore available on-site and later reusable, and
without any set-up amendment.

2. Materials and Methods

For proton energies up to about 20 MeV the well established "*Cu(p,x)**®°Zn reactions
represented in Figure 1 have been commonly used as monitor reactions [9]. Figure 1 also shows
that the shapes of these monitor reactions only show significant variations in the 5-10 and 14-20 MeV
energy ranges. As a result, when a stack is used in the overall energy range as in the work of
Asad et al. [6], part of the experiment contains little information because several foils present similar
activities. In the present work, two stacks were exclusively distributed in the two energy ranges
showing significant variations, whereas a beam degrader was used around the inadequate 10-14 MeV
energy range, following the strategy adopted in the work reported by Gagnon et al. [7]. Moreover,
in order to achieve more significant activity differences between foils so that the “method signal” is
more significant, we ought to exploit monitor reactions providing more pronounced variations in
the energy ranges of interest. As illustrated in Figure 1, where the absolute of the derivates of the
monitor reactions considered are also represented in the energy ranges of interest, the " Ti(p,x)**V
monitor reaction presents more accentuate absolute variations, in particular in the low-energy region,
and was thus chosen as monitor reaction for the present study. This advantageous characteristic is
combined with the practicality arising from the fact that 12.5 um titanium foils are commonly used
as vacuum windows in commercial liquid target arrangements in IBA cyclotrons; so that these foils
are not only immediately and easily available on site but can also be reused in routine production
afterwards. Besides, 48V presents an adequate long half-life of 16 days enabling measurements several
days after bombardment. As the stacks were meant for narrower energy ranges, thinner and/or fewer
foils are more suitable. Thinner foils present the advantage of providing a smaller and thus more
defined energy loss in each foil; an improvement also due to the choice of titanium instead of copper
because of its smaller atomic number. Such improved characteristic over the 25-100 um thick foils of
copper used in previous methods is also achieved by using the 12.5 um thick titanium foils.
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Figure 1. Excitation functions of the monitor reactions of interest (black lines) and absolute values of
their derivates in the energy ranges of interest (grey lines).

The thickness of each of the 99.6% pure and 12.5 pum thick titanium circular foils used was
determined by weight determination. Thickness differences between foils are of no concern as the
expected activity of each foil are determined, taking into account the experimentally determined
thicknesses. The degrader used in the present work was also made from material available from
routine productions; namely two 250 um thick niobium disks commonly used as target windows for
the production of radiometals in liquid targets [10-12]. The stack foil arrangement consists of two
stacks of ten titanium foils each separated by the niobium degrader. The total thickness, i.e., the number
of titanium foils in each stack, was calculated so that the exit beam energy remains slightly higher
than the 5.0 MeV threshold of the excitation function. Such consideration also enables one to avoid the
larger uncertainties in the proton stopping-power, and therefore in energy, at lower energies. The stack
arrangement was mounted in a standard liquid target system with no modifications, precisely at
the place where a 12.5 um titanium foil is usually placed as vacuum window. The rest of the target
assembly remained as for routine productions, with the liquid target filled with ultra-pure water.
Such an arrangement means that the experimental set-up can be immediately used in any cyclotron
target and at any exit port with no additional material and/or modification required; while also
benefiting from the continuous helium cooling flux available at the end side of the stack. Irradiations
of the liquid target containing the stack were performed at 1 pA and during 5-10 min so that the foil
activities remain inferior to about 100 kBq at End-Of-Bombardment (EOB). The first foil of the second
stack crossed, i.e., the foil just after the Nb energy degrader, is the foil expected to present the higher
activity as illustrated in Figure 2. Such maximum activity, and thus the maximum irradiation time,
was determined so that the foil activities could be determined immediately after proper cooling time
taking into account the particular geometry of the HPGe set-up used. The irradiated stack was allowed
to cool down for at least one day to minimize the presence of numerous undesired radionuclide in the
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spectra. Activity measurements were carried out using a high purity germanium (HPGe) spectrometer
(model GEM30P4-70 from Canberra) with a dead-time inferior to 4%. The relevant 944.1, 983.5 and
1312.1 keV characteristic y-lines can all be used to identify and quantify V. Although the 983.5 and
1312.1 keV y-lines are also characteristic of *3Sc, the " Ti(p,x)**Sc reaction is relevant only for proton
energies higher than 18 MeV [13]. Even if unnecessary, as only relative activities were necessary,
the HPGe spectrometer was calibrated in absolute efficiency. Activity measurements can alternatively
be performed using a dose calibrator, as considered by Gagnon et al. [7].
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Figure 2. Calculated relative activities in the 20 foils of the stack, for several impinging energies for
a typical experiment (symbols without line) and respective experimental data (full line). The beam
crosses the stacks travelling from foil #1 to foil #20. The experimentally determined beam energy in

this particular case was 17.900 MeV.

