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Summary. Irradiation of nitrogen with protons leads to11C
(T1/2 = 20.4 min) via the well-known14N(p, α) reaction. How-
ever, 14O (T1/2 = 70.6 s) and 13N (T1/2 = 10 min) are also
formed as side productsvia the 14N(p, n) and 14N(p, d + pn)
reactions, respectively. In this work detailed cross section
measurements were carried out for those two side reactions
up to 19.2 MeV using N2 gas and nitrogen-containing solid
targets. From the data, the thick-target yields and the exact
level of radioactive impurities in11C were calculated. In
the case of14O, the results also confirmed the possibility of
producing thisβ+ emitting radionuclide in sufficient quantities
for PET investigations.

1. Introduction

The radionuclide 11C (T1/2 = 20.4 min) is widely used
for preparing radiopharmaceuticals for Positron Emis-
sion Tomography (PET). It is generally producedvia the
14N(p, α)11C reaction. However, appreciable amounts of
two other positron emitters,viz. 14O (T1/2 = 70.6 s) and
13N (T1/2 = 10 min) are also formed as side productsvia
the 14N(p, n)14O and 14N(p, d + pn)13N reactions, respec-
tively. In the first few minutes after the end of bombardment
(EOB), these short-lived products can considerably increase
the level of radioactivity in the batch. The decay data of the
three radionuclides concerned are given in Table 1 [1].

It is especially important to know the14O and13N con-
tamination levels when continuous11CO or 11CO2 produc-
tion and inhalation combined with PET investigations are
considered. The shorter-lived14O has also recently been sug-
gested as a substitute for the commonly used15O (T1/2 =
2.0 min) in PET studies [2, 3]. A yet another application
of 14O is emerging. The radionuclide produced is chemi-
cally separated and fed in an ion source to produce a radio-
active14O beam for astrophysics research [4]. The hitherto
available cross section database for the formation of both
14O and 13N [cf. 5–12], however, is not complete enough
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to allow calculation of the exact yields. In this work, ex-
citation functions were measured and integral yields calcu-
lated for all the three above mentioned reactions. Studies
on 11C were performed only to check the accuracy of the
techniques used; the emphasis was on the formation of
14O and13N.

2. Experimental

2.1 Gas cells and thin solid samples

Stainless steel gas cell cylinders (2 cm diameter, 2.5 cm
length), having 50µm thick Al windows were used. They
were filled with natural nitrogen gas (Linde AG, Germany,
99.9999%) at a pressure of about 2 bar. The gas cell evac-
uating and filling station was the same as described ear-
lier [13]. Additionally, boron nitride (BN) solid samples
were prepared from a rod (hot pressed, 12.7 mm diam-
eter, 100 mm length), supplied by Goodfellow Metals,
Cambridge, England, by cutting it into about 0.2 mm
thick discs. For degradation of the incident proton
energies Al foils (supplied by Goodfellow Metals, Cam-
bridge, England) of different thicknesses (50–700µm) were
used.

2.2 Irradiations

Irradiations were performed at the compact cyclotron CV 28
in Jülich. The primary incident proton energies were 12, 16
and 20 MeV. In all irradiations the charged particle beam
flux was measured with a Faraday cup as well asvia mon-
itor reactions induced in copper foils (natCu(p, xn)63Zn and
natCu(p, xn)62Zn processes) [14] placed both in front and
at the back of each gas cell and solid sample. For14O
cross section measurements, each gas target chamber was
individually irradiated. Additionally, six thin solid BN sam-
ples were also irradiated individually. For13N cross section
measurements, 5 stacked gas chambers were irradiated at
the same time. All irradiations were performed with beam
currents of 30–170 nA for 3 minutes.

The effective charged particle energy in each monitor
foil, BN target and gas cell was obtainedvia calculation [15]
using the exact thickness and isotopic composition of the
elements along the degraded beam.
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Nuclide Half-life Mode of decay (%) Eβ+ [MeV] Eγ [keV] Iγ [%]

11C 20.39 min β+ (99.8) 0.96
EC(0.2)

13N 9.96 min β+ (100) 1.20
14O 70.6 s β+ (100) 1.81 (99.4%) 2312.7 99.4

4.12 (0.6%)

Table 1. Decay properties of the product
nuclei formed in the interactions of pro-
tons with14N.

2.3 Measurement of radioactivity

The radioactive products formed in the gas cells, solid tar-
gets and monitor foils were measuredvia high-resolution
gamma ray spectroscopy using well-calibrated HPGe-
detectors. Each sample was measured at a large detector-
sample distance to avoid corrections for the extended nature
of the source and to reduce pile-up and coincidence losses.
In the case of14O, the 2312.7 keV γ -ray was assayed.
The first measurement of each sample was started within
1 minute after EOB. Each sample was measured consecu-
tively 4 times for 1 minute to follow the decay.

An important aspect of this measurement was the
calibration of the detector. Forγ -ray energies up to 2 MeV,
standard sources (supplied by the PTB Braunschweig) were
used. For higher energies a self-prepared24Na point source,
calibratedvia its 1369 keVγ -ray, was used. Its 2754 keV
γ -ray served as a reference point for efficiency calibration.

In the case of13N, the decay of the 511 keVγ -ray was
followed. The five simultaneously irradiated gas cells were
measured one after another and the measurements were
successively repeated 11 more times, until at least 4 such
points were obtained for the decay of11C where the activ-
ity of the 13N became negligible. Two series of five gas cells
were irradiated and measured, thus giving ten points for each
cross section curve.

2.4 Data analysis

From the known total number of nitrogen nuclei, the meas-
ured activities and beam intensities, cross sections were
calculated using the standard activation formula. The decay
data employed to convert count rates into decay rates are
given in Table 1 [cf. 1].

No special correction was made for the response function
of the HPGe-detector because of the extended source char-
acter of the target gas cell and for a possible non-uniform
distribution of the adsorbed activity on the inner walls of the
target. In view of the target to detector distance of around
50 cm, those two effects should be negligible. The number
of target nuclei in each cell was determined from the geo-
metrical dimensions of the target, the isotopic composition
and pressure of the gas, and the actual temperature. Since
low current irradiations were involved, no special correction
was made for the gas density reduction effect.

The results of direct beam current measurements showed
good agreement with those obtainedvia monitor reactions.
The difference was generally low, reaching a maximum of
10% only in a few cases.

The uncertainty in each cross section was determined
as described in several earlier publications [cf. 16]. The
uncertainties of the contributing processes were estimated as

follows: absolute activity (7%–12%), beam current (10%),
decay data used (3%), number of target nuclei (5%–10%).
The resulting uncertainty of the cross section was calculated
by a quadratic summation of the individual values; it was
found to be 15%–20%. The calculated cross sections for the
14N(p, n)14O, 14N(p, α)11C and 14N(p, d + pn)13N nuclear
reactions are given in Table 2. They are based on two inde-
pendent measurements: in the case of14O, short irradiation

Table 2. Cross sections of 14N(p, n)14O, 14N(p, α)11C and
14N(p, pn)13N reactions.

Proton energy Cross section [mb]

(MeV) 14N(p, n)14O 14N(p, α)11C 14N(p, d + pn)13N

6.4±0.5 0.003
6.4±0.6 0.01
7.0±0.5 2.7±0.6
7.0±0.5 2.8±0.4
7.6±0.5 4.9±0.9
7.7±1.1a 5.2±0.9
7.7±0.4 6.2±0.7
8.0±0.4 7.0±1.0
8.2±0.3 7.9±0.7
8.5±0.3 6.1±0.7
9.0±0.3 5.7±0.6
9.2±0.4 5.3±0.5
9.5±0.2 5.7±0.6
9.9±0.2 8.5±0.6

10.2±1.0a 6.9±0.5
10.4±0.2 4.5±0.8
10.6±0.2 5.2±1.0
10.7±0.2 3.8±0.5
10.8±0.7 4.3±0.8
11.4±0.5 127±16 3±0.8
11.7±0.6 2.2±0.4
12.1±0.4 91±14 6±1.5
12.2±0.5a 4.7±0.7
12.8±0.4 5.5±1.0
12.9±0.5 7.0±1.3
13.1±0.3 110±14 17±3
13.5±0.3a 6.3±0.6
13.9±0.2 5.0±0.7
14.1±0.2 113±15 26±4
15.0±0.2 2.9±0.5
15.1±0.2 86±11 29±4
15.4±0.2 3.9±0.5
15.5±0.6 92±12 24±3
15.8±1.0a 3.1±0.4
16.5±0.4 75±10 22±3
17.4±0.3 66± 9 31±4
17.5±0.4 3.1±0.4
18.3±0.2 52± 7 39±5
18.6±0.2a 2.4±0.4
19.1±0.2 2.9±0.4
19.2±0.2 53±10 40±5

a: BN targets, the others were N2 filled gas cells.
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followed byγ -ray spectrometry was used. For13N and11C,
longer irradiation followed by an analysis of the 511 keV
peak was utilized.

The uncertainty in the effective projectile energy was
estimated by taking into account the inhomogeneities of the
target elements. Typical estimated uncertainty of the mean
energy was around±0.2 MeV for the front cell of the stack
or for single cell without energy absorber. At the last cell in
a stack of five cells, or for a single cell with 6–700µm Al
absorber in front, it reached up to±1.7 MeV. The uncertain-
ties in proton energy are given in Table 2.

3. Results and discussion

3.1 Excitation functions

3.1.1 14N(p, n)14O reaction

For the14N(p, n)14O reaction, 25 cross section data points
were obtained using N2 gas targets and additional 6 from
BN targets. The energy range covered was from thresh-
old (E = 6.4 MeV) up to 19.1 MeV. The solid targets were
easier to handle, but had the disadvantage of being thicker
(the energy degradation was 1.1 to 2.0 MeV instead of 0.3
to 0.5 MeV in the gas cells), resulting in a lower reso-
lution of the fine structure of the excitation function curve
than in the case of gas targets. The data obtained from
both methods, however, agree within their uncertainties. The
results are shown in Fig. 1 together with the available litera-
ture data.

In the literature, five series of measurements have been
described. The measurements of Kuan and Risser [5] (from
threshold to 12 MeV) were the first on this subject but their
cross sections are at least ten times higher than the values
in other works. Therefore, the curve in Fig. 1 is shown
in 1/10 multiplication for better comparison. Nozaki and
Iwamoto [6] reported a curve from threshold up to 15 MeV
and Dyeret al. [7] gave numerical data over the energy
range of 7 to 20 MeV. All the measurements generally show
a broad resonance at about 8 MeV and a sharper maximum at
10 MeV. The shapes of the three excitation function curves
are similar below 10.5 MeV but not the absolute magnitudes.
Above this energy the data of Kuan and Risser rise strongly

Fig. 1. Excitation function of the14N(p, n)14O nuclear reaction. The
data of Refs. [5] and [9] are shown in 1/10 multiplication.

while those of Nozaki and Iwamoto as well as of Dyeret al.
decrease at first and then again show a weak peak around
13.5 MeV.

An eye-guide curve through our data points shows the
first maximum at 8.2 MeV. The second and the third max-
ima at 9.9 and 13.1 MeV, respectively, are also reproduced.
In general, our values follow the trend given by Nozaki and
Iwamoto [6] as well as by Dyeret al. [7], but the mag-
nitudes are generally 10 to 20% lower. Besides the three
above mentioned works, in the energy region above 12 MeV
a few data points have been reported by Kitwangaet al. [8].
Except for the cross section value at 12 MeV, where our
point is much lower, there is a good agreement. It is inter-
esting to mention that in another work, Muminovet al. [9]
reported data on this reaction for three energy points be-
tween 6.85 and 11.0 MeV. Those points are also given in
1/10 multiplication in Fig. 1; they show a correlation with
the curve of Kuan and Risser [5] and are presumably also
wrong.

We recently presented a preliminary report on this reac-
tion [17]. The present data are based on a more accurate
analysis. A small peak at 7.3 MeV was previously observed
due to some energy shift. This has now disappeared. The
remaining resonance structure in the excitation function can
be understood in terms of the excitation energy of the inter-
mediate nucleus [15O∗ ] and the level structure of the product
nucleus14O. The eye-guide curve through our measured data
points should now serve as a good base for calculating the
yield of 14O.

3.1.2 14N(p, α)11C reaction

The 10 measured cross section data points of the
14N(p, α)11C reaction are shown in Fig. 2 together with
a recommended curve recently published by the IAEA [18],
which is based on an evaluation of 8 detailed excitation func-
tion measurements described in the literature. Our data are in
good agreement with the recommended curve. This proves
the reliability of the techniques used in this work. More-
over, as far as we know, over the energy region of 14.5 to
19.2 MeV, hitherto only one set of data by Jacobset al. [10]
has been reported. Our measurements thus strengthen the
existing data base.

Fig. 2. Excitation function of the14N(p,a)11C nuclear reaction.
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3.1.3 14N(p, d + pn)13N reaction

For each energy value encountered in the study of the
(p, α) reaction, the cross section was also deduced for the
14N(p, d + pn)13N reaction. The data points are shown in
Fig. 3 for the energy range from 11.3 to 19.2 MeV. Since this
reaction is not used for production purposes, so far it has not
been studied in detail and only two series of data were found
in the literature [11, 12]. Those are also shown in Fig. 3 for
comparison.

Our cross section values show discrepancy with both
the series. Up to the first maximum at about 15 MeV it
follows the trend of the data of Muminovet al. [12],
although our cross section values are higher. The excita-
tion function of Sajjadet al. [11] shows no maximum at
15 MeV. Around 16.2 MeV our excitation function shows
a small minimum and the cross section of 21.9 mb is
in agreement with the two literature values within the
limits of experimental errors. Beyond that energy the data
in this work and those of Sajjadet al. [11] show an
increase. However, at 19 MeV our data are about 20%
higher. Muminovet al. [12] did not report any increase till
about 18 MeV.

The shape of the excitation function of this process sug-
gests that in the formation of13N several reaction channels
are involved. We presume that in the energy region from
threshold up to 15 MeV, the14N(p, d)13N reaction is domin-
ant and after 16.5 MeV, the14N(p, pn)13N process becomes
increasingly important.

3.2 Calculated yields

The thick target yields calculated from the excitation func-
tions are shown in Fig. 4. For each reaction the calcula-
tion was done for a 5 minute activation and for satura-
tion. In the case of14O, the two yield curves are prac-
tically the same because of its short half-life. The yield
values calculated from the excitation curve of Nozaki
and Iwamoto [6] are also shown in Fig. 4. Our values
are 15%–20% smaller, obviously due to somewhat lower
cross sections in our work as compared to Nozaki and
Iwamoto.

From the curves given in Fig. 4 it can be concluded that
in routine production of11C, where an irradiation time of
30–50 minutes is common, the radioactivity produced will

Fig. 3. Excitation function of the14N(p, d + pn)13N nuclear reaction.

Fig. 4. Integral yields of 11C, 13N and 14O via the 14N(p, a)11C,
14N(p, d + pn)13N and14N(p, n)14O nuclear reactions, respectively, for
5 minute activation and at saturation.

be about 92%11C and about 8%14O and13N. In case of short
(1–3 minutes) irradiations, however, the level of contami-
nants may amount to 30% or more (at EOB). Because of the
hard 2312 keVγ -line of the 14O isotope, special shielding
needs to be considered. In flow systems, where the activated
gas is continuously carried away, the same problem occurs.
In the latter case, calculations are necessary to determine the
suitable length of the tube taking the gas to the place of in-
halation so that the amount of14O is decreased by decay to
an acceptable level.

As regards the possibility of routine production of14O,
the calculated yield of about 370 MBq/µA at a low energy
cyclotron (Ep < 18 MeV) would ensure a supply of about
10 GBq activity under practical conditions. In a nitrogen gas
target containing some oxygen,11C is formed predomin-
antly as11CO2 and can be removed using a low tempera-
ture trap or, as described by Sajjadet al. [3], by passing
through charcoal, soda lime and 5 Å molecular sieve traps.
The 14O remaining in the nitrogen gas exists as[14O]O2. It
may also be mentioned that the available synthesis methods
for preparing labeled butanol or water are quick enough to
allow replacing the15O isotope with the shorter-lived14O.
During those syntheses the13N produced is eliminated to the
waste-line.

4. Conclusion

Excitation function measurements and yield calculations on
the 14N(p, n)14O and 14N(p, d + pn)13N nuclear reactions
have provided the possibility to determine the contamina-
tion levels caused by these side reactions in the produc-
tion of 11C. At the same time detailed studies strength-
ened the data base for the14N(p, n)14O nuclear reac-
tion from its threshold till 19.1 MeV. The thick yield
calculation shows that this positron emitting radionu-
clide can be produced in sufficient amounts for PET
investigations.
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