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Abstract: This work exhibits the very first experimentally
determined cross sections for 26Al and 41Ca as proton-
induced spallation products of metallic vanadium targets.
Additionally, the authors describe a radiochemical sepa-
ration of 26Al and 41Ca from the vanadium matrix and
present the theoretically calculated cross-section values as
a reference for the experimental ones.
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1 Introduction

Nuclear data, such as cross sections for particular re-
actions are of high interest for filling the gaps in the
nuclear databases. Such data are important for various
applications, from radiation dose rate estimation in the
future subcritical reactors Accelerator-Driven Systems
(ADS) to exotic nuclide production yield estimation.
Structural components and shielding used in the con-
struction of ADS will be subjected to intense, long-term

particle irradiation.Depending on their composition,
various radioactive isotopes are generated and contribute
to the induced radiation dose rate. Knowledge of the
51V(p,x) reactions cross-sections helps estimate this dose
rate regarding the potential vanadium content in the
structure materials. Same data are needed for estimating
the production yield and overall cost of radionuclides for
particular applications. Rare radionuclides such as 26Al
and 41Ca are of high interest in medical, astrophysical, and
environmental scientific investigations and applications.

In the past seven decades, the proton-induced

reactions on vanadium targets were described in over

two dozen scientific reports and the production cross-

sections of 55 nuclides at various incident proton beam

energieswere reported [1]. However, the production cross-

sections of 26Al and 41Cawere never reported. The very first

experimental cross-section determination for spallation

products of vanadium targets was reported by Rudstam in

1953 [2] and ever since an increasing number of specific

spallation products have been investigated. Likely, due to

difficulties in accurately determining the produced num-

ber of atoms or activity for 26Al and 41Ca, their production

cross-sections and implicitly the excitation function

through vanadium spallation were not determined.
Due to their decaymode and relatively long half-lives,

both 26Al (T1/2 = 7.17(24)·105 y [3]) and 41Ca (T1/2 = 9.94(15)·
104 y [4]) require high sensitivitymeasurementmethods to
accurately quantify them as spallation products, espe-
cially when the produced amounts are low.

The most accurate way of determining small amounts of
long-lived radionuclides is utilizing accelerator mass spec-
trometry (AMS). Before such measurements, a radiochemical
separation is required, followed by careful sample prepara-
tion, to provide pure and suitable samples. During the years,
AMS has been recognized and established as a leading
technique for the determination of long-lived radionuclides
[5–9]. In the specific cases of 26Al and 41Ca, the first mea-
surements were performed in 1979 [10] and 1984 [11],
respectively.

Data as presented in this paper do not only fill gaps in
the nuclear databases but also help to improve the
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theoretical models. Therefore, a comparison with experi-
mentally obtained data highlights, whether predictions
based on the theoretical models are over- or under-
estimating the actual production of radionuclides through
various nuclear reactions. Here, excitation functions for
26Al and 41Ca were calculated using Liège Intranuclear
Cascade (INCL)/ABLA.

2 Experimental studies

All chemicals used in this work were of p.a. quality or better.
Peristaltic pumps (REGLO Digital MS-2/8, Cole-Parmer In-
strumentCompany, LLC.,USA)wereused for the separations,
combined with Ismaprene PharMed® (Cole-Parmer Instru-
ment Company, LLC., USA) squeeze tubes. The method
development focusedfirst on cold, non-activemodel solution
matching precisely the chemical composition of the active
matrix. The inactive experiments were also used to optimize
the separation conditions, including the required amount of
resin, eluent volumes, and flow rates for the different stages
of the separation. The reader ismade aware, that 32Siwas also
separated from the matrix, but not mentioned in the results
and discussion, since a suitable AMS-Standard is presently
(at the time of submission) not available.

2.1 Pretreatment of the irradiated targets

Vanadium metallic discs with a diameter of 15 mm and
thickness of 1 mm were used as targets. Notably, the irra-
diation of these specimen took place between October 1995
and March 1996. The initial target preparation was
performed in joint cooperation of the University of Cologne
and the Leibnitz University Hannover. The targets are
therefore originating from the extensive irradiation
experiments, performed by Michel and colleagues (e.g.,
[12]). Furthermore, information concerning the irradiation
conditions and the detailed chemical processing have been
reported elsewhere [13], but are also provided (see the
Supplementary Table 2).

In the initial treatment, the seven proton-irradiated tar-
gets were each solubilized, resulting in solutions with a vol-
umeof 5mL.Each solution contained the full chemicalmatrix
of the target material, dissolved in 8 M HCl.

2.2 Matrix change and silicon removal

Each ion-exchange or extraction column chromatography
employed in this work generally comprises three stages:

the loading phase, in which the stationary phase is put
in contact with the solution to be separated; the washing
phase, employed for the complete removal of the
non-binding elements; and the eluting phase, for recov-
ering the binding elements.

Since the samples were intended for AMS measure-
ments, carriers for both calcium and aluminum had to be
added before the separation. Therefore, 2 mL of each
single-element standard solution (1000 mg/L, Trace-
CERT®, Merck KGaA, Germany) was added. Additionally,
2mL of a freshly prepared 1M L-ascorbic acid (Merck KGaA,
Germany) was added, before being further diluted to a final
volume of 200 mL with ultra-pure water (18.2 MΩ, Veolia
S.A., France).

In the first separation, Dowex® 50WX8-200 (Merck
KGaA, Germany) is used, a strong-acidic cation exchange
resin as stationary phase, hosted in a tailor-made poly-
methyl methacrylate (PMMA) column with an inner diam-
eter of 10 mm and the resin bed height of 140 mm.
The loading phase consisting of 200mL fullmatrix solution
was followed by a washing phase of 30 mL H2O, and the
two fractions were collected together. The eluting phase
consisted of 50mL 3MHNO3, andwas collected separately.

For the method development part, a model solution
was prepared by dissolving a vanadium disc weighing
0.4125 g in 5 mL 8 M HNO3. The obtained solution was
transferred in a 10 mL volumetric flask and brought
to quota with H2O. From the resulted solution a volume of
3.2 mL was transferred on a PTFE evaporation dish (6 cm
diameter, 1 cmheight) and evaporated to dryness, followed
by decomposition to oxide (approx. 250°C). The resulting
solid oxide residue was further dissolved in 5 mL 8 M HCl
solution and quantitatively transferred to a 200 mL volu-
metric flask. Standard 1000 ppm solutions of Si, Ca, andAl,
2 mL each, were successively added, followed by 3 mL of
0.5 M N2H4. Lastly, the solution was brought to the quota
with H2O.

The resulting solution (200 mL) was loaded on a
chromatographic column containing AG®-50W-X8 cation
exchange resin (140 mm resin bed height, 9 mm diameter).
The loading eluate was collected in four fractions of 50 mL
each, and their content was analyzed via Inductively
Coupled Plasma-Optical Emission Spectrometry (ICP-OES)
without further dilution. The washing step, consisting of
30 mL H2O was collected in three fractions of 10 mL each
and similarly analyzed. Finally, the eluting phase, con-
sisting of 50 mL 3 M HNO3 was collected in five individual
fractions, each diluted 10-fold before being analyzed. The
elements concentrations were measured via ICP-OES
against a five-point calibration curve with a maximum
standard concentration of 20 ppm for Al and Ca, 10 ppm for
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Si, and 400 ppm for V. The selected measurement wave-
lengths were 396.152 nm for Al, 396.847 nm for Ca,
251.611 nm for Si, and 326.769 nm for V.

2.3 41Ca separation

It has been reported [14] that 41Ca shows high retention in
3 M HNO3 onto DGA resin (TrisKem International SAS,
France) so the elute phase was specifically chosen for the
consecutive separation of 41Ca from the matrix. Each
solution yielded 50 mL acidic solution, which was then
loaded onto the DGA resin. Again, a tailor-made PMMA
column (length = 100 mm; inner diameter = 10 mm) was
chosen to host the resin. After the load solution passed
through, 20 mL of 3 M HNO3 was employed as wash phase,
yielding a total volume of 70mL. Finally, 41Cawas collected
in 30 mL of 3 M HCl.

The method development consisted of the preparation
of a 50mL solution containing Al and Ca, 2mg each, and V,
132 mg, with a HNO3 concentration of 3 M. Next, the solu-
tion was loaded onto a chromatographic column contain-
ing DGA resin (45 mm resin bed height, 9 mm diameter).
The load eluate was collected in five fractions of 10 mL
each, 10-fold diluted, and the concentration of the
elements of interest was measured via ICP-OES. The wash
and elute solutions were each collected in three 10 mL
fractions and analyzed similarly. The concentrations for
the elements of interest were measured using ICP-OES,
similar was the case of silicon removal, against a five-point
calibration curve, but with maximum standard concen-
trations ranging up to 10 ppm for Al, 20 ppm for Ca,
and 300 ppm for V. The selected measurement wave-
lengths were 396.152 nm for Al, 396.847 nm for Ca, and
292.401 nm for V.

2.4 26Al separation

In the case of 26Al, we chose a gradual elution from the
vanadium matrix. Upon the addition of 7 mL H2O2 (30%
w/w, Merck KGaA, Germany) to the previous 70 mL solu-
tion (3 M HNO3), the solution turned red, indicating the
presence of the oxo-peroxo [VO(O2)]

+ cationic complex.
Consequently, the solution was heated up for 10 min in a
water bath (keeping at ≈60°C) and immediately placed in
ice, to stop the gradual decomposition of the hydrogen
peroxide, and thus the oxo-peroxo vanadium complex. To
decrease the acidity for the initial separation, the solution
was then diluted to 310 mL using a graduated cylinder,
resulting in ≈ 0.75 M HNO3. Again, Dowex

® 50WX8-200

was used (bed height: 140 mm), filled in the tailor-made
300 mm PMMA-column. The separation scheme then
included a wash with 30 mL 0.75 M HNO3, followed by
10mL 1MHNO3, and 20mL 3MHNO3. Those volumes were
collected in a single PE bottle and subsequently disposed
of, as it contained only vanadium. Ultimately, the elute
phase consisted of 30 mL 3 M HNO3 and was collected
separately.

In the development stage, a 340 mL solution con-
taining 2 mg Al, 132 mg V, and 7 mL H2O2 30% (w/w) with
a HNO3 concentration of approximately 0.75 M was
prepared and loaded onto a chromatographic column
containing Dowex® 50WX8-200 resin (140 mm resin bed
height, 9 mm diameter). The load eluate was collected in
a single fraction of 340 mL, one hundredfold diluted and
the concentrations of the elements of interest were
measured via ICP-OES. The two wash and the elute so-
lutions were each collected in 5 mL fractions, 10-fold
diluted, and analyzed similarly. The concentrations for
the elements of interest were also measured using
ICP-OES against a five-point calibration curve with a
maximum standard concentration of 20 ppm for both Al
and V. The selected measurement wavelengths were
396.152 nm for Al and 292.401 nm for V.

The developed separationmethodswere applied to the
irradiated targets solutions described above, to obtain the
final sample material for AMS measurements.

2.5 AMS sample preparation and
measurements

Each 41Ca-fractionwas evaporated to dryness using a 5mL
conical glass vial while successively adding the acidic
solution. The heat was applied by an external electric
heating coil with the temperature set to 150 °C. The
obtained solid residues were dissolved in 0.5 mL H2O and
the resulting solutions were transferred to a 2 mL centri-
fuge plastic vial. Moreover, 0.25 mL 1 M HF was added to
account for the stoichiometry, and the solutions were left
undisturbed overnight for CaF2 precipitation. The
dispersion was then centrifuged and the supernatant was
discarded. The solid precipitate was dispersed in
0.75 mL H2O and the centrifugation process was once
again repeated. The obtained solids were dried for 24 h at
80°C before being sent to the AMS facility. The AMS
measurement was performed at the 300 kV MILEA AMS
[15] following the procedure described by Vockenhuber et al.
[16].At the lowenergies availableatMILEA the isobars cannot
be clearly separated as with the gas ionization detector but
the intensity of K can be significantly reduced by selecting
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CaF3
−. Furthermore, the contribution of 41K to the mass 41

counts can be monitored by measuring the isotope 39K and a
correction can be applied assuming a constant (natural)
41K/39K ratio. Standards B10 and B9 were used for normali-
zation with nominal values taken from Ref. [5]. A blank
correction based on the average of three blanks was applied
and an uncertainty of 3% was added to the relative
uncertainty.

For the separated 26Al solutions, the initial sample
volume of 30 mL was reduced to 5 mL by evaporation. The
concentrated solutions were then transferred to a 50 mL
conical centrifugation vessel.

For each, the pH was adjusted to 9.6 (3) with the
addition of half-concentrated ammonia (NH3) solution.
The resulting precipitate was allowed to settle overnight,
the solution was centrifuged, the supernatant was dis-
carded and the solids were dried at 105°C in a glazed
crucible for 24 h. Once dried, the solids were calcined at
900°C for 12 h before being sent for AMS analysis. The
26Al AMS measurement was performed at the 300 kV
MILEA AMS facility [15]. Usually, 26Al is measured in
charge state 2+ for high transmission and efficiency, but
it requires a gas absorber cell in front of the final detector
to stop the m/q interference of 13C+. However, the sam-
ples here showed too much 13C and, thus, the 1+ charge
state was selected, although with a lower transmission.
Molecular interferences were sufficiently reduced by
increasing the stripper gas pressure. The measured
26Al/27Al ratios of the irradiated samples were between
1 × 10−12 and 1 × 10−11 whereas the blanks were at 1 × 10−14

and thus not relevant. The measurement was normalized
to the internal standard ZAL02 with a nominal 26Al/27Al
ratio of (46.4 ± 0.1)×10−12, which, in turn, was calibrated
against the primary standard KN 01-4-1 (nominal
26Al/27Al ratio [74.44 ± 2.68]×10−12). A 1% uncertainty was
added to the final error.

3 Cross-section determination

3.1 Theoretical cross-section calculations

The theoretical calculations predicting cross-section
values for the natV(p,x)26Al, 41Ca reactions, were
performed using the Liège Intranuclear Cascade model
INCL++ [17, 18] combined with the de-excitation codes
ABLA07 [19]. This model combination is usually chosen
to compute the production yields and characteristic parti-
cles and nuclei generated in spallation reactions [20].
The progenitors were taken into consideration to calculate
the cumulative cross-sections using:

σD,cml = σD,ind + σM,cml  
λM

λM − λD
(1)

Here σD,cml is the cumulative and σD,ind is the inde-
pendent cross-section, σM,cml is the cross-section of the
parent nuclide, λM is the decay constant of the mother, and
λD is the decay constant of the daughter. σM,cml is calcu-
lated like σD,cml making the latter a sum of possibly
numerous terms, according to the number of successive
progenitors. The details can be found elsewhere [19–21].

3.2 Experimental cross-section
determination

The AMS measurements provide isotopic ratios between
the artificially produced nuclide and a naturally abundant
one, present as the carrier. For our experiments, the
determined ratios were 26Al/27Al and 41Ca/40Ca. The total
activity for the two nuclides was calculated using:

A26Al = 26Al/27Al ⋅ N 27Al ⋅ λ26Al (2)

A41Ca = 41Ca/40Ca ⋅ N40Ca ⋅ λ41Ca (3)

The activity is further used to obtain the specific
nuclide production cross-section using Eq. (4), where
NT = number of target atoms (here: vanadium), tw = decay
period after irradiation, and tirr = irradiation duration.More
details are presented in Supplementary Table 2.

σ = A ⋅ eλ⋅tw

NT ⋅Φp(1 − e−λ⋅tirr ) (4)

All presented uncertainties are quoted with a coverage
factor k = 1, i.e., confidence level of about 68%.

4 Results and discussion

4.1 Matrix change and silicon removal

The initial separation procedure, employing Dowex®

50WX8-200 ion-exchange resin, was required to change
the chemicalmatrix content from8MHCl to 3MHNO3. This
step also has the added benefit of removing neutral and
anionic impurities from the initial matrix, but also silicon-
32 that was already identified as a spallation product of
proton-irradiated vanadium targets [22].

To begin with, the initial acidic solution was diluted to
approximately 0.2 M HCl. Under these conditions, the resin
retained most of the cationic species from the solution,
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including Ca2+ and Al3+ cations. During the wash phase, the
remnantneutral andanionic species (here: Cl−)were removed
from the column. Finally, 3 M HNO3 is used for elution.

Before applying the method to the irradiated samples,
test experiments were performed with inactive materials,
to study the element’s behavior under different conditions.
The elution profile is represented in Figure 1 and it shows a
good separation of V, Al, and Ca from the non-cationic
species.

4.2 41Ca separation

Using 3 M HNO3 media, DGA shows high selectivity toward
Ca2+while letting the other matrix components pass through.
The 3 M HCl solution was chosen as eluent since it was pre-
viously reported [14] to remove Ca2+ from DGA. The model
experiment shows an elution profile (see, Figure 2) which
confirms that in HNO3 media there is no retention of Al3+ and
V+4/+5 by theDGA resin. At the same time Ca2+ is fully retained
and is eluted in the last step using the HCl media.

