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Abstract
A graphite target was bombarded with 1.5 MeV deuterons, producing the isotope 13N,which is a positron emitter.
Using the activated material a slow positron beam with an intensity of 0.7 (0.14) x 105S-I was produced. A (saturated)
13Nyield of63 (11) MBq/~ was observed,with 1.5 MeV deuterons,which is consistentwith previous calculations and
experiments. Our results show that, with the method we outline, positron beams with an averageintensity of up to
1 X 108S-I may be produced.
@ 2002 Elsevier ScienceB.V. All rights reserved.
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1. Introduction

~
j

The recent decision of some commercial suppliers to ceaseproduction of the radioactive isotope 22Na should be of concern to the positron
community as a whole. At the time of writing, we
are aware of only one commercial supplier from
whom 22Nawith activities in the in the 5 x 109Bq
range may be obtained [1]. The vast majority of
laboratories engaged in positron research utilise
this isotope as the source of their positrons.
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With practically an entire scientific community
dependant on a single commercial enterprise (assuming the current commercial situation prevails),
it is possible that, in the future, many such laboratories will no longer be able to sustain their research efforts. Other sources of positrons in use
utilise large facility based machines (such as nuclear reactors [2-4] or electron linear accelerators
[5-7]) whose expense can rarely be justified in
terms of positron researchalone. Thus, there is an
immediate needfor someother sourceof positrons
accessibleto small-scalelaboratories.
In addition to this, the use of commercially
supplied radioactive sources necessarily requires
that they have a relatively long half-life, and this
then sets a practical limit to the available intensities. So, even if 22Na sourcesremain freely available, the ever present need for increasedpositron
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beam intensities, available to researcherswithout
accessto large facilities, also demands an alternative, cost effective positron source.
A promising way to achieve this is the implementation of an accelerator basedpositron beam,
in which deuteronsare usedto produce a positronemitting isotope in situ. This has several advantages,one of which is that the use of isotopes with
shorter half lives (i.e. minutes as opposedto years)
then becomespractical and the available intensities
increaseaccordingly. Along with higher intensities,
this method also allows the radioactive source to
be "turned off" when not in use, which could be
desirable in an industrial application.
A previous experiment [8] has already shown
the viability of the 12C(d,n)13N reaction used in
this work as a method of positron beam production. However, in that work only a low current
deuteron beam was used, with expectedhigh flux
beam intensities relying on an unproven (though
very likely) scaling. In this work we have produced
a beam similar to those in use in many positron
researchlaboratories, thereby confirming the efficacy of this particular methodology as an alternative to traditional source based beams.
There also exist some applications in which
there is a need for a high flux polarized positron
beam [9] and for these a system similar to that
described here would be ideal [10] since the available intensity is potentially very high and the beam
would be naturally polarised. In fact, the 1.2 MeV
end point energy of 13N makes it a highly optimised source for the production of a polarised
beam by the use of absorbers [11].

2. Experimentalmethod
The deuteron source used in this work was a
Newton Scientific Incorporated (NSI) 4 MeV
tandem accelerator, in use in the department of
nuclear engineering at MIT. However, to demonstrate that an even smaller 1.5 MeV single ended
machine can be usedto make slow positron beams,
we ran our experimentsat 1.5 MeV.
The 12C(d,n)13N reaction is not the only one
accessibleto machines similar to that described
here that will produce a positron emitter. Indeed,
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the first successfulproduction of a positron beam
with a (relatively) low energy acceleratoroccurred
in 1974when Stein et al. used a 4.75 MeV proton
beam to initiate the reaction 1IB(p,n)IIC [12]. Using the boron target itself as a moderator these
researchers obtained a highly monoenergetic
(AE 80 meV FWHM [13]) slow positron beam of
a few thousand S-I. Even now, this energyspreadis
among the lowest ever achieved.(The coldestbeam
in the world has been produced by Cliff Surko's
group at san Diego, where they have got down to a
(parallel) energy spread of only 18 meV [14,15].)
Another possibility is the 13C(p,n)13Nreaction,
which at higher energies(i.e. above around 5 MeV)
has a larger cross-sectionthan the deuteron reaction with 12Cwe have used [16]. This 13Creaction
is therefore preferable for use with cyclotrons,
which typically operate with energies around 10
MeV or higher, but the advantage is minimal or
non-existent in the usual energy range of the
compact accelerators most suited to small-scale
positron beam facilities (that is, around 0-5 MeV).
Some examples of other possible reactions are
shown in Table 1.
It is evident from the table that the 12Cdeuteron
reaction is particularly convenient since the target mapterial is quite easy to produce; ordinary
graphite or diamond may be used. As well as this,
the 10 min 13Nhalf-life is a satisfactory time scale
for experimental irradiations and this radioisotope
also decays entirely by positron emission. Crucially though, the low threshold energy makes it
'"

Table I
Table 1 shows some possible reactions that produce positron
emitters
Reaction
18O(p, n)18F
16O(p, a)13N
14N(d,n)15Q
14N(p, a)IIC
15N(p, n)15Q
13C(p, n)13N
12C(d,n)13N

Approximate
threshold (MeV)

2
7
1.5
4
3.5
2.5
0.33

Daughter product
half life

1.8h
10min
122s
20 min
122s
10min
10min

Up to around 3.5 MeV, 12C(d,n)13N has the highest thick target
yield. Other reactios are possible, but this selection highlights
the issues involved with virtually all of the reactions discussed in
the literature.
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possible to use low energy compact accelerators
and this makesthe method we describemuch more
accessibleand cost effective than most others.
The cross-section for this reaction [17-19] is
quite energydependant,but by integrating over the
stopping profile one may obtain the saturated thick
target yield (seebelow). This parameter is seento
rise fairly monotonically, as shown in Fig. 1.

0

1

2

3

4

Energy (MeV)
Fig. 1. Shows the thick target yield as a function of incident
deuteron energy for the reactin 12C(d,n)13N. These data were
obtained by integrating the energy-dependent cross-section over
the deuteron stopping profile.

As is apparent from Fig. 1, the thick target yield
of 13N (and hence the obtainable slow positron
beam intensity) increaseswith the incident deuteron beam energy and/or current. However, one
has to consider the ,practicalities of simply increasingthesequantities to achievea more intense
positron beam. In order to make this methodology
attractive to university and industrial laboratories
alike, the implementation of a compact accelerator
would certainly be preferable. For this reasonNSI
has developed an efficient accelerator technology
that complements the requirements for positron
beam development [20].
Also, since the irradiated target becomes the
source,the irradiation area should be minimized in
order to minimize the emittance of the slow positron beam. In general an irradiation area of <0.5
cm diameter would be desirable.(NB: Calculations
using the SRIM code [21] show that for an incident
beam at 1.5 MeV the positron source diameter is
virtually the same size as the deuteron beam diameter, with a deuteron range of around 20 J.Un.)
Minimising the deuteron beam spot, however, increasesthe power density that must be withstood
by the target. In our experiments this was not a
problem, but at higher energiesand/or beam currents this issuecould prove to be the limiting factor on the attainable source activation.
A schematic diagram of the target holder
and tungsten moderator is shown in Fig. 2. The