Stopping power for protons in "*Ti and "*Nb were obtained using the SRIM software [14] and
used to determine continuous polynomial function fits. The IAEA recommended cross-sections for
the "*Ti(p,x)*V reaction [9] were also fitted to two distinct continuous polynomial functions, for the
high 14-20 and low 5-10 MeV energy ranges. These continuous functions enable the computation
of the activities of each foil taking into account the experimentally deduced thicknesses, using small
increments of 0.5 um. The procedure was repeated for several initial impinging energies in the
17.4-18.6 MeV energy range as the nominal energy is 18 MeV. Although the beam current and the
irradiation time considered in the calculations match the ones used in typical irradiations; these are
not important because the calculated activities are only used to determine relative intensities. Figure 2
presents typical calculated relative activity profiles, determined for different impinging energies,
together with an activity profile determined experimentally. Figure 2 illustrates the fact that the activity
profile vs. depth depends on the initial beam energy.
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In order to determine the computed activity profile that best matches the experimental data,
the experimentally obtained relative activities were compared to the computed relative activities by
calculating their residual for each foil. The residuals were then squared and summed for the several
initial energies considered in the calculations to be used in an iterative least-squares minimization
technique to adjust the experimental data, as described in Asad et al. [6]. Figure 3 presents a
typical example of the sum of squared residuals as a function of the initial energy considered in
the computation; illustrating the fact that there is a matching computed initial energy providing
minimized squared residuals.
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Figure 3. Summed squared residuals between the experimental data and calculated activities as a
function of the initial energy considered in the calculations. The experimentally determined beam
energy in this particular case was 17.960 MeV.

The procedure described was repeated for distinct high-voltages in the radiofrequency system
and using a same exit port and also at different exit ports while maintaining constant 32 kV in the
radio-frequency system. Table 1 shows that the radio-frequency voltage affects the beam energy on
target; an expected result as the voltage alters the condition of acceleration. Two of the distinct exit
ports used were also intentionally chosen as diametrically opposed in order to evaluate the influence of
the last acceleration stage between exit ports. The experimentally obtained beam energy for these two
diametrically opposed exits were 17.900 £ 11.6% MeV and 17.960 £ 11.6% MeV; a result in agreement
with the fact that the maximum energy gain is 32 kV between the two exits considered.

Table 1. Experimentally determined proton beam energy for a fixed exit port and at distinct high
voltages for the radio-frequency.

High-voltage used 28kV  32kV  36kV
Beam energy (£11.6%) (MeV) 17905 17960 17.930

The technique provides precise results as the matching computed energy is experimentally
determined considering the combined activities in 20 foils. As illustrated in Figure 3, slightly different
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computed energies indeed result in distinct sums of residuals. Such consistency is in agreement with
the fact that, given a set of computed foil activity, the result is only determined by the experimentally
measured foil activities for which the counting statistical error was determined to be not superior to
1% (as the efficiency calibration is not relevant because only activity ratios are considered, the accuracy
in the determination of the foil activities is only governed by the statistic in counting events in the
Gaussian peak).

One has to point out that the results are obtained bearing in mind that the incident beam energy is
not fully monoenergetic. Indeed, as the particles are not all exactly centered with the geometrical center
of the cyclotron during the accelerating revolutions, the beam shape alters in between accelerations
and results in a certain beam width with consequent energy spread. Additionally, the stripping process
at the end of acceleration of the H™ ions also slightly increases the final energy spread. The present
method only determines average incident beam energies.

Even if identical experiments lead to precise consistency in the computed results, this characteristic
is unfortunately not related to the accuracy of the technique. As several aspects, external to the
computing technique, are inevitably involved in the method, a discussion concerning the accuracy of
the method must arise. For instance, the beam also suffers beam straggling when crossing the stack,
leading to an energy spread influencing the results, which was previously evaluated to be of 2.7% [6]
In addition, besides the referred counting statistical error, the calculations of the foil activities are
based on the knowledge of the thickness of each foil and inevitably rely on recommended excitation
functions and stopping powers from databases. As the errors of these parameters were estimated to be
of 1,10 and 5%, respectively, the uncertainty of the technique was estimated to be of 11.6%; a typical
limitation for energy determination techniques based on stacks.

3. Conclusions

The present work describes a technique for indirect measurement of proton beam energy.
The method needs no beam current measurement nor absolute efficiency calibration. The technique
was projected to exploit only materials available from routine production and enabling their reuse
while simultaneously requiring no additional set-up, as a commercial target is sufficient to establish
the required experimental arrangement. As a result, this experiment for beam energy measurement
can be performed immediately in any biomedical cyclotron with ease.

Author Contributions: Conceptualization, S.J.C.d.C.; methodology, S.J.C.d.C.; validation, S.J.C.d.C.; formal
analysis, 5.J.C.d.C.; investigation, S5.J.C.d.C.; data curation, P.O.; writing—original draft preparation, S.J.C.d.C.;
writing—review and editing, F.A.; visualization, 5.J.C.d.C.; supervision, FA.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Kopecky, P. Proton beam monitoring via the Cu(p, x) >*Co, 3Cu(p, 2n) ¢2Zn and ®*Cu(p, n) ®Zn reactions in
copper. Int. ]. Appl. Radiat. Isot. 1985, 36, 657-661. [CrossRef]

2. Kim, J.H.; Park, H.; Kim, S.; Lee, ].S.; Chun, K.S. Proton beam energy measurement with the stacked Cu foil
technique for medical radioisotope production. J. Korean Phys. Soc. 2006, 48, 755-758.