4.3 26Al separation

This step relies on the low affinity of VO2
+ toward cation

exchange resins. However, upon the addition of hydrogen
peroxide (H2O2), the formation of the red oxo-peroxo VO(O2)

+

species was visible, which was found to have a fairly low
affinity, too. After adding H2O2, the solutionwas heated up to
promote the decomposition of H2O2 excess. To stabilize the
VO(O2)

+ species, the solutionwas then placed into an ice bath
before the separation started. Employing this procedure, on
average (n=3) 3.6 ± 0.3% (≈475.2 ± 1.4 μg) of the vanadium
was still found when using elevated HNO3 concentrations,

indicating the presence of V+IV, which has a higher affinity
than V+V. To quantitatively remove vanadium, three different
HNO3 concentrations (0.75, 1, and 3 M) were used, following
the concept of gradual elution. Therefore, V+V species were
removed first, followed by V+IV that exhibits a higher affinity
toward the ion-exchange resin. When using 3 M HNO3 as
eluent, both V+IV and Al3+ are eluted, so care was taken to
obtain pure Al3+-fractions.

For the model experiment, vanadium is oxidized to V+V

to lower the affinity for the cation exchange resin but the
results show a partial reduction back to V+IV. The elution
profile shows over 96% of vanadium being oxidized and
passing through the columnunretained. The rest isV+IV and is
recovered in the two successive wash steps. The first wash
step is to ensure the complete elution of V+V while the second
is applied to elute the V+IV. In the elute step, the Al is quan-
titatively recovered. An example of an elution profile,
applying the optimized conditions, is provided (see Figure 3).

The entire stepwise separation scheme is depicted
in Figure 4.

Figure 1: Elution profile for elements of interest on Dowex® 50WX8-
200 strong cation exchange resin.

Figure 2: Elution profile for elements of interest on DGA extraction
resin.

Figure 3: Elution profile for V and Al on Dowex® 50WX8-200 strong
cation exchange resin.
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4.4 AMS samples characteristics

The final chemical form for the 26Al and 41Ca samples was
chosen to be Al2O3 and CaF2, respectively, since AMS
measurements are already developed for these types
of materials [7, 9]. The summed-up separation and

sample preparation yield was on average 67% for Al
samples and 94% for the Ca ones (see the Supplementary
Table 1).

4.5 Cross-section determination

Comparing the predicted excitation function with the
experimental values, for the production of 26Al, the theo-
retical models seem to slightly underestimate the cross-
sections values at low proton energy (<200 MeV) and to
overestimate it at higher energy. Nevertheless, the experi-
mental data confirm the predicted low reaction probability
for 26Al production by vanadium spallation at incident
proton energy below 200 MeV. For the case of 41Ca
production, the experimental values showa very good fit to
the predicted theoretical model, confirming both the
accuracy of the experimental method as well as the
predictive power of the theoretical model. A graphical
representation of the two excitation functions, showing
both the experimental and the predicted cross-sections
values, is shown in Figure 5. Calculation details for the
experimentally obtained cross-section values are pre-
sented in Supplementary Tables 3 and 4. The uncertainty
associated with the cross-section values averages at 6.4%
for the 26Al samples, with significant contributions coming
from the decay constant (λAl-26) and theAMSmeasurement,
weighing on average 28% and 59%, respectively, to the
final uncertainty budget. In the case of 41Ca samples,
the total uncertainty averages at 4.9%, with major relative
contributions from the AMS measurement, the irradiation
proton flux, and λCa-41, weighing on average 66%, 13%, and

Figure 4: Separation of 26Al and 41Ca from vanadium matrix.

Figure 5: Calculated and experimentally obtained excitation functions, for the nuclear reactions natV(p,x)26Al (a) and natV(p,x)41Ca (b).
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respectively 11%. A more detailed analysis of individual
relative uncertainty values and their contribution to the
final budget is shown in Supplementary Tables 5 and 6.

5 Conclusions

Seven vanadium targets were irradiated with protons at
energies up to 954 MeV. Following the radiochemical
separation, the number of produced 26Al and 41Ca atoms
was determined using AMS. To the authors’ best knowl-
edge, the production cross-sections for the nuclear
reactions of natV(p,x)26Al, and natV(p,x)41Ca, are reported
here for the first time. Generally, an excellent agreement
between the calculated and experiment-based excitation
function can be observed for 41Ca. However, somewhat
scattered values for the cross-sections were obtained for
26Al, leading to a different trend in the presented excitation
function, compared to the theoretical predictions.
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