Fig. 2. Shows a schematicof the target holder and moderator arrangemen1
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rotatable target rod has a cooling water channel behind each target. Two graphite discs were
brazed into a central copper cylinder, on opposite
sides,so that while one target is being irradiated,
the other points towards the moderator, generating the slow positron beam. In these test experiments only one graphite target was used,but in the
production of a useablebeam two targets would be
utilized, as shown in the figure.
The target used was a 0.6 cm diameter x 0.1 cm
thick piece of high conductivity AGKSP graphite
[22]. For a 0.5 mA deuteron beam of diameter 0.5
cm at 1.5 MeV, the power density in the graphite
would be approximately 3 kW/cm2. Power densities of up to ",10 kW/cm2 can be dissipated by a
high velocity water flow [23] and target integrity
should therefore be maintained with standard
cooling techniques.
The moderator used was a 1 ~ thick single
crystal tungsten foil. It was annealed ex situ by
"flashing" to 2000 °C for 5 s ~20 times in a vacuum of 1 x 10-8Torr. After this the foil was transported through air before being installed in the
vacuum chamber. A filament designedfor in situ
moderator treatment is shown in Fig. 2, but was
not in place during the work described here. The
purpose of this would be twofold.
Firstly, transporting moderators in air does
introduce some degradation in performance and
therefore, for the highest efficiencies,it is desirable to either anneal the moderator entirely in
the vacuum system, or to at least be able to treat
the surface (where most of the impurities accumulated by transportation in air reside). Furthermore, some preliminary experimentsto determine
possible neutron damage to moderators [24] has
indicated that periodic surface treatment might
be required to maintain efficiency. No decrease
in efficiency was observed in this work, but the
total integrated irradiation time was only 100
min; a more sustained neutron bombardment
could prove to be deleterious to moderator performance.
The slow positrons emitted by the moderator
were extracted by an electric field and magnetically
guided along a 90° curved solenoid to an annihilation target. A well-shielded Nal scintillator then
detectedthe resulting annihilation photons.
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3. Target irradiation and switching
The irradiation processis exactly analogous to
a three nucleusdecaychain, in which the stable 12C
target atoms "decay" into 13N at a rate that dependson the cross-sectionand the incident particle
flux. So, as the deuteron beam irradiates the carbon target, 13Natoms will be created such that at
time t the activity is given by
ANNb(t) = :.-

(1)
Here NA is Avogadro's number, p is the density of
the graphite (1.63 g/cm3),A is the atomic number
of carbon, F is the incident deuteron intensity and
0-(£) is the cross-section for the reaction. Nb(t)
representsthe number of 13Natoms at time t. The
integral over the cross-section and the inverse
stopping profile [25] gives the effectivethick target
cross-section;The half-life of 13N is well known
(9.96 min) and AN= In2/'L"1/2= 1.16 x 10-3 S-I.
Now, the irradiation process with two targets
simply involves periodic switching from the deuteron irradiation position to the positron extraction position and back. So, if we assumea beam
current of 500 ~ (see Section 4) we may define
<I>= 14 GBq as a "source term" (i.e. the saturated
yield) and write a seriesexpansionof the activation
for each time step such that the activity at the
beginning of the Nth (decay) step is
A

=

N

1/1

L

{)n,

(2)

n=even

where'" = <1>(1 - <5)and <5is simply the decay
factor, exp(-ANT), for a given irradiation time T.
If we then consider three different irradiation
times: 6, 60 and 600 s (henceforth denoted by
subscripts 1, 2 and 3, respectively)we may generate three different activation series'.Then we find
that each of the systemsapproach a steadystate in
around five half lives, as shown in Fig. 3. Mter the
steady state has been reached the averagecurrent
during each cycle is obtained simply by integrating
the activity over the decay and dividing by the irradiation time. Then we find that
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Fig. 3. Shows the time taken to reach a steady state for different
target switching frequenies. It should be noted that time zero
corresponds to the end of the first irradiation cycle and that the
steady state value is not the same as the saturated yield.

(AI) = 7.2 GBq,
(A2) = 7.2 GBq,

(3)

(A3)= 7.0 GBq.
We see that the averageyield is essentially independent of the switching period for switching
times less than or of the order of the half-life. 1
Operating the system in a switching mode with a
period of a minute or so will result in a beam
variation of less than 7% during each cycle.
Switching once every half-life will provide essentially the sameyield, but the beam intensity would
vary by 50% over each cycle, which, for certain
experiments, could prove to be troublesome for
data analysis. Faster switching would offer even
lessbeam intensity variation and may be desirable
for applications requiring highly stable positron
beam intensity.