3.  Avila-Rodriguez, M.A.; Wilson, J.S.; Schueller, M.].; McQuarrie, S.A. Measurement of the activation cross
section for the (p,xn) reactions in niobium with potential applications as monitor reactions. Nucl. Instrum.
Methods Phys. Res. B 2008, 266, 3353-3358. [CrossRef]

4. Avila_Rodriguez, M.A.; Rajander, J.; Lill, ].-O.; Gagnon, K.; Schlesinger, J.; Wilson, J.S.; McQuarrie, S.A.;
Solin, O. Proton energy determination using activated yttrium foils and ionization chambers for activity
assay. Nucl. Instrum. Methods Phys. Res. B 2008, 267, 1867-1872. [CrossRef]

5. Burrage, ] W.; Asad, A.H.; Fox, R.A.; Price, R.I.; Campbell, A.M.; Siddiqui, S. A simple method to measure
proton beam energy in a standard medical cyclotron. Aust. Phys. Eng. Sci. Med. 2009, 32, 92-97. [CrossRef]


http://dx.doi.org/10.1016/0020-708X(85)90008-0
http://dx.doi.org/10.1016/j.nimb.2008.05.015
http://dx.doi.org/10.1016/j.nimb.2009.02.064
http://dx.doi.org/10.1007/BF03178634

Instruments 2019, 3, 20 7of7

10.

11.

12.

13.

14.

Asad, A.H.; Chan, S.; Cryer, D.; Burrage, ] W.; Siddiqui, S.A.; Price, R.I. A new, simple and precise method
for measuring cyclotron proton beam energies using the activity vs. depth profile of zinc-65 in a thick target
of stacked copper foils. Appl. Radiat. Isot. 2015, 105, 20-25. [CrossRef] [PubMed]

Gagnon, K,; Jensen, M.; Thisgaard, H.; Publicover, J.; Lapi, S.; McQuarrie, S.A.; Ruth, T.J. A new and simple
calibration-independent method for measuring the beam energy of a cyclotron. Appl. Radiat. Isot. 2011, 69,
247-253. [CrossRef] [PubMed]

Ion Beam Applications, Chemin du Cyclotron, 1348 Louvain-La-Neuve, Belgium. Available online: https:
/ /www.iba-radiopharmasolutions.com/ (accessed on 5 March 2019).

Monitor Reactions 2017. Available online: https://www-nds.iaea.org/medical /monitor_reactions.html
(accessed on 5 January 2019).

Alves, F; Alves, VH.,; Neves, A.CB,; do Carmo, SJ.C,; Nactergal, B.,; Hellas, V; Kral, E;
Gongalves-Gameiro, C.; Abrunhosa, A.J. Cyclotron production of Ga-68 for human use from liquid targets:
From theory to practice. AIP Conf. Proc. 2017, 1845, 020001.

Alves, F,; Alves, V.H.P,; do Carmo, S.J.C.; Neves, A.C.B,; Silva, M.; Abrunhosa, A.J. Production of copper-64
and gallium-68 with a medical cyclotron using liquid targets. Mod. Phys. Lett. A 2017, 32, 1740013. [CrossRef]
do Carmo, S.J.C.; Alves, VH.P,; Alves, E; Abrunhosa, A.J. Fast and cost-effective cyclotron production of
61Cu using a "Zn liquid target: An opportunity for radiopharmaceutical production and R&D. Dalton Trans.
2017, 46, 14556-14560. [PubMed]

Khandaker, M.U.; Kim, K; Lee, M\W,; Kim, K. Cho, YS.,; Lee, Y.O. Investigations of the
natTj(p,x)4344m 4484647485 48y nuclear processes up to 40 MeV. Appl. Radiat. Isot. 2009, 67, 1348-1354.
[CrossRef] [PubMed]

The Stopping Power and Range of Ions in Matter (SRIM Code, Version 2013). Available online: http:
/ /www.srim.org (accessed on 5 January 2019).

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.apradiso.2015.07.017
http://www.ncbi.nlm.nih.gov/pubmed/26226219
http://dx.doi.org/10.1016/j.apradiso.2010.09.012
http://www.ncbi.nlm.nih.gov/pubmed/20926304
https://www.iba-radiopharmasolutions.com/
https://www.iba-radiopharmasolutions.com/
https://www-nds.iaea.org/medical/monitor_reactions.html
http://dx.doi.org/10.1142/S0217732317400132
http://www.ncbi.nlm.nih.gov/pubmed/28702664
http://dx.doi.org/10.1016/j.apradiso.2009.02.030
http://www.ncbi.nlm.nih.gov/pubmed/19297182
http://www.srim.org
http://www.srim.org
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Conclusions 
	References

