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ABSTRACT

In the present work, a beam of monoenergetic positrons has been used to investigate the
ionization of atoms and small molecules at energies below  keV.e beam was produced
from the radioactive decay of a ²²Na source combined with W-mesh moderators and a
magnetic guidance system. e first measurements of the cross-sections for excited-state
positronium formation from Xe and simultaneous ionization–excitation cross-sections
for positron impact on CO₂ and N₂ have been performed.

Near-complete characterization of the detection system coupled with the ability to
measure several processes simultaneously allowed the collection of data sets which were
internally self-consistent. By normalizing the total ionization cross-section, an absolute
scale could be applied to all measurements. A number of methods for achieving this were
employed, as a check on external consistency.

e cross-section for excited-state positronium formation fromXe completed a study
(Murtagh et al., ) in Ps formation from the noble gases. emeasurement has defined
a trendof increasingmaximal fractionofPs formed into the P statewith increasing atomic
number.

emeasurements of ionization–excitation formolecular targets (Cooke et al., a)
reveal that this process is enhanced over the equivalent interaction involving electrons.
is enhancement arises mainly (or exclusively, in the case of CO₂) from the effect of
positronium formation, over and above the corresponding enhancement in the total ion-
ization cross-section. Based on this observation, and the comparative lack of excited-state
Ps detected in these targets, a mechanism for the enhancement involving an accidental
resonance between a neutral excited molecular state and an ionic state with Ps formation
has been proposed. e cross-sections for ionization–excitation were measured contem-
poraneously with a full suite of ionization cross-sections.
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. INTRODUCTION

. e positron

.. Fundamental properties

T   the antimatter counterpart to the electron and as such is given the
symbol e+. It has identical mass (me = . × − kg), equal magnitude but op-

posite sign charge (+.×−C) and it is a fermion (a spin-½particle). Being a lepton,
it interacts only through the electromagnetic and weak forces (and gravity). Positrons are
readily produced by the radioactive decay of certain radioisotopes, though in the presence
of normal (electron-containing) matter, the ultimate fate of the positron is to annihilate.
In this process, a positron and electron are converted into a number of γ-rays according to
the selection rule:

(−)nγ = (−)L+S (.)

where S is the spin of, and L the orbital angular momentum of, the pair. Hence, for free
positron–electron annihilation, two γ-ray decay is most likely as the cross-section for an-
nihilation is proportional to αnγ , where α is the fine structure constant (∼ ⁄) and nγ is
the number of photons. Figure . shows the Feynman diagrams for positron–electron an-
nihilation resulting in the production of up to three γ-rays. Note that for single quantum
and radiationless decay, the presence of a third body is required to conserve both energy
and momentum (in the latter case, the third body being another atomic electron). is
requirement for the involvement of an additional particle greatly reduces the probability
of single quantum- and radiationless decay, typically by a factor of λc³ρ, where ρ is the local
particle density and λc the Compton wavelength (as a measure of the physical extent of
the additional body). is term is approximately of the order of α³. Decay into more than
two γ-rays is also suppressed with respect to two γ-ray decay—the probability of three-γ-



. Introduction 

(a) (b)

(c) (d)

Fig. .: Feynman diagrams for positron–electron annihilation producing – photons. Note that
for less than two photons to be observed, the presence of additional bodies is required.

ray decay is a factor of approximately ⁄ (Ore Powell, ) smaller than for two-γ-ray
decay; that for four-γ-ray decay, a factor of . × − (Adachi et al., ).

.. Interaction with matter

In general, the behaviour of positrons in normal matter is not simply confined to such
‘direct’ annihilation events. e positron may undergo any number of scattering events
which are summarized in the following reactions (.–.). Two scattering processes may
occur at any energy, namely annihilation itself and elastic scattering.

e+ + A → A+ + nγ (.)

e+ + A → A + e+ (.)
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Once the positron possesses sufficient energy, other processes become feasible:

e+ + A → A∗ + e+ (.)

e+ + A → A+ + Ps (.)

e+ + A → A+ + e+ + e− (.)

e+ + A → A+∗ + Ps (.)

e+ + A → A+∗ + e+ + e− (.)

e+ + A → An+ + Ps + (n − )e− (.)

e+ + A → An+ + e+ + ne− (.)

where, in reactions . and .,  < n < Z. ese are excitation and ionization processes
and are listed in approximately ascending threshold energy order. e symbol Ps refers to
the bound state between a positron and an electron known as positronium. Other points
of terminology which it is convenient to introduce here are the descriptive labels given
to the other scattering processes. Generally, the result of reaction . is referred to as di-
rect ionization and may be single (as with reaction .) ormultiple (as with reaction .).
Positronium formation (reaction .), when accompanied by the release of additional elec-
trons, is referred to as transfer ionization (reaction .). Ionization processes accompanied
by target excitation (reactions . and .) are simply ionization–excitationprocesses, which
may be further subdivided into resulting fromdirect ionization or positronium formation.

Positronium

Prior to mutual annihilation, a positron and electron may form a short-lived bound state.
e result, positronium, has a ground state binding energy of . eV and can exist in two
spin states, arising from the possible orientations of the spins of its constituent particles.
ese may be parallel, leading to the triplet state (ortho-Ps), or antiparallel, leading to
the singlet state (para-Ps). e triplet ground state (³S₁) has a lifetime of  ns whereas
the corresponding singlet state (¹S₀) has a lifetime of just  ps. e subsequent decay of
ground-state Ps proceeds by an odd number of γ-rays for o-Ps or an even number for p-Ps
in order to conserve angular momentum. us, a unique signal of o-Ps is the coincident
detection of three γ-ray photons whose energies must total the sum of twice the rest mass
energy of the electron (.MeV) and any kinetic energy possessed by either initial parti-
cle. As with ‘direct’ annihilation decay via higher numbers of photons is considerably less
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Fig. .: Energy level diagram of Ps showing hyperfine structure of the n =  and n =  states.
Lifetimes against annihilation and de-excitation are also shown. Diagram adapted from
Rich ().

probable.
At the coarsest level of description, Ps is structurally similar to atomic hydrogen, with

the Bohr energy levels halved as a result of the lower mass of the positron by comparison
to the proton. Beyond this similarity, the fine structure is quite different, structure up
to n =  being shown in Figure . (Rich, ). e difference arises from the greater
magnetic moment of the positron compared to the proton (larger by a factor of ∼ ),
which elevates the hyperfine structure observed in positronium to the order of the fine
structure observed in hydrogen (Benedetti Corben, ).

Ionization

Asdescribedby equations .–., in addition to the formationof positronium, thepositron
may ionize a target directly by releasing one (or more) electron(s). Overall, the total ion-
ization cross-section of a target (Qt

i) is defined by:

Qt
i = Q

+
i + QPs + Qti + Qann + Q

n+
i (.)
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where Q+i represents the cross-section for single direct ionization, QPs that for positron-
ium formation, Qti transfer ionization, Qann ‘direct’ annihilation, and Q

n+
i multiple direct

ionization.* For atomic targets, this is usually abbreviated to

Qt
i = QPs + Q

+
i +∑HO (.)

or, indeed,

Qt
i ≈ QPs + Q

+
i (.)

where the cross-sections for the higher-order (HO) processes are usually small enough,
relative toQ+i andQPs, to be considered negligible (Van Reeth et al., ).

.. Applications

e study of the systems described by reactions .–., both in terms of the behaviour
of the positron and/or the target, forms part of the wider discipline of atomic physics. By
varying the probe particle (i.e. using positrons, electrons, photons, protons, antiprotons
or heavier ions), it is possible to discover fundamental properties of either the target or
the probe particle itself. However, in the years following the prediction (Dirac, ) and
subsequent discovery of the positron (Anderson, , see Figure . and below), the field
of positron physics has grown to encompass such diverse disciplines as biology, materials
science and astrophysics.

e mutual annihilation of a positron and electron producing γ-rays has allowed the
development of positron emission tomography, a functional imaging technique used in
medicinewhereby γ-rays from a positron emitter attached to a biologically activemolecule
are used to image processes occurring in the body (Wrenn et al., ; Phelps et al., ).
A typical molecule used is fluorodeoxyglucose, which is structurally identical to -glucose
except with a hydroxyl group substituted by a fluorine atom. Using the radioisotope ¹⁸F (a
β+ emitter) as the fluorine group, thismolecule can be used to identify areas of abnormally
high metabolic activity (for example, tumours).

e samepositron annihilation signal has beenusedby astronomers studying the galac-
tic spectrum. It has been observed that the majority of γ-rays originating from the galactic

* Note: ionization–excitation events need not be explicitly included as they are a subset of the above-
identified ionization events.
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centre are attributable to electron–positron annihilation, approximately  of which
arise from positronium (Ps) (Harris et al., ).

Positrons are used as a probe particle in materials science. e field of positron an-
nihilation spectroscopy examines three properties of the γ-rays arising from positron an-
nihilation in solids, namely: the time from positron emission to their annihilation, the
deviation of their energies from  keV and the deviation from ○ (for two-γ-ray anni-
hilation) of the angle between them. e lifetime provides evidence of defects in the ma-
terial, as the electron density in such defects may be lower than in the bulk of thematerial,
and positrons may be trapped at such sites. e other two properties contain information
about the electronic structure at the site of annihilation. As the positron will have rapidly
thermalized in the material, any additional energy (above the rest mass energy of the two
particles) and momentum (detectable via the γ-ray spectrum and emission angle) comes
almost entirely from the electron (Siegel, ).

is thesis is principally concerned with examining positron–atom andmolecule col-
lisions and so the remainder of this chapter will be mainly focussed on the relevant devel-
opments of the field up to the present, beginning with a brief historical note.

. A brief history of positron/positronium physics

.. Discovery

eexistence of a positively charged equivalent particle to an electron arose from the com-
bination of special relativity and quantummechanics in the Dirac equation (Dirac, ).
A reformulation of the Schrödinger equation incorporating the relativistic relationship
between energy, momentum and mass, the Dirac equation produced the surprising result
of additional negative energy solutions for a free electron. is led to the interpretation
that the vacuum comprised an infinite set of negative energy electron states which, if to-
tally filled, by the Pauli Exclusion Principle, prevents the electrons in positive energy states
falling into states below zero energy by emission of photons. is filled infinite set became
known as the ‘Dirac sea’. is description predicted that a photon of sufficient energy
could promote an electron from a negative energy state to a positive one, leaving behind
an empty negative energy state, or holes, in theDirac sea. ese should behave as positively
charged particles, an observation that led Dirac to predict the existence of such particles.
Dirac himself initially appeared to lack the confidence to predict the existence of a new
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Fig. .: Picture of the first detected positron cloud-chamber track. e particle enters at the bot-
tom, loses energy in the  mm lead plate across the middle, and then proceeds along a
curved path in a magnetic field. e energy loss and path curvature allow the mass and
charge of the particle to be estimated (Anderson, ).

particle, and so originally suggested that these holes might correspond to protons, despite
the constraint that his equation had on the mass of such a particle. Yet in  this parti-
cle was actually observed in the tracks of cosmic rays using a cloud chamber (Anderson,
). For this reason, Dirac’s prediction is considered one of the great achievements of
 century theoretical physics.

e promotion of an electron in a negative energy state to a positive one—effectively
creating both an electron and a positron—is the process known as pair production, andwas
subsequently observedbyBlackettOcchialini (), providing further confirmation for
Dirac’s theory. e converse process, mutual annihilation of an electron and positron, was
also experimentally confirmed to occur by Blackett Occhialini ().

.. Bound states

e possibility that, prior to mutual annihilation, an electron and positron could form a
bound state was first mooted by Mohorovičić (). e existence of positronium (see
Section ..) was experimentally confirmed by Deutsch () by studying positron an-
nihilation rates in gases. Larger bound states, such as Ps−, Ps₂ etc. were predicted to exist
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as well (Wheeler, ), being described as ‘polyelectrons’ or ‘polyleptons’. Experimen-
tal evidence for such states was less forthcoming than for positronium: the negative ion
Ps− was observed (Mills, ) by bombardment of thin carbon films by positrons and the
molecule dipositronium (Ps₂) recently observed (CassidyMills, ) in porous silicon.

Experimental evidence for bound states comprisingpositrons andatoms (ormolecules)
is considerably thinner on the ground. Some exists for PsH, with a binding energy of
. ± . eV, based on a study of positron collisions with CH₄ (Schrader et al., ).
e unique signal used to identify PsH was the formation of CH₃+ ions below the di-
rect threshold for their formation. is measurement followed several calculations of the
binding energy, beginning in with the demonstration that the systemwas bound (Ore,
). A number of bound states between positrons and more complex atoms have been
theoretically identified (seeMitroy et al., , and references therein), and a number con-
clusively proven impossible, e.g. e+H and e+He (Armour, ).

.. Moderation

For the field of low-energy positron physics, one of the most important achievements was
the development of the moderator, which allowed the high energy β+ emissions from ra-
dioisotopes such as ²²Na, ⁵⁸Co and ⁶⁴Cu, to be slowed to the eV energy range. As an al-
ternative to the use of radioisotopes, positrons may be created using high-energy photons
(such as those created by bremsstrahlung in a linac or synchrotron) and pair production
(see e.g. Ley, ). Both these methods, however, lead to the production of positrons
possessing energies of order .– MeV, and isotropic distributions. Hence, for atomic
scattering investigations these positrons require moderation. e work of Canter et al.
(), in producing a MgO moderator with an efficiency of approximately  × −, is
therefore considered a significant milestone in the field.† e process of moderation re-
lies on the near-thermalization of positrons in the bulk of a material, followed by their
ejection from the surface. e mechanism behind moderation is pictorially described in
Figure .. e ejection is either the result of the material having a negative work func-
tion for positrons (as in the case of tungsten), or the positrons being unable to thermalize
completely and leaving the surface with epithermal energies (as with solid rare gases).



† It followed the observation of slow positrons from a Cr surface irradiated using a ⁶⁴Cu source (Cherry,
).
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Fig. .: reeoutcomesof a positron impingingona surface. Top tobottom: fast positrons emerg-
ing before thermalization; positrons annihilating in the bulk; and positrons being ejected
aer they have achieved thermal velocities. Note that the local potential minimum at the
surface can result in moderated positrons being trapped. Figure adapted from (Charlton
Humberston, ).
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e remainder of this chapter will be focused on positron-impact ionization of targets in
the gas phase. By the mid-s, several groups had constructed positron beamlines using
combined positron sources (either radioactivity-derived or accelerator-derived) andmod-
erators to study such processes and experiments had begun on solid rare gas moderators,
the solid Ne moderator first produced by Mills Gullikson () being the most effi-
cient yet discovered. By this time, measurements of total and various other ionization and
excitation cross-sections had been reported for several target gases.

In addition to experimental determinations, therewas a simultaneous drive to theoret-
ically describe positron interactions with matter. Ionization by positron impact provides
a more challenging scenario to model by comparison to electron impact, mainly as a re-
sult of the capture process, but also (to a lesser degree) because of annihilation. Atomic
hydrogen and helium have been well studied and are now described with a good level of
agreement by both theory and experiment.

A review of ionization cross-sections, including, but not limited to Ps formation, is
presented in Sections .–., together with a discussion about the various experimental
techniques employed to measure such cross-sections. Where available, theoretical results
are presented along with the measurements discussed in the following sections.

. Ionization of atoms

e atomic targets examined in this section are three noble gases: He, Ar and Xe. ey
have been chosen both to demonstrate some of the salient features of positron–atom col-
lision cross-sections and to allow the introduction of some experimental and theoretical
techniques employed for determining such cross-sections. Figures .–. show a summary
of existing experimental and theoretical determinations of e+ impact cross-sections for
He and the noble gases. e following discussion will compare experimental results both
to each other and to theoretical calculations and focus on the various experimental tech-
niques employed. A comprehensive review of these cross-sections can be found in Laric-
chia et al. ().

.. He

ere are a number of independent experimental results for this target, owing to the sim-
plicity of the atom and its availability directly from a gas bottle (unlike H). Figures .–.
shows experimental determinations of Qt

i , Q
+
i and QPs for this target. For Q

t
i , good agree-
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Fig. .: Experimental determinations ofQt
i for He. ▿—(Murtagh et al., ), ○—(Fromme et al.,

), solid line—electron data of Rejoub et al. ().
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Fig. .: Experimental determinations ofQ+i for He. ◇—(Moxom et al., ), ◾—(Jacobsen et al.,
), ▿—(Mori Sueoka, ), ●—(Fromme et al., ), solid line—electron data of
Rejoub et al. ().
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Fig. .: Calculations of Q+i for He. Solid line with ×—(Utamuratov et al., ), solid line
with ▵—(Moores, ), double chain curve—(Campbell et al., ), dashed curve—
(Campeanu et al., ), chain curve—(Chen Msezane, ), solid line with ○—
(Ratnavelu, ), dotted curve—(Schultz Olson, ), solid line with ▿—(Basu et al.,
), thick solid line—experimental results of Murtagh et al. ().
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Fig. .: Experimental determinations of QPs for He. ◇—(Caradonna et al., ), ◽—(Murtagh
et al., ), ◾—(Overton et al., ), ▵—(Diana et al., ), ▾—(Fromme et al., ),
○—(Fornari et al., ), ●—(Charlton et al., ).

ment exists between the two experimental determinations—Murtagh et al. () and
Fromme et al. (). ese groups also measuredQPs, both based on the assumption that
equation . holds true, that is, that the higher-order ionization processes are negligible.
Murtagh et al. () used the measurement of Q+i of Moxom et al. () in combina-
tion with Qt

i to determine QPs, whereas Fromme et al. () measured both Qt
i and Q+i

to the same end. However, these determinations essentially used the same technique to
determine the cross-sections: collection of the ions produced (in combination with coin-
cidence measurements between a positron and an ion). Note that this technique requires
that the ions are detected with a known (ideally, energy independent) efficiency. ismay
not be achieved if the ions are produced with significant kinetic energy.‡

In addition to these two groups, several others have reportedmeasurements ofQ+i and
QPs and presently good accord amongmost determinations exists, with the possible excep-
tion of the very recent measurement of Caradonna et al. (), which disagrees on the
position (and magnitude) of the peak. e earliest such measurements (Charlton et al.

‡ is is more of a problem for ionization of molecules, where dissociation events can produce daughter
ions with several eV of kinetic energy.
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Fig. .: Calculations of QPs for He. Solid line with ×—(Utamuratov et al., ), solid line
with ▵—(Cheng Zhou, ), dotted curve—(Hewitt et al., ), solid line with ○—
(IgarashiToshima, ), double chain curve—(Sarkar et al., ), long dashed curve—
(Schultz Olson, ), short dashed curve—(Mandal et al., ), solid line with ◽—
(Mandal et al., ), thick solid line—experimental results of Murtagh et al. ().
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() and Fornari et al. ()) comprise the two basic complementary techniques which
subsequent groups employed. One approach is to attempt to detect the γ-rays from Ps
annihilation, which was used by Charlton et al. (). is study used a three γ-ray co-
incidence which provides a unique signal of ortho-Ps formation. e results differ signif-
icantly from all other measurements ofQPs owing mainly to the quenching of ortho-Ps to
para-Ps through collisions with the walls of the apparatus (Charlton Laricchia, ).
e approach of Fornari et al. () was the complete opposite. Rather than attempt to
detect Ps directly, its presence was inferred through the absence of a positron in the final
state. is involves using a magnetic field to ensure confinement of all scattered positrons
in order that the ‘missing’ positrons may be attributed to Ps formation.

Displayed on Figures . and . are various theoretical results for these same cross-
sections. As can be seen, there exists at the present time quite a large number of calcula-
tions of Q+i and QPs for He. For clarity, only the experimental results of Murtagh et al.
() have been included for comparison. For direct ionization, good agreement can
be found between most calculations, though some exhibit an excess at energies above the
peak of the cross-section. An exception to this is the distorted-wave Born approximation
of Campeanu et al. () which displays excellent agreement with experimental results at
all energies. For Ps formation, there is again broad agreement betweenmany calculations;
the results of ChengZhou () are those of a momentum space coupled-channel cal-
culation, and are notable as the only model of Ps formation in which the energy of the
peak of the cross-section is in agreement with the vast majority of experimental determi-
nations. e recent calculations of Utamuratov et al. () are in very good agreement
with the similarly recent measurements of Caradonna et al. (), though these have a
smaller peak magnitude than any other measurements ofQPs in He.

.. Noble gases

Figures .–. show examples of results for the noble gases. Where available, both ex-
perimental and theoretical results are shown. Ar andXe have been chosen to highlight the
salient points concerning these measurements.

In the case of Qt
i for Ar, fair agreement exists between three determinations. It is in-

structive at this point to mention the experimental techniques employed by these groups.
Marler et al. () (and also Jones et al. () and Caradonna et al. ()) used a
newly developed positron beam generation technique (Gilbert et al., ). e simple
radioactive source+moderator arrangement is coupled to a modified Penning–Malmberg



. Introduction 

Ar

Energy (eV)

1 10 100 1000

Q
it  (

10
-
16

 c
m
2 )

0

1

2

3

4

5

6

Fig. .: Experimental determinations of Qt
i for Ar. ◽—(Marler et al., ), ●—(Laricchia et al.,

), ▿—(Bluhme et al., b), ◇—electron data of Rejoub et al. ().

trap (Surko et al., ), which uses electric and magnetic fields to confine the positrons.
e trap contains a buffer gas (a mixture of N₂ and CF₄) to cool the positrons to around
 meV before they are ejected by removing one confining electric field. Direct ionization
cross-sections were measured using retarding field analysis to determine the energy of the
positron in the final state, and thus establish if it had been involved in an ionization event.§

Amoderate magnetic field was employed to ensure complete collection of scattered parti-
cles. By contrast, both Laricchia et al. () and Bluhme et al. (b) used detection of
the ion, and both used a pulsed positron beam to allow large electric fields to be applied for
ion extraction.¶ QPs of Laricchia et al. () was extracted from their measurements of
Qt

i and the measurement of Q+i by Moxom et al. (), assuming that relation . holds,
whileQPs fromMarler et al. () was deduced from the loss of a positron from the beam
(the technique originally used by Fornari et al. ()) and Qt

i from equation .. e

§ Note that this means these measurements of direct ionization are more accurately described as∑n Q
n+
i

as they include all multiple ionization events.
¶ e two groups used different pulsing methods, Bluhme et al. used a regularly pulsed positron beam

whereas Laricchia et al. used detection of a positron to trigger biasing off of the beam. Both techniques
allow large ion extraction potentials to be used without distorting the positron beam.
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Fig. .: Experimental and theoretical determinations of Q+i for Ar. ◽—(Marler et al., ), ●—
(Moxom et al., ), ◾—(Jacobsen et al., ), ▿—(Mori Sueoka, ), ◇—electron
data of Rejoub et al. (). Also shown are calculations: dashed line—(Bartschat, ),
solid line—(Campeanu et al., ), dotted line—(Moores, ).
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Fig. .: Experimental and theoretical determinations of QPs for Ar. ×—(Jones et al., ), ○—
(Marler et al., ), ⊕—(Szłuińska Laricchia, a), ●—(Laricchia et al., ), ▵
and ▿—lower and upper limits of Stein et al. (), ◇—(Jin et al., ), ⊞—(Diana
et al., ), |—(Charlton et al., ), ◽—(Fornari et al., ). Also shown are cal-
culations: dotted line—(Dunlop Gribakin, ), solid line—(Gilmore et al., ),
dashed line—(McAlinden Walters, ).
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i for Xe. Legend as Figure ..

limit estimates of Stein et al. () were made in the following way: the lower limit (LL)
was derived from detection of two γ-rays in coincidence, corresponding to either para-Ps
or quenched ortho-Ps, and the upper limit (UL) was a positron loss measurement with
intentionally small angular acceptance, encompassing both Ps formation and large-angle
scattering loss mechanisms.

ere are still some significant differences amongmeasurements ofQPs. While those of
Charlton et al. () are widely acknowledged to have suffered from the quenching effect
described earlier for He, there is still some dispute over the existence of the second peak,
observed by Laricchia et al. () but not byMarler et al. () or Jones et al. (). Its
presence has been attributed to both excited-state Ps (Laricchia et al., ; Gilmore et al.,
, see also Chapter ) and Ps formation from inner-shell electrons (Stein et al., ;
DunlopGribakin, ), while its existencewas corroborated by γ-ray–ion coincidence
measurement (Szłuińska Laricchia, a), even though the authors found that these
were affected by poor confinement of scattered positrons with increasing energy.

In the case of Xe (Figures .–.), there is good agreement in Qt
i between Marler

et al. () and Laricchia et al. () but the measurement of Bluhme et al. (b)
disagrees in magnitude below  eV. As with Ar, there is significant accord among mea-
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Fig. .: Experimental and theoretical determinations ofQ+i for Xe. ▿—(Marler et al., ), ●—
(Kara et al., ), ◇—electron data of Rejoub et al. (). Also shown are calculations
(legend as Figure .).
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Fig. .: Experimental and theoretical determinations ofQPs for Xe. Legend as figure ., though
lacking data from Jin et al. () and Fornari et al. ().
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Fig. .: Demonstration of the empirical scaling law (equation .) forH,He and the noble gases.
Dashed line with ×—H (Kernoghan et al., ), ○—He (Murtagh et al., ), ▿—Ne,
◽—Ar, ◇—Kr and ▵—Xe (Ne–Xe from Laricchia et al., ).

surements of Q+i , and only small differences among recent measurement of QPs. ere is
again a second peak, though less pronounced than that of Ar—more a saddle point than
a full peak—which has again been attributed to either excited-state Ps or inner-shell ion-
ization.

For the heavier noble gas targets (in contrast to He), agreement between theory and
experiment is significantly worse, and calculations are sparser (these are shown on the ap-
propriate figures). For Ar and Xe Q+i , the best agreement with experiment is again with
the results of Campeanu et al. (), using a similar method as for He, with other theo-
ries overestimating the magnitude (though largely agreeing on energy dependence). For
positronium formation, shape agreement is reasonable at best, with all theoretical deter-
minations peaking ∼  eV earlier than experimental results, and only a hint of the double-
peaked structure visible.
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.. Excited-state Ps formation

As mentioned in the previous section, the origin of the double peak structure evident in
some (e.g. Laricchia et al., ) measurements of QPs for the noble gases has been at-
tributed (Laricchia et al., ) to the formation of Ps in an excited state. is hypothesis
led the authors to construct estimates of the upper and lower limits on the cross-section
for its formation from noble gas target, via the following arguments.

An analysis in  (Laricchia et al.) of QPs for H, He and the noble gases revealed
that by normalizing the energy scale by the threshold and themagnitude scale by the peak
height, a broadly common curve could be attained for all these targets in the low energy
range, before additional ionization channels become competitive (see Figure .). For H
andHe, the empirically scaled curve is similar across the entire range of themeasurements;
for the other gases, deviation occurs aer the first peak. Laricchia et al. () used a
scaling of the form:

QA
x (

E
Eth
)

QA
x ∣max

=
QB

x (
E
Eth
)

QB
x ∣max

, (.)

whereQA
x refers to the cross-section for a process x in a target gasAwith a threshold energy

of Eth, to fit the ground state Ps formation cross-section in He of Campbell et al. ()
to the first peak ofQPs in the noble gases. Noting that the first peak occurred at twice the
threshold energy for ground-statePs formation, and the secondpeak at twice that forn = 
Ps formation, thedifferencebetween the twocurveswas attributed to excited-statePs. is
produced an estimate of the upper limit ofQ∗Ps, albeit onewhich is an underestimate at low
energies.

An estimate of the lower limit on Q∗Ps was produced by fitting an exponential decay
onto the first peak of each of the noble gases QPs (with the exception of Ne, which does
not exhibit the double peak structure). e difference between the curves provides the
estimate, which is again an underestimate at low energies, for the same reason as above.

. Ionization and excitation of molecules

is section will discuss ionization and excitation processes for small molecules. In addi-
tion to the those described by reactions .–. (all of which are perfectly valid for atoms
or molecules), a number of additional outcomes exist for positron–molecule interactions.
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ese are all dissociative, and are summarized by the following reactions (.–.):

e+ + AB → A + B + e+ (.)

e+ + AB → A + B∗ + e+ (.)

e+ + AB → A+ + B + Ps (.)

e+ + AB → A+ + B + e+ + e− (.)

e+ + AB → A+ + B∗ + Ps (.)

e+ + AB → A+ + B∗ + e+ + e− (.)

e+ + AB → A+∗ + B + Ps (.)

e+ + AB → A+∗ + B + e+ + e− (.)

e+ + AB → A+ + B+ + Ps + e−. (.)

e+ + AB → A+ + B+ + e+ + e−. (.)

Ionization and excitation processes in molecules are more complex than those for atoms,
reflecting the increased complexity of the electronic structure and additional degrees of
freedom. For the small molecules dealt with in this thesis, it is instructive to consider the
potential energy curve when discussing ionization and dissociation. is shows the vari-
ation of the electronic energy in a molecule with internuclear distance for various bound
states. A generic potential energy curve is shown inFigure ., highlighting the significant
features which lead to the different outcomes following excitation compared to atoms.

It should first be noted that the timescales involved in positron (and electron) im-
pacts do not allow for significant molecular rearrangement. e projectile energies used
in this thesis allow for a typical collision timescale of approximately .–. times that for
nuclear rearrangement. Transitions betweenmolecular states caused by these collision can
therefore initially be considered optical, that is, vertical in terms of internuclear separation.
is is a statement of the Franck–Condon principle (Franck Dymond, ; Condon,
), which can be used to predict the vibrational levels capable of being occupied fol-
lowing an excitation. e shaded areas on Figure . show the limits of the internuclear
separation in the lowest vibrational state of the state X; the Franck–Condon principle
states that aer an excitation the separation will still be within those limits. Hence, from
this it is possible to predict the outcome of the various excitations shown. e state B is
fully dissociative, so excitation of this state will result in fragmentation of the molecule.
A is also a dissociative state as: although it has a minimum in potential energy, a verti-
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Fig. .: Generic potential energy curve showing the ground state X and three excited states (A,
B and a). e shaded area shows vertical transitions according to the Franck–Condon
principle. State B is fully dissociative, A partially so and a not directly, though has some
overlap with A, and so is predissociative. Dashed lines show the local dissociation limits.

cal transition from X leads to higher vibrational levels, most of which are above the local
dissociation limit. When considered alone, a is a simple non-dissociative state, of note
because the Franck–Condon principle predicts that the most populated vibrational level
following excitation fromXwill not be v′ = . However, when considered in conjunction
with A, the a state becomes partially predissociative, that is, it can undergo a radiationless
transition to A which will then leave the molecule either in an excited state or above the
local dissociation limit. It can be seen from this that dissociation and excitation are closely



. Introduction 

CO2

Energy (eV)

1 10 100 1000

Q
 (

10
-
16

 c
m
2)

0

2

4

6

8

10

100 1000

0.0
0.1
0.2
0.3
0.4
0.5
0.6

Fig. .: Positron–CO₂ ionization (and excitation) cross-sections. ×—QPs (Kauppila et al.,
a), ◽—Qt

i (Bluhme et al., a), ◾—Q+i (Bluhme et al., a), ●—QPs (Murtagh
et al., ),▵ and▿—lower andupper limits (respectively) ofQPs (Kwan et al., ),◆—
(Laricchia Moxom, ), ◇—QPs (Griffith, ). eory: solid line—CPE, dotted
line—ES, and dashed line—TS: DWBA calculations of Tóth et al. (). Inset shows
direct dissociative ionization cross-sections of Bluhme et al. (a). ○—CO+, ▿—O+,
◽—C+, for clarity the corresponding total dissociative cross-sections have been omitted.

linked processes.||



Figure . and . are a compilation of the available ionization cross-sections for CO₂
and N₂ prior to this work. ese targets are typical small molecules, one is a diatomic,
the other a linear triatomic, and are the subject of Chapter . eoretically modelling
collisions with such complex targets is challenging, so calculations of these cross-sections

|| e assignment of letters to molecular states is usually in order of ascending energy, with the ground
state always labelledX. However, as the identificationofmolecular states has occurredover a periodof several
decades, there is a certain historical element to the ordering aswell, those identified earlier oenhaving lower
letters than later ones, regardless of energy. e case of the letters usually follows themultiplicity of the state
where upper case has the samemultiplicity as the ground state. A notable exception to this rule is N₂, where
triplets are represented by upper case, and singlets by lower case.
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Fig. .: Positron–N₂ ionization (and excitation) cross-sections. ●—Qt
i (Marler Surko, ),

○—Qt
i (Bluhme et al., ),▿—Q+i (MarlerSurko, ), ◽—Q+i (Bluhme et al., ),

▵—QPs (Marler Surko, ), ◇—QPs (Griffith, ), ⊞—cross-section for excitation
to a ¹Π state (Marler Surko, ). Legend for theory as Figure .. Inset shows cross-
sections for formation of N+ (Bluhme et al., ): ○—Qt

i , ▿—Q+i .

are severely lacking. As such, the experimental and theoretical results will be discussed
together.

e experimental methods employed have been largely discussed in the previous sec-
tions. An additional piece of information concerning the measurements of Bluhme et al.
is that for identifying different fragments of molecules, time-of-flight (TOF) mass spec-
troscopy was used. is is based on the fact that lighter fragments will be accelerated by an
electric field to the same velocity more swily than heavier ones with the same charge, so
the time of flight between the creation of the ion and its subsequent detection is shorter
for lighter ions. Note that this is only capable of identifying ions with different mass-to-
charge ratios, so, for example, the signal for N+ is indistinguishable from that for N₂+.
Also of note is the excitation cross-section of Marler Surko () the first measure-
ment of its kind. e trap-based beam system has a small enough energy spread (∼ 
meV) that different vibrational states of the a ¹Π state could be resolved using retarding
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field analysis.
e only theoretical consideration of these molecules is that of Tóth et al. (),

which is a distorted-wave Born approximation (DWBA) calculation with three different
ways of treating the incoming and outgoing particles. e simplest of these is the CPE
calculation, which uses plane waves to model the incoming projectile, while the scattered
particles are described byCoulombwaves. ere are two variations on this which improve
on the relatively simple CPE calculation by adjusting the potential experienced by either
the outgoing electrons (ES) or both outgoing and incomingparticles (TS).e initial state
of themolecule is always describedby amulticentredGaussian, however, theESmodel uses
a field comprising the ionic field screenedby the remaining electronswhendealingwith the
scattered electrons, with or without a contribution from the scattered positron depending
on the relative velocities of the two particles (the positrons move in the same fields as in
the CPE model). e TS model uses modified fields for both electrons and positrons.
e use of a single centred potential in describing the outgoing wavefunctions has been
identified as the reason for the relatively poor performance of the theory in modelling the
CO₂ cross-sections (Tóth et al., ).

Similar to the case for noble gases (see Section ..), it had been hypothesized (Kwan
et al., ) that structure visible in Qt

i for CO₂ may arise from the formation of excited-
state Ps formation. However, upon investigation of this hypothesis using photon–γ-ray
coincidences (Laricchia et al., ), a large signal was observed which could not be at-
tributed to excited-state Ps. e detection of photon–γ-ray coincidences in which the γ-
ray preceded the photon implied that significant amounts of Ps was being formed leaving
the resultant ion in an excited state.

. Comparison of projectiles

One of the fundamental reasons for studying positron interactions with matter is as a
probe for matter/antimatter disparities. is section will briefly discuss the observed dif-
ferences between usingmatter and antimatter projectiles. Additionally, this will afford the
opportunity to examine the effect of projectilemass on cross-sections by including data for
proton and antiproton impact in the discussion.

A comparison of matter and antimatter projectiles is shown in Figures . and ..
e data are plotted against velocity rather than energy tomapmeasurements using parti-
cles of differingmasses onto a common scale. ey include only direct ionization—suffice



. Introduction 

to say that in comparison of total ionization cross-sections, positive projectiles have larger
ionizing capabilities at low velocities than their negative counterparts as a result of the
capture process. Hence it is more instructive to compare direct ionization. ese plots
demonstrate that charge independenceof ionizationoccurs at high impact velocities. Note
that as the data have been transformed on to a common scale, the location of the ioniza-
tion threshold depends on projectile mass (and hence the heavier projectile possess much
larger cross-sections at low velocities than do light ones).

In the case of He, it is apparent that around its peak energy ionization by positive
projectiles is enhanced over that by negative projectiles, even disregarding the effects of
capture. is is a common observation for atoms (see, for example, the review byKnudsen
Reading, ), attributable to polarization of the target.** Another common feature is
the reversal of this situation at the lowest impact energies, the cross-sections for ionization
by positive projectiles fall below those for their negative counterparts. is is attributed
to a combination of factors. At low velocities a heavy negative projectile passing though
the electron cloud will decrease the binding of target electrons, whereas a heavy positive
projectile will increase it. e lighter particles will be deflected by the field of the target
nucleus, leading to an increase in collisions for negative projectiles and a corresponding
decrease for positive projectiles (the so called ‘trajectory effect’: Paludan et al., ). In
addition, flux for positive projectilesmust be shared betweendirect ionization and capture
processes, unlike for negative ones. At higher impact velocities, this last effect becomes
increasingly unimportant as capture cross-sections fall to zero.

ForN₂, the features described forHeare less clearly defined, thoughmay still be present.
It is still evident that the cross-sections for ionization by all four projectiles merge at suffi-
ciently high impact velocities. However, it is less convincing that positive projectiles neces-
sarily produce larger cross-sections, and insufficient data exist to conclusively demonstrate
the cross-over of cross-sections at low velocity.

. Motivation for present work and future work

e present study has measured cross-sections for processes which have not previously
been examined using positrons as a projectile. For atomic targets, this includes the forma-
tion of Ps in an excited state, in an effort to gain deeper insight into the structure visible

** is feature becomes less significant with increasing Z, owing to the larger static interaction of higher
Z targets.
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in QPs for Xe (and the other noble gases). e approach used, namely photon–ion coin-
cidences, allows more rapid data collection than the use of γ-ray–photon measurements
used in earlier studies of excited-state Ps.

is work provides a test of the estimates of Laricchia et al. () of the lower and
upper limits for the formation cross-section of excited-state Ps from the noble gases as
discussed in Section ... ese limit estimates predicted an increase of the significance
of excited-state Ps production to QPs with increasing Z of the target. is work provides
some supporting evidence for this hypothesis.

Formolecular targets, the ionization–excitationprocesseswere studied fundamentally
to examine matter/antimatter disparities. Following the work of Laricchia et al. (),
whoobserved significant signal in γ-ray–photon coincidencemeasurements inCO₂which
couldnotbe attributed to excited-statePs, thisworkhas determined absolute cross-sections
for theseprocesses inCO₂ andN₂. eresults reveal an enhancement in ionization–excitation
by positron impact over that for electron impact, above that which would be expected
from a comparison of total ionization cross-sections.

At this point, the two branches of study become convergent; while a direct determi-
nation of the cross-section for excited-state Ps in CO₂ was not possible, an estimate could
be made for N₂.



. EXPERIMENTALMETHOD: APPARATUS AND
TECHNIQUES

T  experimental apparatus and analysis techniques employed during this
research are described in this chapter. Where modifications specific to a particular

measurement have been made, these are described in the relevant chapter. e first part
of this chapter is devoted to describing the apparatus in detail. A diagram representing
the main features of the beamline is shown in Figure .. is can be roughly divided into
 sections: the source chamber, the transport system and the interaction region. ese
are discussed in detail in sections ..–... e second part of the chapter deals with
the problem of establishing an absolute scale for the measurements—the process known
as normalization. e third and final part of the chapter deals with other experimental
considerations which do not necessarily fall into either category.

. Apparatus

e system itself comprises an approximately  m long vacuum system constructed largely
from brass chambers with rubber seals, evacuated with  diffusion pumps containing San-
tovac®  oil (three at  ls−, a fourth at  ls−) and backed by  rotary pumps. is
provides a basic pumpdown time of the order of  hr, achieving a pressure of ∼  × −
torr, with conditions appropriate for experimentation (∼  × − torr) reached aer ap-
proximately  hours. e main principle of beam operation is as follows. Fast positive
β-particles from a ²²Na source aremoderated using annealed tungstenmeshes, fromwhich
they are ejected with an energy of approximately . eV.*ese are then accelerated to en-
ergies up to  eV by a positive potential applied to the moderator, and confined radially
by the magnetic field generated by  Helmholtz coils (labelled –) and a solenoid, as
indicated in Figure .. e beam passes through the interaction region—a hemispherical
gas-cell constructed from polished aluminium—and is finally detected by a channel elec-

* As determined by Kara () and Szłuińska Laricchia (b) using time-of-flight measurements.
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Fig. .: Schematic of the experimental set-up.

tronmultiplier (CEM) at the end of the beamline. Surrounding the interaction region are
 additional detectors for ions or photons (both low and high energy).

e signal from the detectors can be counted on two multichannel scalers (MCS),
or in coincidence with each other on three multichannel analysers (MCA). is allows
a wide variety of measurements to be taken simultaneously, ensuring that the conditions
under which the measurements are taken are identical. It also allows normalization of
measurements to proceed in a self-consistent way (as discussed in detail in Section ..).
A typical set-up is shown in Figure ., with  coincidence measurements and one scaler
measurement recorded simultaneously.

.. Source region

e²²Na source (as supplied by iembaLABS) takes the formof a spot ofNaCldeposited
in a metal capsule. ²²Na decays via positive β (positron) emission () or K-electron
capture () (Endt Kluyver, ) to an excited state of ²²Ne which then decays with
a lifetime of  ps by emitting a .MeV γ-ray, according to the following reactions:

²²Na → ²²Ne∗ + e+ + ν (.)

²²Ne∗ → ²²Ne + γ. (.)
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Fig. .: Typical three-coincidence set-up. Here the measurements being taken would be γ-
ray–photon, e+–photon, photon–ion, and the total ion yield.

A positron is generally emitted with an energy up to  keV† which must be reduced
(moderated) before it is useful for low-energy positron impact studies. In this experiment,
this reduction is achieved using a number of overlapping tungsten meshes placed in close
proximity to the front of the source capsule. ese meshes were either used at normal
thickness (approximately  μm), or were etched by immersion in heated NaClO solution
for up to  minutes, until the mass of the mesh had been reduced by  (Williams,
). e meshes were then annealed at  ○C for ∼  minutes in order to remove
impurities and defects in the crystal lattice (Wilson Mills, ). As described in Sec-
tion .., the mechanism for moderation in tungsten may be summarized thus: energetic
positrons impinge on the surface of the meshes and enter the bulk of the metal, where
they lose energy through interaction with the lattice. ey achieve approximately thermal
energies before being ejected from the surface with an energy equal to the magnitude of
the work function of the metal (∣φ∣). emoderator assembly can be held at any potential
between  and ∼  V which allows the energy of an ejected positron to be defined as

Ep = eVm + ∣φ∣ . (.)

† Up to . MeV is possible, via decay directly to the ground state of ²²Ne, though this is rare.
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curve) giving the energy distribution and a Gaussian fit to the high energy half (dotted
curve).
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eejection energy of thepositronswill have a distribution as a result of inelastic scattering
from surface impurities on the moderator. A typical beam energy distribution is shown in
Figure ., measured using a biasing potential applied to a grid (G in Figure .—a double
grid is used in order to reduce field penetration from the CEM cone) positioned immedi-
ately in front of the positron detector. is plot reveals several aspects of the beam energy
distribution. First, it is asymmetric, in part as a result of themagnetic field in the detection
region. Positrons with high-pitch-angle flight paths, while having the same kinetic energy
as those with lower pitch angles, have a larger component of their momentum perpendic-
ular to the direction of the beam. When approaching an electric field which is parallel to
the magnetic field, these positrons will be registered as having a lower effective kinetic en-
ergy as only the parallel component of their velocity is analysed—hence the longer tail at
lower energies. A Gaussian fit to the higher energy half of the distribution is shown in the
inset of Figure . to emphasize this asymmetry. Secondly, the cut-off energy corresponds
to ∣φ∣ for themoderator, which is significantly larger in non-UHVconditions than that for
clean tungsten metal (−. eV,WilsonMills, ). In addition, it can be seen that the
modal energy is approximately  eV above themoderator voltage. is is used to represent
the average beam energy (as distinct from the energy of the ejected positrons) thus:

Eb ≈ eVm + .. (.)

Two pairs of Helmholtz coils (labelled – on Figure .) and a Pb collimator confine
and define the beam emerging from this region.

.. Transport region

Between the ²²Na source and the gas-cell there are a number of features designed to ‘clean
up’ the flux of particles emerging for the source region. In order of appearance (le to right
on Figure .), these are:

. the solenoid, which has a ○ bend aroundwhich the beam turns with the assistance
of coil ;

. a cylindrical electrode (R) normally grounded, but which may be biased atVm + 
V;

. another cylindrical electrode held at − V (R); and
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. aWien filter.

e purpose of ,  and  is to remove unwanted components from the beam. ese are
principally un-moderated positrons, γ-rays and secondary electrons.

Fast positrons are poorly confined by the magnetic field from the solenoid, so will
fail to make it round the corner, instead annihilating on the chamber wall (to lower the
background γ-ray count, lead shielding is also placed around this corner). is also serves
to remove direct line-of-sight between the ²²Na source and the interaction region, further
lowering the background γ-ray count.

eWien filter (see Figure .), named aer its inventorWilhelmWien, also serves to
remove fast positrons from thebeamline. It comprises perpendicular electric andmagnetic
fields produced by curved parallel plates and Helmholtz coils, respectively. is arrange-
ment of fields transmits only a small range of velocities between fixed points for a given
electric field E and so behaves as a monochromator. e curvature of the plates and out-
wardflared of the plates at both ends serve to reduce distortionof the beam spot (Hutchins
et al., ). Charged particles will follow a trochoidal path through this system, hence the
alternative name for this device—trochoidal velocity selector. e E field is varied by ad-
justing the voltage on the plates according to:

V = ±A (
√
Vm + k) (.)

where A is a proportionality constant, and k reflects the difference between beam energy
and moderator voltage (see equation .). is may be understood by considering the
equation of motion of a charged particle in perpendicular electric and magnetic fields,
which may be formed from the velocity v:

v = vxi + vyj + vzk (.)

and the force F:

F = q (E + v × B) . (.)



. Experimental method: apparatus and techniques 

For simplicity, it is assumed B = Bzk and E = Eyj, which allows the equation of motion
for the x-component of the velocity to be written as:

d²vx
dt²
= (

q
me
)
2

(EyBz − Bz²vx) (.)

which has a general solution of simple harmonic motion and a particular solution of:

vx =
Ey

Bz
. (.)

is has no dependence on the velocity parallel to B (vz), so in order for the vertical dis-
placement l of the beam to be equal at all energies, the following condition must be satis-
fied:

Ey =
lvzBz

L
(.)

where L is the length of the filter. Expressing vz in terms of energy, and substituting in
equation . for the beam energy yield equation .:

Ey =
lBz

L

√
 (Vm + )

me
(.)

which is of the form of equation .. It is most sensibly expressed arranged this way as the
B field is fixed, so it can be seen that the E field can be modified simultaneously with the
moderator voltage Vm by the use of a square-rooter, an electronic circuit whose output is
proportional to the square root of its input, Vm in this case.

Electronsmay be produced by the impact of a positron on a surface virtually anywhere
in the beamline, though the largest sources are the moderators, their holders and the ²²Na
source itself. Secondary electrons produced by unmoderated positrons may have large en-
ergies, and are effectively removed by the same mechanisms which remove fast positrons.
ose produced bymoderated positrons will be guided by themagnetic field just as easily,
though will have a large energy distribution, so to reduce their transmission, the repeller
R is held at − V. Reversing the moderator potentials and grounding the repellers al-
lows the beam to function additionally as an electron beam.

For all measurements, it is important not only tominimize the contribution that these
unwanted components of the beammay give to the signal but also tomeasure and subtract
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Fig. .: AWien filter, with curved field plates and flared ends. e path a positron takes through
the system is shown as a dashed line (circles mark the entry and exit points).
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Fig. .: Detailed view of the gas-cell. e inner surface (dotted line) is polished aluminium.

it. R allows the slowportion (withE < eVm+ eV)of the beamtobebiasedoff toperform
a measurement of the ‘fast particle background’.

.. Interaction region

Amore detailed view of the interaction region is shown in Figure .. e gas is introduced
into the cell, and its pressure controlled, by a Pfieffer valve, itself controlled by a LabVIEW
analogue output. e pressure is monitored by a capacitance manometer (MKS Baratron
model AA-A) with a  torr range. A positron passing through the gas in the
cell may produce any or all of the following: a photon, an ion or a γ-ray, any of which,
with the exception of the γ-ray, may be accompanied by the transmission of the positron
itself. Hence, the interaction region is viewed by a photomultiplier tube (PMT) with a
wavelength sensitivity range of – nm, a CEM for detecting ions and an externally
mounted CsI scintillation crystal coupled to an avalanche photodiode for detecting γ-ray
photons. Once the beam has passed through the gas-cell, it is detected using a second
CEM. Note that this CEM has four grids placed in front of it, each of transmission .

e iondetector is locatedbehind a small cylindrical (internal diameter.mm, length
 mm) electrostatic lens held at − V, with its axis positioned perpendicularly to the
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Fig. .: Wavelength dependence of PMT quantum efficiency (continuous curve) as sup-
plied by the manufacturer (ET Enterprises Ltd.) and borosilicate glass transmission
(dashed curve—scale on right-hand axis), supplied by Advanced Telescope Supplies:
http://www.atscope.com.au/photometry.html.
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directionof thebeam. It creates an electric fieldwhich allows the extractionof positive ions
from ∼ . ± .‡ of the cell, discriminating against those produced near the walls and
apertures. is provides a base extraction efficiency which must be modified to account
for the initial kinetic energy of the ion. Generally, ions produced from non-dissociative
events possess only thermal velocities (which requisites no modification of the extraction
efficiency) whereas those produced by dissociative events may possess energies of up to
∼  eV. e effect of initial kinetic energy on ion extraction efficiency is displayed in
Figure ..

ePMTallows thedetectionof de-excitationphotons fromatomicormolecular pro-
cesses. Figure . shows the variation of photocathode quantum efficiency ε withwave-
length. is may be adjusted by inserting a  mm thick borosilicate glass disk (mounted
on an extension arm) in front of the PMT. is reduces the sensitivity range to approxi-
mately – nm (the variation of transmission of the disk is also shown in Figure .).
Doing so enables a background to be removed regardless of which range (– nm or
– nm) the photon of interest lies in. e transmission of borosilicate is not a step
function at  nm however, so the process of separating signal from background can be
more involved (see Section ..).

. Normalization techniques

.. Determination of efficiencies

In order to set an absolute scale on measurements taken, various characteristics of the sys-
tem must be quantified. Table . summarizes the various efficiencies and premultipliers
determined; where appropriate, the target gas used is mentioned. e following text dis-
cusses how these quantities were measured.

i. ε+. e absolute positron detection efficiency was established using a γ-ray–e+ coin-
cidencemeasurement simultaneously to the recording of the γ-ray counts. In order for the
γ-ray and e+ pulses to be as closely correlated as possible, the CsI γ-ray detector was placed
directly above theCEMcone, as shown in Figure .. is allows the detection efficiency

‡ is has a slight ion mass dependence, lighter ions being less efficiently extracted. is mainly arises
as a result of the magnetic field which affects the trajectories of light ions. is effect is negligible above a
mass-to-charge ratio of ∼  amu q−e .
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Fig. .: Detection efficiency of the positron detector. Shown are absolutemeasurements (●) taken
using γ-ray–e+ coincidences; relative measurements taken by varyingVm and cone voltage
(continuous curve); the detection efficiency for electrons (chain curve) as supplied by the
manufacturers (Dr. Sjuts Optotechnik GmbH); and the impact energy corresponding to
Vm =  V (dashed vertical line).



. Experimental method: apparatus and techniques 

Position (mm)

_20 _15 _10 _5 0 5 10 15 20

C
o

u
n

ts

255

260

265

270

275

280

285

Fig. .: Variation of γ-ray counts with position of annihilation plate relative to gas-cell center.

Fig. .: SIMION simulations of N₂+ ion extraction from the gas-cell. Le: initial kinetic energy
approximately thermal (∼. eV); right: initial kinetic energy of  eV.
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Tab. .: Summary of all the efficiencies used for normalization.

Quantity Value ±Error Notes
ε+ .  Positron detection efficiency. Energy depen-

dent—see Figure ..

tg . — Transmission coefficient of each tungsten
grid between the gas-cell and the CEM
(Williams, ).

εext .  ermal ion extraction efficiency (for Ar+).
Error based on simulation of  ions.

εext .  Correction for extraction efficiency when
ionic fragments have non-thermal energy
distribution (typical value shown).

εdet . — Ar+ ion detection efficiency (Krems et al.,
).

εCsI . . Combined CsI solid angle and detection ef-
ficiency.

ε .  Quantum efficiency of the photocathode in
the PMT. is is the mean value for the
wavelength range of A ²Πu → X ²Πg transi-
tion in CO₂ (– nm) (supplied by ET
Enterprises Ltd.).

ΔΩ . . PMT solid angle.

Cr . . Reflectivity correction (enhancement of ΔΩ
of PMT by contribution from reflective sur-
faces). Note: this changes with wave-
length—this value is for ∼ nm photons.

εc .–. — Coincidence system efficiency—proportion
of input pulses that hit live window in TAC.
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Fig. .: Detector arrangement for measuring ε+. Solid arrows represent slow positrons, dotted
ones fast. Each grid is a potential source of γ-rays from both slow and fast positrons, so
more than one biasing position must be considered.

to be calculated thus:

ε+ =
Yc

Yγ
(.)

where Y refers to counts arising from slow positrons per unit time measured singly (Yγ)
or in coincidence (Yc). Care was taken to ensure the contribution of γ-rays from sources
other than the conewasmeasured and removed correctly. e assumption ismade that the
grids are identical, so, as can be seen in Figure ., biasing at G allows the contribution
from two grids (for slow positrons) and from all grids, and the cone (for fast positrons)
to be measured. Biasing at G allows only those contributions from fast positrons to be
measured.§ Hence, the yield of γ-rays from slow positrons impacting on the CEM cone
may be written as:

Yγ = Yγ,on + Yγ,off₍₂₎ − Yγ,off₍₁₎. (.)

§ Actually, each grid contributes less than the one before it by a factor of tg, the grid transmission. is
means the method over-subtracts the slow positron background by approximately ..



. Experimental method: apparatus and techniques 

e same argument applies to the coincidence yield, therefore

Yc = Yc,on + Yc,off₍₂₎ − Yc,off₍₁₎. (.)

In each case, subscripts on and off refer to the biasing of the beam and () and () to the grid
at which the beam was biased (see Figure .). is procedure was performed at various
impact energies of the positron, that is, bymaintaining the beam energy at a fixed value and
varying the cone voltage. It was found that over the energy range normally considered in
the studies, the detection efficiency is substantially invariant, decreasing only at the highest
impact energies (see Figure .).

ii. εext, εext  εdet (εi). Ion extraction efficiencies for thermal and non-thermal ions were
calculated using SIMION . simulations of ions moving in the gas-cell. Two typical ex-
traction patterns are shown in Figure . for thermal (. eV) and non-thermal (here at
 eV) energies. As can be seen, with such a low extraction field present where the ions are
created (approximately  V cm−), even a small initial kinetic energy has a distinct effect
on the extraction trajectories, and consequently, the extraction efficiency. e energy dis-
tribution of the ionic fragments of CO₂ as measured by Velotta et al. () and N₂ by
Van BruntKieffer () for electron impact were used to adjust the value of the extrac-
tion efficiency (which is mass independent in this mass range) for application to the more
energetic products of dissociation. Detection efficiencies for variousmass/velocity combi-
nations were obtained from Krems et al. (). Where the exact atom/molecule has not
been used, a reasonable substitutionhas beenmade (e.g. Ar forCO₂) based on similarity of
mass. Mass similarity is important not only to ensure similar extraction efficiency (which
can be corrected for) but also so that gas densities may be as close as possible directly com-
parable (or even pressures—pumping speeds of gases are dependent on atomic/molecular
mass). e combination of extraction and detection efficiencies is referred to as εi here-
aer.

iii. εCsI. e combined detection efficiency of and solid angle subtended by the CsI de-
tector was measured using an annihilation plate mounted on amanipulator arm. is was
positioned in the centre of the cell, in the path of the beam, so that annihilation quanta
were produced in the same position as those from a target gas. e plate could be moved
over the extent of the cell from which most ions are extracted. For a known positron flux,
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the γ-ray counts were recorded at various positions in the cell (Figure .) and then amean
value of γ-rays per positron was calculated. e positron count in this case had to be cor-
rected for the transmission of any grids between the gas-cell andCEM (of which there are
 at  transmission each) and for the detection efficiency ε+.

iv. ΔΩ. For measurements involving the detection of photons, the properties of the
photomultiplier must be considered. e solid angle of the detector was calculated ac-
cording to the small angle approximation:

ΔΩ ≈ π ( d
D
)
2

(.)

by considering the active area of the photocathode (of diameter d) and the distance from
the interaction region to the photocathode (D).

v. Cr. An enhancement (denoted Cr) to the collection efficiency is provided by the
polished aluminium from which the gas cell is constructed, and by the Al+MgF₂ coated
glass light guides which line the PMT extension arm. is enhancement was measured
by recording photon–ion coincidences at a fixed energy ( eV) in CO₂, then repeating
the measurement with the light guides removed and all internal surfaces (i.e. the gas-cell
interior and the PMT extension arm) painted black with graphite. e ratio of the corre-
sponding yields provides the enhancement factor caused by these reflective surfaces.

vi. ε. e absolute quantum efficiency of the photocathode was made available by
the manufacturer, ET Enterprises Ltd (see Figure .).

vii. εc. For coincidence measurements, the live time of the time-to-amplitude converter
(TAC) may sometimes have to be considered as an additional efficiency. e system op-
erates by receiving a start pulse and then waiting a period of time, up to a maximum equal
to the range of the TAC, for a stop pulse. Irrespective of the receipt of a stop signal, there
is then a reset cycle of fixed length. During this whole period, the system is ‘dead’ to addi-
tional start pulses, so any that arrivewill be ignored. Onhigh start ratemeasurements with
long TAC time ranges, for example e+–ion coincidences, this dead time can significantly
affect the duty cycle. Only the combination of high start rate and long time range leads to
a significant effect however. eMCA itself has a dead time per event of ∼  μs, but the
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Fig. .: Measured coincidence efficiency εc for TAC range T =  μs as a function of start
count rate (●) with a hyperbolic decay curve fit (continuous curve).

input rate of the MCA depends on the conversion rate of the TAC, so this dead time will
almost always be insignificant.¶

e coincidence system efficiency εc was determined empirically for a  μs TAC
range (see Figure .) and, defined as the ratio of true start rate (fts) to applied start rate
(fs), can be described in terms of the start pulse rate by equation ..

εc =
.

. + fs
(.)

It can be shown to be of this form by considering the fractional dead time of the system,
Fdt, in terms of the waiting time of the TAC T (the sum of the ramping time and reset
period), fts and fs:

Fdt = ftsT (.)

¶ e reset cycle of the TAC depends on the time range; for  μs, which most measurements employ,
this time period is longer than the MCA rest cycle.
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e quantity fts is itself dependent on the time available for starting the TAC, i.e.,

fts = ( − Fdt)fs. (.)

When equation . is substituted in ., it can easily be shown that:

fts
fs
= (T)−1

(T)−1 + fs
(.)

is is the definition of εc, and is of the form of equation .. Note that the empirically
determined values forT using the quantities from either the numerator or denominator
imply T = . ± . μs. is is consistent with the measurement of this quantity
using an oscilloscope (though in slight disagreementwith figures quoted in themanual for
this device— μs).



In addition to the various efficiencies, characteristics of the gas cell are required. ese can
be expressed as the product n`eff, which is the areal number density in the cell (n being the
gas number density and `eff the path length of a e+). In practice, these are never determined
explicitly but are indirectly included in the normalization method. is is the subject of
the following section.

.. General normalization method

Each measurement consists of recording the number of one or more final state product(s)
(e.g. ions) and coincidences among them. is is done at a given pressure and for a fixed
timeperiod for anumberof different beamenergies. At each energy the counts are recorded
with both the beam on and with the slow portion of the beam biased off, in order that a
background contribution be determined. e intensity of the e+ beam is measured in vac-
uum, allowing a yield per incident positron to be calculated. us, for example, the ion
yield per positron (Yi) may be written as:

Yi =
yi,on − yi,off
ye,on − ye,off

(.)

where y refers to the number of counts per second of ions (i) or positrons (e) and on and off
to the state of the beam. is quantity is proportional to the total ionization cross-section,
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Qt
i , according to:

Qt
i =


n`eff

tg⁴ε+
εi

Yi (.a)

= kYi (.b)

where the symbols are defined as inTable . (εi being the product εdet× εext). Note that the
beam intensity measured at the CEM is reduced by a factor of tg⁴ by transmission through
the grids G, G and that over the CEM cone.

For coincidence measurements, the normalization process is substantially identical,
with Yi in equation .a replaced by a coincidence yield Yc specific to each final state and
each detector contributing its own additional efficiency (and other relevant quantities e.g.
solid angle). For high start-rate measurements, the inclusion of the coincidence efficiency
εc is necessary; this approaches unity for low start-rates (see Figure .). Special consider-
ation must be given to coincidence measurements which derive their start pulse from the
positron CEM. For such measurements, the beam detection efficiency is cancelled from
the equation, meaning that only themultiplier arising fromdetection of the other product
remains.

A general expression for normalization of a yield to a cross-section Qc may be written
as follows:

Qc =


n`eff
tg⁴ε+∏

x


εx
Yc (.)

.. Practical normalization

In reality, this full explicit normalization is rarely performed. ere are a number ofmeth-
ods which allow the normalization constant (hereaer k, as in equation .a, for brevity)
to be determined with varying degrees of implicitness; these may be summarised as fol-
lows:

. Normalizing to known electron cross-sections;

. Normalizing concurrent measurements of positron impact cross-sections to estab-
lished results and applying relevant corrections to obtain a value for k;

. Normalizing concurrent measurements of electron impact cross-sections to estab-
lished results and correcting (as above);
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. Determination of each term of k explicitly (where possible), combined with any of
the above.

Using method , the assumption is made that the Born approximation applies at high
(>  eV) energies, that is, the sign of the charge of the incidence particle becomes im-
material and the cross-sections therefore merge, the implication being that positronium
formation is negligible (Moores, ).|| is approximation is valid for positron impact
on atomic targets (e.g. noble gases—see Section .), but insufficient evidence existed prior
to this work to demonstrate its applicability (or otherwise) to molecular targets. Method
 has been employed in studies of atomic andmolecular targets for example, to extractQPs

for CO₂ (Murtagh et al., ) and various ionization cross-sections for CO₂ andN₂ (e.g.
Bluhme et al., , a). In this method, k is calculated by fitting (Van Reeth et al.,
) to the corresponding electron data and therefore includes all premultipliers.

Method  involves measuring Qt
i for positron impact on a target gas for which the

total ionization cross-section is well known, that is, good agreement in shape and mag-
nitude exists between several independent measurements (e.g. Ar from Laricchia et al.
(); Marler et al. ()). As the ion extraction efficiency and (n`eff) have slight mass
dependence, a normalization gas must be chosen with a similar atomic mass to the tar-
get gas. e base value of k is obtained by least-squares fitting the measured points to Qt

i

from the literature. A correction for the possible differences in pressure between the two
measurements (and hence a different value for n) must also be made as appropriate:

Qt
i = k

PAr

Ptarget
Yi. (.)

e gas pressures used are sufficiently low that interactions between the molecules can be
ignored (the gases behave ideally), therefore the pressures are directly comparable.** A
measurement ofQt

i for Ar fromwhich a value of kmay be extracted is shown in Figure .
compared to the measurement of Laricchia et al. (), and a comparison of the results
obtained usingmethods  and  is shown in Figure .. As can be seen, these twomethods
yield very similar results. Note thatmeasuring ‘known’ cross-sections is also a useful system
diagnostic.

|| As the capture process does not happen for electron impact, the lack of dependence on the sign of the
projectile charge in the Born approximation implies that capture is non-existent for positive projectiles as
well.
** epressure ismeasured on a capacitancemanometer, which provide sufficiently gas-independentmea-

surements for this purpose.
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Fig. .: Measurement ofQt
i for Ar from which the normalization constant used in method  was

obtained (●), normalized to Laricchia et al. () (○).

Method  is similar to method  except instead of changing target gas, the projectile
is changed. is has the advantage of removing potential ambiguities associated with the
differing masses of the gases, but the added complication of re-tuning the system for an
electron beam. Conversion between the normalization factors obtained via methods 
and  may be achieved, viz.:

(
Qt

i

Yi
)
e+
= (

Qt
i

Yi
)
e−

ε+
ε−

(.)

but this requires knowledge of the absolute electron detection efficiency of the CEM, ε−.
Unlike ε+ (see Section ..), this cannot be measured directly as there is no second detec-
tor with which to detect electrons, so this value must be obtained using measurements of
cross-sections well known for both electron and positron impact. Again, Ar is a sensible
choice of target gas. Figure . shows ameasurement ofQt

i for electron impact onAr com-
pared with the result of Rejoub et al. () from which a value of ε− = . ± . was
determined (assuming a mean positron detection efficiency of ε+ = . ± .). Note
that the conversion introduces an additional error in comparison to method  (from both



. Experimental method: apparatus and techniques 

CO2

Energy (eV)

10 100 1000

Q
it  (

10
-
16

 c
m
2 )

0

1

2

3

4

5

6

7

Fig. .: Comparison of two indirect normalization methods (—● and —○) for Qt
i CO₂. e

two results differ at most by . Note the gradients of the cross-sections for the differ-
ent projectiles do not agree at high energies, casting some doubt over the applicability of
the Born approximation, though the agreement level between the two methods serves to
moderate this doubt. Electron data (straight line) is from (Straub et al., a).



. Experimental method: apparatus and techniques 

Ar

Energy (eV)

10 100 1000

Q
it  (

10
-
16

 c
m
2 )

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

Fig. .: Measurement of electron-impactQt
i (●) used for normalization purposes, normalized to

Rejoub et al. () (○).

ε+ and ε−). It was therefore considered that, as these methods are equally valid, method 
would be used for preference.††

Many measurements taken during the course of this work cannot be normalized sim-
ply using methods –. is may be because there are few reliable electron cross-section
data (or indeed, that themeasurement is not possible using electrons e.g. Ps formation), or
that there is no precedent in positron impact. In these cases, normalization relies on the
capability of the system to record the total ion yield simultaneously to coincidence mea-
surements. Careful characterization of the various efficiencies associated with the system
(see Section ..) allows the coincidencemeasurements to be normalized to the ion yield,
which then may be scaled to any pre-existing cross-sections. us, all the measurements
have the correct relativemagnitude.

Table . summarizes the normalization techniques used during the course of this
work. It also highlights the usual approach taken for each particular cross-section. For ex-
ample, while the normalization of a measurement of simultaneous ionization–excitation
(Qex

i ) will rely on establishing Qt
i; when considering Qex/+

i , one can reuse the coefficient

†† Changing gases is also considerably simpler than re-tuning for electrons.
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Tab. .: Standardized normalization techniques, showing the full expression and that for practical
use for each cross-section category. Note that εc is only appreciably different from  for
coincidence measurements which use detection of a positron as a start signal. is means
that, although for the last three cross-sections the value of εc is different in each case, it
may be safely applied separately to Qex

i ⁄Yhνi .

Cross-section Normalization expression Applied expression

Qt
i


n`eff

tgε+
εi

Yi —

Q+i


n`eff

εiεc

Y+i
Qt

i

Yi


tgε+εc

Y+i

QPs


n`eff
tgε+
εiεCsIεc

Yγ
i

Qt
i

Yi


εCsIεc

Yγ
i

Q∗Ps orQ
ex
i


n`eff

tgε+π
εiεCrΔΩεc

Yhν
i

Qt
i

Yi

π
εCrΔΩεc

Yhν
i
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i


n`eff

π
εCrΔΩεc
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+
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Fig. .: Variation with energy of the Larmor radius of a positron in a  G magnetic field.
Dashed line shows the radius of the exit aperture.

calculated forQex
i .

. Other experimental considerations

.. Large angle scattering of positrons (including back-scattering)

ough the presence of a magnetic field of approximately  G throughout the gas-cell
ensures some confinement of the scattered beam, there is a limit to the extent to which
large-angle scattered positrons can be collected. is depends on the Larmor radius (rL)
of the positron (and so is energy dependent), given by:

rL =
v⊥m
eB

(.)

where v⊥ is the component of the positron velocity perpendicular to the magnetic field
(of strength B), e is the charge and m the mass. Given an ionization event with an en-
ergy threshold Ei which deflects the positron with energy E through an angle θ, rL can be
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written:

rL =
√
m (E − Ei) sin θ

eB
. (.)

Setting θ to be the largest value it can be for a forward scattered e+ that is θ → ○ and
using Ei =  eV, yields the energy dependence of rL on E − Ei shown in Figure ..
e dashed line represents the radius of the exit aperture, the narrowest hole through
which the positron must pass in order to reach the CEM. As can be seen, forward scat-
tered positrons can be entirely contained until an incident energy of approximately 
eV. ereaer containment becomes increasingly poor, as positrons scattered to smaller
angles can achieve Larmor radii greater than the radius of the exit aperture. However,
differential ionization cross-sections become increasingly forward-peaked with increasing
collision energy, so the loss of total confinement applies to a correspondingly reduced flux
of positrons.

In addition to losing some positrons forward-scattered at large angles, no provision is
made to recover those positrons scattered backwards. Without modification of the exist-
ing gas-cell, the detection of these positrons is not possible. Measurement of direct ion-
ization cross-sections requires the collection of (ideally) all scattered positrons. However,
comparisons of ‘known’ cross-sections, e.g.Q+i forAr (Moxom et al., ), with the equiv-
alents measured using this system are favourable; certainly possessing the same energy de-
pendence (see, for example, