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Production of carrier-free 28 Mg by 50–200 MeV protons on nat Cl: excitation
function and target optimization
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Abstract. Thick-target production rates and excitation function data are presented for 28 Mg formed in the proton
irradiation of nat Cl up to 200 MeV. The results are compared with previous literature experimental data, where
available. Various compounds were investigated for their suitability as target materials. A practical target geometry
utilizing encapsulated LiCl discs is suggested.

1 Introduction
The only feasible radiotracer of Mg is the β− -emitter 28 Mg
(half-life 20.9 h), as all the other Mg radionuclides have halflives shorter than 10 minutes. Since its introduction circa 1952
as a radiotracer in biochemical studies [1], 28 Mg found wide
application in the study of absorption, retention and excretion
in metabolic processes in animals and humans [2–4]. Magnesium is the second most abundant soft tissue intracellular
cation in vertebrates and an essential nutrient for all living
organisms. As such, 28 Mg played an important role in studies
of Mg bioavailability in agriculture and nutrition (e.g., [5, 6]).
The general availability of no-carrier-added 28 Mg has,
however, remained limited as rather low yields are obtained
from all feasible production methods. In addition, the rather
short half-life of 20.9 h limits its usefulness as a tracer to
only about three days. Stable tracers are, therefore, more
commonly used nowadays, especially in studies of processes
having relatively long biological half-lives. In spite of this, the
simultaneous administration of 28 Mg with a stable Mg tracer
remains useful for monitoring the initial Mg uptake and to
evaluate the stable tracer technique [4].
With nuclear reactors, 28 Mg can be produced by neutron irradiation of Li-Mg alloy targets, utilizing the consecutive reactions 6 Li(n,t)4 He and 26 Mg(t,p)28 Mg (e.g., Kolar
et al. [7]). Unfortunately, in addition to a low yield, the
product is not carrier free. At a few high-energy accelerators,
the production of 28 Mg utilizing spallation reactions have
been demonstrated (e.g., [8]). In addition to a low yield,
extensive radiochemical purification is required to obtain a
radionuclidically pure product as spallation reactions produce
a mixture of many elemental species. At a few smaller facilities, routine production programmes existed for some time
utilizing the 27 Al(α,3p)28 Mg reaction [9] (e.g., FZ-Jülich, Germany [10]), suitable for producing small to moderate quantities. Nowadays, however, α-particle beams for radionuclide
production purposes are becoming extremely rare, as most
modern medical cyclotrons are negative ion accelerators. With
protons, beam energies well above 50 MeV are required as all
the feasible (p,ypxn) reactions have relatively high reaction
a
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thresholds. The production of 28 Mg, therefore, falls outside
the domain of most commercial medical cyclotrons. A number
of larger accelerators, however, do have the ability to produce
useful quantities of 28 Mg using proton beams.
The present investigation revisits the options available for
28
Mg production in the proton energy region 50–200 MeV.
Extensive new production rate and excitation function data are
presented for the nat Cl(p,6pxn)28 Mg nuclear process.

