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In this paper, the excitation function utilizing the nuclear reaction "™'V(p,X) *Ti was determined. The
seven investigated metallic vanadium disks were proton irradiated within an energy range of 111-954 MeV
between 1995 to 1996. The experiments’ cross sections were validated using two independent measurements by
combining y spectrometry with both a low-energy germanium detector and a high-purity germanium detector.
The maximum cross section was observed for energies of 145 4= 1.2 and 150.2 £ 1.2 MeV with values of 803 £
28 and 805 £ 27 ub, respectively. In this regard, it was demonstrated that our data were in good agreement with
the former, however, unpublished results which were investigated over a similar energy range. Thus, combined
with these earlier measurements, a consistent data set for the "'V (p,X) 4Tj excitation function from 111 to 1350
MeV is provided. Model calculations using Liege Intranuclear Cascade (INCL)/ABLA reproduce the shape of
the excitation function correctly but overpredict the absolute values by factors of 2 to 3. Some considerations
regarding this already earlier observed systematic overestimation of neutron-poor residues are given. The results
will trigger new approaches in code development in order to improve the predictions.

DOLI: 10.1103/PhysRevC.104.014615

I. INTRODUCTION

The artificial production of the long-lived cosmogenic
radioisotope **Ti was first reported in 1953 [1] whereby
scandium oxide was irradiated with 30-45-MeV protons at
the Harvard 95-in. synchrocyclotron utilizing the **Sc(p, 2n)
4Tij reaction. Since then, studies have focused on accurately
determining the nowadays-accepted half-life of 59.1(3) a [2].
Simultaneously, the interest and demand in **Ti gradually
increased over recent years due to the versatility of the ra-
dionuclide’s field of applications. For instance, lately, the
radionuclide is employed in astrophysics [3], e.g., to probe
nucleosynthesis environments and, thus, help trace back iso-
topic abundances at the time of the supernova explosion [4].
Besides, the use for radiopharmaceutical applications is also
in the spotlight of research where the interest for **Ti arises
as a possible generator system for the daughter nuclide **¢Sc
[Ti/2 = 3.97(4) h], which serves as a promising nuclide for
positron emission tomography [5,6]. The utilization of such
a radionuclide generator (**Ti/***Sc) could conveniently pro-
vide *6Sc. Several strategies were already investigated to
design such a generator back in the 1960s—1970s [7, and
references therein].

Recent publications report on improved designs, allowing
maximal elution of **¥Sc with a minimal breakthrough of par-
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ent “Ti [8,9]. Consequently, its potential off-site availability
challenges now the direct **Sc production routes using en-
riched calcium carbonate targets via **Ca(p, n) **¢Sc [10, and
references therein], or alternatively via **Ti(p,X) **¢Sc [11].
An additional drawback, related to direct production is the
inevitable concurrent production of its longer-lived nuclear
isomer *"Sc [T, s2 = 58.61(10) h], which obviously compli-
cates patient dosimetry. Thus, it is noteworthy to mention that
#mgc is not populated in **Ti decay [6].

Presently, the proton irradiation of high-purity *>Sc metal
targets via the 4 Sc(p, 2n) 4Ti reaction is considered as the
essential production route for carrier-free **Ti with reported
coherent maxima in the cross sections at around 25 MeV
[12-14]. However, its production at intermediate- to high-
energy cyclotrons remains expensive and is commercially
available only in limited quantities [15].

Even so, the available literature concerning the production
of *Ti remains generally low. In the past, various reac-
tions through the bombardment with accelerated particles
have been examined. But, the available overview provided
by literature highlights that proton-induced reactions over
a wide range of energies and various metal targets were
studied. As a result, numerous publications are available
covering production cross sections for different residual nu-
clides (e.g., Refs. [16-19]). However, the formation of 4Ty
is not described, and its occurrence seems only rarely in-
vestigated. Consequently, carrier-free production of *Ti is
only mentioned concerning iron and nickel targets [18]
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TABLE I. Overview of the vanadium samples analyzed in this paper. The mass was determined based on actual measurements, but mass
changes were suspected to partial oxidation of the metal (Fig. 1). Therefore, an averaged disk mass of 132 & 1.32 mg was used, consistent
with the mass from the actual vanadium disks used in the previous work [23].