rod in order to tune up the slow positron beam
transport and obtain a moderator efficiency measurement. To make use of this efficiency measurement for the activated source it was necessary
to make an adjustment to take into account the
different end point energies of the beta spectra
of 22Na (0.54 MeV) and 13N (1.2 MeV). Since
the number of positrons expected to stop in the
tungsten moderator scalesapproximately with the
end point energy, the efficiency value used with
the 13N source was a factor of 0.54/1.2 = 0.45
lessthan that obtained in the 22Nacase.The measured moderator efficiency with the 22Na source
was 6.7 (0.2) X 10-5 and for 13Nwe thus have 3.0
(0.2) x 10-5. The efficiency of this moderator is
typical and the geometry of the target rod arrangement, crucial to this sort of experiment, did
not seem to introduce any excessivereduction in
efficiency.
Fig. 4 shows the 13N activation data as a
function of the (average) incident deuteron current. The deuteron current on target was measured
directly from the insulated target rod. A linear fit
to the available data gives a yield (Y) of 36 (4.8)
MBq/~.
Since this represents only 500/0of the
saturated yield, this value is consistent with the

data of Fig. 1.
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4. Results and discussion
Before irradiation of the carbon target a 2 x 108
Bq 2Na test sourcewas installed in a dummy target
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I For longer periods this is not the case. For example, if
T = 3 half lives (1800 s) the averageintensity is only 5 GBq, and
for 10 half lives it would be 2 GBq.

Fig. 4. Shows data points that we were able to correlate with
the deuteron current on target (two points are almost co-incident). A linear fit to the data was used to extract the saturated
13Nyield, Y = 63 (II) MBQ/IiA.
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5. Conclusion
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Fig. 5. Showsdata from one of nine separateruns. Thesedata
were collected after an irradiation by switching the beam on
and off to isolate the background. An exponential fit was then
extrapolated to t = 0 in order to obtain the instantaneousslow
positron beam intensity, and hence the 13Nactivation.

Fig. 5 shows data collected after one of nine
different runs. The background was subtracted by
taking two measurements,one with the moderator
bias at +30 V (beam on) and one at -30 V (beam
oft). There was a short delay between the end of
the irradiation and the switching of the target,
since this was done manually. Thus, obtain the
initial yield an exponential fit was made to the slow
positron beam flux and this was extrapolated to
t = O. In the case shown in Fig. 5 we obtained
Co = 4645 counts per second.
With the efficiencygiven above this corresponds
to a sourceactivity of around 2.6 x 109Bq 2 and a
slow positron beam with an instantaneous intensity of 0.7 (0.14) x 105 S-I. We note also that irradiation with 1.5 MeV deuterons does not
introduce any significant attenuation of the resulting beta particles [24]. Biasing the annihilation
region was seen to reduce the count rate in the
detector by 70%. Sincethe beam had to passtwice
through an earth grid (transmission coefficient
unknown, but 85% or so is not an unreasonable

We have, for the first time, used a deuteron accelerator to produce a slow positron beam with
characteristics similar to those in use in research
laboratories. These experiments have confirmed
earlier results [8] and unambiguously show that this
method for the production of slow positron beams
is indeed feasible. Most manufacturers of small
acceleratorswill confidently assert that 500 !lA of
deuteronsat 3 MeV is well within the range of their
machines. From Fig. 1 it is clear that this higher
energywould provide a saturatedyield of "",4 x 108
Bq/!lA and so a functional yield of2 x lOll would
seemto be an attainable goal. It is highly unlikely
that such an activity could be obtained from a
commercially available 22Na source, the current
commercial situation notwithstanding. Also, a
moderator efficiency of around 1 x 10-4 is quite
possible with in situ annealing [26]. However, this
value is obtained with 22Naas the source,so for 13N
a more realistic figure would be "",5 x 10-4. Combining these values indicates that positron beams
with (average)intensitiesof up to "",1 x 108S-I may
be possible, using the method outlined here and
with a commercially available compact accelerator.
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