2 Experimental methods and data analysis
Usually, excitation functions are measured utilizing the wellknown stacked-foil technique; the foils being suﬃciently thin
to ensure that the measured cross sections constitute microscopic data. From these microscopic data, production rates or
yields can be deduced by means of a numerical integration
procedure [11].
Occasionally, however, it is diﬃcult to use the stackedfoil technique due to diﬃculties in preparing thin specimens
of high integrity of a given material. This was experienced
with the stable compounds of Cl, the chlorides being brittle
salts. Thick-target yields were, therefore, measured in a range
of diﬀerent energy windows, using relatively thick NaCl discs
as targets, in order to establish the thick-target production rate
curve first. The corresponding excitation function was then
deduced by means of a diﬀerentiation procedure, in order to
obtain microscopic data for comparison with other measured
cross sections in the literature. An important criterion of
this approach is that the spacing of the measured points on
the energy axis should be similar to what would have been
appropriate in a conventional stacked-foil experiment.
Stacks of analytical grade NaCl (>99%, Merck) tablets
were irradiated with proton beams of nominally 200, 100
and 66 MeV, delivered by the separated sector cyclotron of
iThemba LABS. The NaCl target discs had thicknesses of
nominally 870, 540 and 425 mg/cm2 , respectively, in the 200,
100 and 66 MeV stacks. The individual NaCl discs were
separated by relatively thin monitor foils (99.9%, Goodfellow,
U.K.): 65 mg/cm2 Al in the 200 and 100 MeV stacks and
44 mg/cm2 Cu in the 66 MeV stack. The excitation functions
of the 22 Na and 65 Zn formed in the Al and Cu foils, respectively, were used to monitor the accumulated proton charge.
©2008 CEA, published by EDP Sciences

Article available at http://nd2007.edpsciences.org or http://dx.doi.org/10.1051/ndata:07186

1392

International Conference on Nuclear Data for Science and Technology 2007

These well-established monitor reactions, recommended by
the IAEA [12], gave consistent results with the readings of a
calibrated Brookhaven Instruments Corporation Model 1000C
current integrator.
The 28 Mg activities were determined by oﬀ-line γ-ray
spectrometry using the 941.7 keV (38.3%) and 1342.3 keV
(52.6%) γ-lines [13]. The 28 Mg sources were prepared by
dissolving each NaCl tablet in 10 ml of water after irradiation.
These solutions were sealed in standard serum vials. An
accurately calibrated HPGe detector with a relative eﬃciency
of 13% and a resolution of 1.8 keV at 1.33 MeV, connected
to a Silena EMCAPLUS multi-channel analyser, was used
for all activity measurements. The thick-target production rate
curve was obtained by summing the individual 28 Mg activities
progressively. Corrections were made for the missing 28 Mg
activities corresponding to the “dead layer” energy intervals
occupied by the monitor foils. This was done by interpolating
the activity values on both sides of each dead layer and scaling
to include the full energy region.
The total uncertainties of the measured activity values
were obtained by summing all the contributing uncertainties
in quadrature and are expressed with a 1σ (68%) confidence
level. The statistical uncertainties were insignificant compared
to the systematic uncertainty, except near threshold, the latter
of which was estimated to be about 7%: beam current integration (3%), detector eﬃciency (5%), counting geometry (1%),
decay corrections (2%) and target thickness (3%).

Fig. 1. Thick-target production rate curve of 28 Mg produced in the
proton bombardment of NaCl. The solid symbols are the measured
values of this work while the solid curve is a polynomial fit. Error
bars are shown when they exceed the symbol size.

3 Results and discussion
The measured 28 Mg thick-target production rate curve for
NaCl + p is shown in figure 1. (Note that all target materials
considered in this study are natural, non-enriched materials.
The relatively high proton energies will make the correspondingly thick targets required prohibitively expensive should
enriched target material be used.) The reaction threshold is
near 50 MeV and the production rate for the full energy region,
i.e., from threshold up to 200 MeV, is about 6 MBq/µAh. A
standard polynomial function was fitted through the measured
data using the code TableCurve [14].
The polynomial of figure 1 could be diﬀerentiated analytically, allowing the derivation of the excitation function for
nat
Cl + p, shown in figure 2. (Note that this excitation function
pertains to pure Cl and not NaCl.) The only other relevant data
found in the literature are by Lundqvist and Malmborg [15],
which currently is the only EXFOR data set for 28 Mg produced
in nat Cl + p. Six of their nine values are in good agreement with
our present results, while three values are clearly somewhat
higher. Generally, the agreement is satisfactory. The deduced
cross section values of this work are presented in table 1.
Lundqvist and Malmborg [15] presented production cross
sections for 28 Mg in the proton bombardment of silicon,
phosphorus, sulphur, chlorine, argon and potassium. These
were essentially all the possible target elements with potential in the energy region 50–180 MeV. The target materials and reactions are as follows: Si [30 Si(p,3p)28 Mg];
Na2 P2 O7 [31 P(p,4p)28 Mg]; Na2 SO4 [nat S(p,5pxn)28 Mg]; LiCl
[nat Cl(p,6pxn)28 Mg]; Ar [nat Ar(p,7pxn)28 Mg]; and K2 CO3
[nat K(p,8pxn)28 Mg]. From a practical targetry point of view,

Fig. 2. Excitation function of 28 Mg formed in the reactions of protons
with nat Cl. The solid curve was derived from the measured thicktarget production rate data of this study (see fig. 1). The open symbols
are measured cross sections by Lundqvist and Malmborg [15].

one can omit Ar. As a gas, Ar will be impossible to contain
in a large enough energy window to make 28 Mg production
viable, while it is impractical to keep it frozen under highintensity bombardment conditions. One can also omit Si, S and
K, as with these elements, significantly lower cross sections
were obtained than with Cl and P. Interestingly, the nat P + p
process has higher cross sections for 28 Mg formation than
nat
Cl + p (about 30% at 150 MeV). Unfortunately, no suitable
compounds of P could be identified for use as target material,
as they all seem to have poor thermal stability at higher temperatures and/or a relatively low P content. Many phosphorus
compounds decompose at relatively low temperatures, rendering them unsafe as target materials. One of the most stable
compounds of P namely Na4 P2 O7 (sodium pyrophosphate)
has, for example, a reasonably high melting point of 880 ◦ C
but only contains 23% of P by mass. In contrast, many of
the chlorides have excellent thermal properties and a high Cl
content. Several chlorides have boiling points at temperatures
much higher than their melting points, thus making excellent
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high-current targets if properly encapsulated and cooled. Also,
both stable isotopes of Cl contribute significantly to the yield:
35
Cl[75.77%](p,6p2n)28 Mg and 37 Cl[24.23%](p,6p4n)28 Mg.
Figure 3 shows the expected thick-target production rates
(or instantaneous yields) for several metal chlorides as well
as pure chlorine for an energy window from threshold up to
200 MeV. Obviously, solid frozen chlorine will be the best
choice in terms of yield but it is quite impractical as a target.
The next best choice in terms of yield is BeCl2 , however, this
particular salt has less favourable thermal properties than the
simpler chlorides, viz. LiCl, NaCl and KCl. In our opinion,
LiCl is the target material of choice, as it has excellent thermal
stability as well as a yield of about 80% of the nat Cl + p
theoretical maximum. LiCl has a melting point of 605 ◦ C and
a boiling point of 1325 ◦ C, while the corresponding values for
BeCl2 are 405 ◦ C and 488 ◦ C, respectively. It also gives a 37%
higher 28 Mg yield than NaCl.
Once again, however, this is not the complete story as a
production energy window of 50–200 MeV will result in a
very thick LiCl target (about 32 g/cm2 ). Such a thick target is
virtually impossible to cool suﬃciently during high-intensity
irradiation. A practical solution is to place several thinner
targets (properly encapsulated) in series and to provide fast

Fig. 3. Comparison of the expected thick-target production rates of
28
Mg in the proton irradiation of several Cl containing compounds,
for an energy window 50–200 MeV, derived from the measured data
of this work.

Table 1. Cross sections for the production of 28 Mg in nat Cl + p.
These values were deduced from the thick-target production rate
measurements on NaCl (see text).
Proton energy
(MeV)

Cross section ± Error
(µb)

50
55
60
65
70
75
80
85
90
100
105
110
115
120
125
130
135
140
145
150
155
160
165
170
175
180
185
190
195
200

0.41 ± 0.07
5.9 ± 0.5
13.2 ± 0.9
21.1 ± 1.5
28.4 ± 2.0
34.6 ± 2.4
39.6 ± 2.8
43.8 ± 3.1
47.4 ± 3.3
55.3 ± 3.9
60.0 ± 4.2
65.4 ± 4.6
71.3 ± 5.0
77.5 ± 5.4
83.7 ± 5.9
89.7 ± 6.3
95.3 ± 6.7
100.4 ± 7.0
105.2 ± 7.4
109.9 ± 7.7
114.5 ± 8.0
119.4 ± 8.4
124.4 ± 8.7
129.7 ± 9.1
134.7 ± 9.4
139.2 ± 9.7
142.8 ± 10.0
145.3 ± 10.2
147.6 ± 10.3
152.3 ± 10.7

Fig. 4. Expected production rates of 28 Mg for various target thicknesses in the proton irradiation of LiCl, plotted as a function of incident energy. The target thicknesses range from 2 g/cm2 to 32 g/cm2
in 2 g/cm2 steps, as indicated.

flowing cooling water in a 4π geometry [16]. This will reduce
the cumulative production rate somewhat by introducing dead
layers in the production energy window. Nevertheless, a higher
operational beam intensity can more than adequately compensate for this loss.
It is interesting to compare the yields expected from
thinner targets as a function of incident energy. This is shown
in figure 4 for LiCl targets ranging in thickness from 2 g/cm2
to 32 g/cm2 . It is clear that, regardless of the target thickness,
the highest yield is always obtained with the highest incident
proton energy. There are no local minima or maxima. The
production rate values at an incident energy of 200 MeV is
shown in figure 5 as a function of target thickness.
At our laboratory, we tested salt targets of 4 g/cm2 thickness and 20 mm in diameter, encapsulated in 0.5 mm thick
Al, successfully up to thermal loads of 2.5 kW. Cooling water
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targets in series. It was shown that provision can be made for
proper cooling while still retaining a high percentage of the
theoretical maximum yield.
The excitation function of 28 Mg in the reaction nat Cl + p
was not measured in the usual way, i.e. by means of the
stacked-foil technique, due to diﬃculties experienced in making thin specimens of a brittle target material. Instead, it was
deduced from the thick-target production rate curve, which
was experimentally determined by irradiating thick targets.
This method may, in other similar cases, be an appropriate
alternative to the stacked-foil technique.
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Fig. 5. Expected thick-target production rates of 28 Mg in the proton
irradiation LiCl with an incident energy of 200 MeV, plotted as a
function of target thickness.

layers of 1 mm thickness were provided to targets having a
tandem geometry. This concept can easily be extended to more
targets in series. Table 2 summarizes such a scheme. Note that
a yield of 89.2% of the theoretical maximum for LiCl + p
over the energy region from threshold up to 200 MeV can be
obtained by having 7 such targets in series. With 5 targets, this
value is nearly 80% and, perhaps, a good compromise from a
practical perspective.
Table 2. Production details of a series of Al-encapsulated LiCl targets
of 4 g/cm2 thickness, separated by 1 mm thick water layers for
cooling (see text). The incident proton beam energy is 200 MeV.
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Energy
window
(MeV)

Production
rate
(MBq/µAh)

%
Theor.
max.

%
Cumulative

1
2
3
4
5
6
7
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1.15
0.88
0.59
0.22

20.3
18.8
16.3
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10.5
7.0
2.6

20.3
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55.4
69.1
79.6
86.6
89.2

4 Conclusions
It is evident from the literature that a relatively low production rate is typical of all production routes for 28 Mg.
Useful quantities can, nevertheless, be produced with protoninduced reactions, provided that a suﬃciently high incident
beam energy is available. In our opinion, LiCl is the target
material of choice for the energy region 50–200 MeV. The
nuclear data measured for nat Cl + p as part of this study
were employed to calculate the expected production rate for
a practical target arrangement, using several encapsulated salt
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