Sample Proton energy (MeV) Proton flux x 10" (cm~2s~") Irradiation time (s) Mass (mg)
VVUH271 111 £ 1.3 1.068 + 0.021 11400 132.3
VVULA451 129 + 1.4 1.447 £ 0.024 133.4
VVUL411 1349 £ 1.3 1.466 + 0.024 148.3
VVUL333 145 £ 1.2 1.505 + 0.024 12360 145.9
VVUL291 1502 + 1.2 1.523 + 0.024 140.2
VVULI171 164.5 + 1.0 1.576 £ 0.024 138.5
VVSNO083 954 + 1.6 0.02430 + 0.053 60480 151.2

so that the nuclear data on its formation remains almost
destitute.

Yet, among all these investigations, the neighboring chem-
ical element vanadium was not considered as a source of
44T, although its production was already reported earlier [20].
But, as the authors focused on developing a radiochemical
separation method, they did not examine the actual excitation
function for the production of 4Ti. Furthermore, even though
the interaction of vanadium with protons was investigated
in detail [21,22], the production of **Ti was not considered
for the determination of the activation cross sections. But, to
find appropriate usage as a target, a detailed knowledge of
the excitation function is essential. Natural vanadium consists
of two isotopes, namely, for more than 99.75% of vana-
dium (°'V), 0.25% corresponds to the very long-lived v
(T =2.65x 10'7 a). As a result, experimental data on "'y
can virtually be interpreted in a broad energy range as coming
from a monoisotopic 'V target. Thus, the reaction can be
referred to as >'V(p, 2p6n) *Ti.

Finally, only one publication can be found concerning the
measurement of the excitation function for the experimental
naty(p,X) “Ti, which was published by Zaitseva et al. back in
1994 [15]. Here, the authors describe and discuss the possible
application of proton irradiated vanadium as a source for a
prospective **Ti/**¢Sc generator. Since Ref. [15] investigated
the excitation function in the range of proton energies from
54.6 to 100 MeV, our paper allows an extension of the data
regarding the experimental production cross section since val-
ues in the energy range from 111 to 1350 MeV are presented.

Moreover, as the samples examined here were part of an
earlier irradiation campaign, further vanadium specimens that
were irradiated during the same campaign are also taken into
account [23]. Compared to that data, the advantage of the
presented approach is certainly reducing the values’ uncer-
tainties utilizing y-spectrometry measurements with both a
low-energy germanium detector (LEGe) and a high-purity
germanium detector (HPGe). Both experimentally obtained
data sets agree well within the uncertainties. The results are
compared with theoretical model calculations.

II. EXPERIMENTAL PROCEDURE

The excitation function for the "™'V(p,X) “Ti reaction
was measured using the stacked-foil technique [24]. The ir-
radiation experiments with protons were performed at two

facilities in Europe: the Laboratoire National Saturne in
Saclay (France) and the Svedberg Laboratory in Uppsala
(Sweden). The irradiation took place between October 1995
and March 1996 and covered proton energies ranging from
111 to 954 MeV (Table I). The experiments’ initial target
preparation was carried out in joint cooperation of the Uni-
versity of Cologne and the Leibnitz University in Hannover.
A detailed description of the target preparation can be found
elsewhere [24]. The proton fluxes were derived employing the
27 Al(p, 3p3n) *Na monitor function.

It is noteworthy to mention that the investigated vana-
dium samples in the present paper were irradiated around
20 yr ago so that short-lived isotopes, occurring from spal-
lation reactions, already decayed and, thus, allowed a precise
interference-free detection of **Ti. Moreover, although a pub-
lished procedure for the carrier-free separation of tracer **Ti
from proton-irradiated vanadium is available [20], the authors
decided in this paper to measure the **Ti activity without prior
chemical separation as by that approach, losses are entirely
excluded and, hence, calculating with a 100% yield. Besides,
y-ray attenuation in the dissolved vanadium matrix between
60 to 80 keV was found to be negligible. Furthermore, sam-
ples of **Ti in equilibrium with **¢Sc also allow measuring the
1157-keV line in order to calculate the **Ti activity.

A. Sample description

The natural metallic vanadium disks (on average: mass
~ 132 mg, diameter ~ 1.50 cm, chemical purity of
vanadium: 99.8%) (Fig. 1) reference were provided by
Goodfellow Cambridge Limited (U.K.). The manufac-
turer’s certificate states typical impurities to be (in parts
per 10%:Cu < 1, Ca < 1, Mg<1,Mn=1,Ag=1, Al=
2, Cr =15, Fe = 70, and Si = 300.

B. *Ti reference source

To accurately determine the **Ti activity of each sample, a
calibration source was used that was measured under the same
conditions on each of the spectrometers (LEGe and HPGe).
At first, the initial specific **Ti activity of an in-house *Ti
solution (carrier free in 1 M HCl) was measured as a pointlike
sample (PLS).

The PLS was prepared by gravimetrically traced droplet
deposition (/20 ul/droplet) using a pycnometer and imme-
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TABLE II. Overview of the different reference sources used for the activity determination for different geometries.

Reference Detector 4T activity (Bq/mg) Added amount (mg) Total activity (Bq) Nuclide (energy in keV)
PLS HPGe 1.140 £ 0.013 86.35 + 0.01 98.45 + 1.13 #Sc (1157)
2mL LEGe 1021.12 + 1.02 1161.70 + 13.42 “Ti (67.9, 78.3)
5mL HPGe 1024.26 £ 1.02 1166.47 £ 13.48 4T (78.3)

diate evaporation of the solution on a circular polyethylene
foil with a diameter of 2.5 cm (specified density = 21.3 +
1.8mg x cm™2). The activity concentration of the PLS
was determined on the HPGe detector, utilizing the Hgge
[Ti/2 = 3.97(4) h] daughter of *Ti in secular equilibrium with
an efficiency of & = 6.88 x 10~* for the 1157-keV line [Iy
= 99.9(4)%]. The efficiency calibration of the HPGe detector
is described elsewhere [25]. Here, **2Sc was used to derive the
“Ti activity as the emission branching ratio for scandium is
precisely known.

Since the PLS was gravimetrically prepared, the stock so-
lution’s activity was determined to be 1.140 £ 0.013 Bq/mg
(Table II). Consequently, from the calibrated stock solution,
two reference sources with volumes of 2- and 5-ml, re-
spectively, were also gravimetrically prepared high-density
polyethylene (HD-PE) liquid scintillation counting (LSC)
vials. For each sample, 1-ml of the 4“Ti stock solution was
used, and either 8 M HNOj (for the 2-ml reference) or 8§ M
HCI (for the 5-ml reference) was added to reach the final
volume. These solutions were then used for the efficiency
calibrations of both LEGe and HPGe detectors to account for
the sample-specific geometry.

C. Sample preparation for measurements on LEGe

Initially, each vanadium disk was placed into an HD-PE
LSC vial (diameter: 27 mm, height: 58 mm) and dissolved in
2-ml 8 M nitric acid, which was prepared from concentrated
nitric acid (Merck KGaA, Germany, Semiconductor Grade
MOS PURANAL™ HNO; > 69%). During the dissolution,
the vials were placed in an ice-water mixture to quench
the exothermic dissolution reaction. This step was necessary
as previous tests with unquenched dissolution experiments
showed a solid residue, which was likely due to the formation
of vanadium pentoxide (V,0s). After the complete disk’s dis-
solution, each sample was subsequently y spectroscopically
measured using the LEGe.

D. Sample preparation for measurements on HPGe

In order to compare the y-spectrometrical results obtained
from the LEGe, a second measurement for each sample on the
HPGe system was performed.

However, these measurements were performed several
months after the initial measurements. Therefore, each sample
was reprocessed to account for changes in the volume, which
could have occurred during the sample’s storage. Therefore,
each HD-PE LSC vial was heated up gently with an open lid
to achieve complete dryness. The samples were then treated
several times with concentrated hydrochloric acid (Merck
KGaA, Germany, ACS reagent, fuming, HC1 > 37%) to dis-

solve remaining residues on the inner walls of the LSC vial
completely.

After another evaporation to dryness, the samples were re-
dissolved using 5-ml of 8 M HCI. This time, HCI was used
in order to have a complexing agent, such as chloride, instead
of nitrate, as the vanadium metal was already oxidized and,
thus, present as V,0s. Hence, choosing HCI, V forms various
chemically stable and soluble chlorocomplexes [26], ensuring
a reliable measurement concerning the geometry as no solids
are formed under these elevated HCI concentrations.

E. y spectroscopy of the Vanadium specimen

y spectroscopy was conducted using the Canberra LEGe
detector and the Canberra BE2825 planar HPGe detector, re-
spectively. The resulting spectra were subsequently analyzed
with the Genie2k software (Mirion Technologies, California).
The *Ti reference PLS was measured at a distance of 140(1)
mm in air on a 1.2-mm-thick Al support.

As the reference sources from the calibrated solutions were
prepared in the same geometry as the measured samples for
the activity determination, the efficiency calibration was ob-
tained as counts per second per becquerel of *“*Ti activity in
the solution of the specified geometry. Such geometry specific
calibrations with the same radionuclide diminish both the
need for true-coincidence summing corrections and precise
knowledge of the photon emission probabilities.

Moreover, a further advantage is given as the knowledge of
the efficiency response curve for other energies than nuclide
specific ones is not required since it is determined through the
count rate at the 67.9- and 78.3-keV y lines from its decay.

Consequently, this allows comparing the count rate of the
calibration solution with the known activity of the same ge-
ometry. The final **Ti activity was projected with a specified
reference date (August 30, 2019). The uncertainties are quoted
with a coverage factor k = 1 (confidence level of about 68%)
if not stated otherwise.

F. Theoretical cross-section calculations

Here, the Liege intranuclear cascade model INCL++
[27,28] combined with the de-excitation codes ABLAQO7 [29]
were used to perform theoretical cross-section calculations.
This model combination is commonly used to compute the
production yields and characteristic particles and nuclei gen-
erated in spallation reactions [30]. The progenitors were taken
into consideration to calculate the cuamulative cross sections as
follows:

Am

_— 1
o — 6]

Op,cml = OD,ind + OM,cml
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TABLE III. Overview of the measured activities of **Ti from the proton irradiated vanadium disks.

VVUH271 VVUL451 VVUL411 VVUL333 VVUL291 VVULI171 VVSNO083
A(*Ti) in Becquerels
LEGe 0.31 £0.01 0.55 £ 0.01 0.61 £+ 0.01 0.65 £ 0.01 0.67 £0.02 0.62 £+ 0.01 0.037 4+ 0.002
HPGe 0.33 £0.01 0.55 £ 0.01 0.64 £+ 0.01 0.67 £ 0.01 0.67 £ 0.01 0.69 £ 0.01 0.04 £ 0.01
Unweighted average 0.32 +£0.02 0.55 +£0.02 0.62 +0.02 0.66 £+ 0.02 0.67 £0.02 0.65 +0.04 0.04 £+ 0.01
Uncertainty (%) 5.31 2.84 342 297 2.74 5.81 15.33

where op cmi 1s the cumulative and op ing is the independent
cross section, oy, cmi 1s the cross section of the parent nuclide,
Ay is the decay constant of the mother, and Xp is the decay
constant of the daughter. Obviously, o cmi is calculated, such
as op ¢m; Mmaking the latter a sum of possibly numerous terms,
according to the number of successive progenitors. The details
can be found elsewhere [24,30,31].

G. Cross-section determination

Once the activity (Agample) 1s determined and corrected for
the decay time from the irradiation date, the cross-section o
can be calculated, according to a simplified equation,

Aty
o — ASample €
Np ®p (1 — e i)’

@

where A is the decay constant of the radionuclide, ¢, is the
time between irradiation (end of beam), and the projected
reference date for the y counting, Ny refers to the number
of target atoms, @ represents the proton flux density, and #;;
is the irradiation time. In order to compare the past results,
the previously determined cross-section values needed to be
recalculated. Applying the corrected half-life of **Ti leads to
*
ot =02, )
Ti)»

where Tl*/2 is the currently accepted half-life [59.1(3) a] and
T ) refers to the half-life used in the cited publications (47.0 a
([15]), and 47.9 a ([23]), respectively), o represents the former
value for the production cross section, and o* represents

the adjusted value for the comparison (see the Supplemental
Material [32])

III. RESULTS AND DISCUSSION

The samples’ **Ti activity as determined by each y-
spectroscopic system, is presented in Table III. For the
determination of the cross-section values, the unweighted av-
erage of obtained **Ti activity values were used.

Knowing the integrated proton current and the activity of
produced **Ti, the production cross sections were calculated
as displayed in Table IV. Compared with unpublished exper-
imental data [23], investigated over a similar energy range,
the presented data show good agreement. Notably, the uncer-
tainties of the obtained cross sections are significantly lower
(see the Supplemental Material [32]) in comparison to the
data from Protoschill [23] (Fig. 2), whereas only the sample
VVSNO83 shows a high uncertainty as this is related to the
very low “Ti activity.

For a further comparison concerning the uncertainty val-
ues, the error for all the cross sections mentioned in the work
of Ref. [15] is stated to be £20% (Fig. 3) and, thus, consider-
ably higher.

If we compare the experimental data with the predictions
of the INCL++ and ABLA 07 codes (Fig. 3), it can be
observed that the theoretical data indicate a consistent shift
towards much higher cross sections. Generally, the experi-
mental data, thus, suggest that the codes are overestimating
the excitation function. Moreover, from the predictions, it
can be derived that the maximum is located in the mid-
energy range (at 150 MeV), which is consistent with our
data.

Accordingly, our data agree with the predicted energy of
the maximum cross section with 803 =+ 28 ub at an energy in
the region of 145 4+ 1.2 MeV and with 805 & 27 ub at 150.2
+ 1.2 MeV. In the work of Ref. [15], the maximum is reached
at an energy of 80.8 & 2 MeV, referring to 830 £+ 166 ub.
Here, the experimental data differ as by the computational pre-
dictions, a global maximum for the cross section is localized
at 150 MeV. However, derived from our experimental data,
it is obvious that a second maximum is reached at 150 MeV,
although the value is not much higher than compared to the
maximum value of the lower-energy region.

But, as the values obtained from Ref. [15] are given within
a 20% uncertainty, the actual cross-section values in that range
might be actually lower so that a global maxium at 150 MeV
could be expected. Therefore, a further investigation and, thus,
more experimental data in the low-energy region would be
required.

TABLE IV. Measured production cross section of **Ti from the "*V(p,X) **Ti reaction.

VVUH271 VVULA451 VVUL411 VVUL333 VVUL291 VVUL171 VVSNO083
Energy (MeV) 111 £+1.3 129+ 14 1349 +1.3 145+1.2 1502+ 1.2 1645+ 1.0 954 £ 1.6
Cross section (ub) 592 + 34 697 + 24 782 £ 31 803 + 28 805 + 27 761 + 46 576 £ 89
Uncertainty (%) 5.77 3.48 3.95 3.55 3.36 6.11 15.52
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VVUL333 VVUL291 VVUL171

FIG. 1. Overview of the seven metallic vanadium disks before
the dissolving process. Notably is the different appearance, which is
likely caused by partial oxidation.

Moreover, as the cross sections in the range of greather
than 70 MeV are consistently high and even constant in the
range from 100 to 150 MeV, also thick targets can be consid-
ered for proton irradiations.

Yet, to mention the overestimation of the model, the new
data set allows to have a reliable reference for the comparison,
based on experimental data. The model’s overestimation will
require further investigation and, therefore, cannot be cor-
rected in this paper. However, these new data, and others like
it, can help to improve the codes. As a preanalysis, we have
a first look to the isotopic distribution concerning spallation
reaction. It is interesting to estimate the proportion of nuclei
with the same proton number (Z) and, in this case, to show the
level of difficulty.

For a comparison we use p + Fe for an incident energy
of 300-1000 MeV because experimental data exist [33,34]
and the production mechanisms are the same as those of
nty(p,X) “Ti. As a result, INCL-ABLA compares well with

1000

) | Nh

w e, X)*Ti |
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700 -

Cross-section (ub)

600 |- f

Protoschill (97)] |
This Work -

500 - .

1

110 150 200
Proton Energy [MeV]

400

FIG. 2. Experimental excitation function for the **Ti production
from proton-induced reactions as a comparison between the two data
sets.
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e This Work
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100 |

50 100 1000 1500

Proton Energy [MeV]

FIG. 3. Further comparison of the excitation function for the **Ti
production with additional data in the low-energy range (taken from
Ref. [14]) as well as theoretical calculations.

experimental data (Fig. 4), but there are approximately three
orders of magnitude difference between the most produced
nucleus *Mn and the least produced **Mn. This highlights
the difficulty of simulating a nucleus precisely, whose contri-
bution to the global process is so small. Specifically **Mn is
overestimated by a factor of about 3. Consequently, a similar
ratio than the one seen for the **Ti from the p + V reaction is
obained.

A second point concerns the >Fe excitation function of
3 Co(p,X) reactions, provided by various sources ([36—42]).
Again, the mechanisms to obtain 32Fe from cobalt through
proton-induced spallation are analogous to the production of
“Ti from vanadium. Thus, Fig. 5 shows the comparisons
between the model and the experiments. Figure 5(a) shows
the same overestimation as seen in Fig. 2.

In contrast, the INCL-ABLA results [Fig. 5(b)] are scaled
by a factor of 1/3 to focus on the shape of the simulation.
In this case, the results of the calculation correspond well to
the experiments with a small shift of ~5 MeV in the low-
energy part. This indicates that the overestimation is more or
less at the same level independent of the projectile’s energy,
thus, possibly also not dependent of the excitation energy of
the remnant nucleus at the end of the intranuclear cascade.

The following figures also seem to support this view. The
first one is related to the previous isotopic distribution. Here,
Fig. 6 shows the same mass distributions as seen in Fig. 4 but
for several excitation energies at the end of the intranuclear
cascade. These new excitation energies have been obtained by
multiplying the original excitation energy by factors ranging
from 0.5 to 1.5. The good overall results obtained by INCL-
ABLA for the residues [43] proved that the excitation energy
calculated by INCL has an error probably well below 50%,
which ensures that all possibilities are covered here. It seems
that the role of the excitation energy is only important for the
heaviest isotopes. For our lightest isotope *Mn, we could see
a renewed importance [see Fig. 4(b)]. But, Fig. 7 shows that
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FIG. 4. Mass distributions of the Z = 25 isotope from the p +
Fe reaction at proton energies (a) E(p) of 300 MeV and (b) E(p) of
1000 MeV. Calculations (green line) come from the INCL-ABLA
model combination and experimental data from GSI for 300 MeV
[33] and for 1000 MeV [34], respectively.

all excitation energies are compatible with the original value
and eventually no clear behaviors emerge.

The second type of figures devoted to the excitation energy
concerns its evolution with regard to the projectile energy.
This is plotted in Fig. 8 for the reaction p + "V. We can see
that the excitation energy varies only slightly with the energy
of the projectile by about 30% when the projectile’s energy
passes from 50 to 1000 MeV and even only about 10% in the
specific case of the production of **Ti. Interestingly, the shape
is very similar to the production of **Ti this being a hint that
the excitation energy plays a significant role in the residue
production and that INCL simulates it well.

Finally, for the reaction p 4+ "V, many channels or mech-
anisms are responsible for the production of *Ti: 19 were
identified, but only 12 with a contribution greater than 1%,
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— L1 ]
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1.2x10% (@) fL i
£1.0x103 | 0 l\I\sT 1

section
m .
o
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0.0 L j L 1 ] 1
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T T T T — T T T U | T
59Co(p,X)*?*Fe —o— Calculated
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— e Deptula
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2 ! NLT
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5 1 LN
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i oy
fz{
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FIG. 5. Compilation of 3Fe excitation function from p + Co
reactions. Experimental compiled from [35-41] and theoretical
predictions obtained using the INCL-ABLA code combination. Al-
though (a) is the regular comparison in (b) a scale factor of 1/3 is
applied to the calculation results.

and 4 greater than 5%. Only these latter ones are summa-
rized in Fig. 9. The very different mechanisms responsible for
low- and high-energy productions have in common to emit
neutrons during the deexcitation phase. However, ABLA is
considered as reliable with regard to neutron emission [43].
We could also suggest that in INCL the ratio of the number
of protons emitted to the number of neutrons emitted is too
low, thus, leading to an overestimation of the neutron-poor
residues. But, the calculated particle spectra seem here again
to show that INCL simulates them fairly well [42]. How-
ever, this observed overestimation occurs for events with low
cross sections, i.e., events that are very sensitive to certain
quantities, such as the ones mentioned previously. Particular
attention to these quantities will probably be needed to solve
the problem.

The measured data discussed here have raised a rather
systematic overestimation of neutron-poor residues with
INCL-ABLA. They could potentially help to understand the
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FIG. 6. Mass distributions of the Z = 25 isotope from the p + Fe
reaction at proton energy E(p) of 300 MeV. Same as Fig. 4, (a) shows
where the original excitation energy takes several new values with
multiplying factors ranging from 0.5 to 1.5. In (b), the ratios to the
original values are plotted. Calculations come from the INCL-ABLA
model combination and experimental data from GSI [33].

problem and to improve the calculation results. For instance, a
study related to INCL [44] showed that the Bayesian statistics
is a powerful tool to estimate the bias of calculated neutron
productions. This could be applied to other quantities and
especially the residues. In view of this, the data discussed in
this paper will play an interesting role.

Finally, we would like to evaluate the potential of a
#Ti/**8Sc generator system obtained by the spallation-based
production of the mother nuclide by comparing it with alter-
native routes to produce the medically interesting **$Sc.

The production of sufficient amounts of *“*Sc can be
achieved either using various direct reactions, including pro-
ton, deuteron, and «-particle beams in combination with
enriched *CaCO; and **TiO, targets, or, alternatively, as the
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FIG. 7. Evolution of the production cross section of the *“*Mn
isotope from the p + Fe reaction at proton energy E(p) of 300 MeV
including several values of the excitation energy at the end of the in-
tranuclear cascade. Calculations come from the INCL-ABLA model
combination.

daughter nuclide of the long-lived mother nuclide **Ti in a
44Ti/*¢Sc generator system.

Reported cross sections for the direct production of **¢Sc
in the relevant low-energy region (up to 45 MeV) are sig-
nificantly higher than those for the production of *Ti. As
an example, Ref. [11] calculated several MBqg/uAh, regard-
ing the 44Ca(p, n) 44eSc reaction, whereas [15] reported 0.55
kBg/uLAh for the "'V (p,X) “*Ti. However, this disadvantage is
compensated by the possibility for multiusage of the generator
system. Although the direct production of **4Sc requires dedi-
cated beam time for every single batch followed by an ultrafast
chemical separation system due to the relatively short half-life
of *¢Sc [3.97(4) h], a **Ti/**¢Sc generator can ensure daily
delivery within a few minutes over several years. Moreover,
the generator avoids the presence of isomeric 4" Sc.

Complementary to the production route via spallation re-
actions, **Ti can be produced by proton irradiation of Sc
using the *3Sc(p, 2n) *Ti reaction. Thick target yields of 5
kBg/iuAh were reported [12], calculated for a proton beam
with an incident energy of 38 MeV, which is around a factor 10
higher than for the spallation reaction on V. However, the pro-
duction of a sufficient **Ti amount using this production path
requires several hundred hours of dedicated beam time. As an
example: For the production of 370 MBq **Ti (corresponding
to 10 mCi—the smallest unit of the commercially available
%8Ge/%®*Ga generator [45]) using an average cyclotron with
100 pA proton beam current, around 740-h irradiation would
be necessary. The follow-up chemical separation of the **Ti
from the matrix material Sc requires extremely high decon-
tamination factors because for the medical application wanted
483 is the same chemical element as the matrix material. Any
stable Sc, remaining in the 4Ti fraction, would contaminate
the **¢Sc fraction eluted from the generator. This could hinder
the labeling to obtain the medically active molecule or, in the
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FIG. 8. Excitation energies of the remnant nuclei obtained at the
end of the cascade phase for reactions p + V with proton energies
ranging from 50 to 1000 MeV. The black curve shows the mean
values for all cases, whereas the blue curve shows only the cases
where, at the end of the reaction, a **Ti nucleus is produced (a). Fur-
thermore, only the latter one is plotted with the X axis in logarithmic
representation (b).

worst case, poison the patient. In view of this, the production
route via spallation represents a prospective alternative. As
shown in Fig. 3, considerable amounts of **Ti can be obtained
over a relatively wide energy range, this making very thick
targets interesting. Given the possibility of dedicated irradia-
tion positions in large-scale spallation facilities, for instance,
near the beam dump or at special positions in the spallation
target, no extra beam time is required to perform long-term
irradiations over several months or even years. The spallation
target of the SINQ facility at PSI provides such opportunities.
In the frame of the so-called SINQ Target Irradiation Program
(e.g., Ref. [46]), around 50g metallic vanadium was irradi-
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FIG. 9. Contributions to **Ti production in p 4 V reactions with
more than 5%. Calculated with the INCL-ABLA combination code.
“6n2p” means the emission of six neutrons and two protons (in fact,
the possible associated emissions of charged pions are included,
which obviously modifies the number of neutrons or protons, e.g.,
seven neutrons + one proton + one 7" is included). In the same
way, “1d” means five neutrons, one deuteron, one proton; “1#” means
four neutrons, one triton, one proton; and “la” means four neutrons
and lo .

ated for 2 yr utilizing the high-intensity proton accelerator,
resulting in several hundred MBq **Ti. The radiochemical
processing of the V samples is currently in development,
leading to a prospective sustainable production of **Ti/**¢Sc.
Several high-power spallation sources world wide, such as the
Spallation Neutron Source in Oak Ridge (U.S.A.) [47], the
Japan Spallation Neutron Source in Tokai (Japan) [48], TRI-
UMEF in Canada [49] or the still under construction European
Spallation Source in Lund (Sweden) [S0] are potential sites
for such an application.

IV. SUMMARY AND CONCLUSIONS

In this paper, we presented the excitation functions for
proton-induced nuclear reactions on seven vanadium disks,
concerning the "™V (p,X) *Ti reaction. The presented data
support previous experimental results in the energy range of
111-1350 MeV whereas increasing the precision of measured
values, employing y spectroscopy using both a LEGe detec-
tor and an HPGe detector. Combined with data from earlier
measurements, a consistent data set is presented.

Generally, the measured cross sections over the investi-
gated energy range are overall much lower than predicted
by the theoretical calculations. The shape resembles well the
trend given by the experimental data, which confirms that the
mechanisms responsible for the production seem to be well
implemented in the INCL-ABLA codes but are numerically
overestimated. The reason for the overall overestimation could
lie either in too many remnant nuclei at the end of the in-
tranuclear cascade leading to a **Ti isotope or in a too easy
emission of low-energy neutrons in the evaporation phase of
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the deexcitation. More precisely, the correlation between the
excitation energy and this excitation function is so strong that
one could expect that a few MeVs only could completely
change the results. Detailed studies to improve the predictions
are planned. The here presented experimental results will help
to understand and solve the problems.

The availability of the parent nuclide “*Ti enables the setup
of a radionuclide generator that can provide **¢Sc indepen-
dently and averts the presence of isomeric **”'Sc. Considering
the long half-life of **Ti the generator will provide **¢Sc over
a long time span, even if the generator has to be renewed
after a certain usage. This circumvents costly beamtimes at
accelerator facilities and time-consuming target preparations.
A further advantage of a generator is, that **$Sc can be di-
rectly eluted and used, which in addition diminishes activity
losses as no further transport or radiochemical separation or
purification is required. The exact as possible knowledge of
the production cross sections for the production of the mother

nuclide is a precondition for the successful commercial
implementation of the **Ti/**¢Sc generator system as a reli-
able medical diagnosis tool in the future.
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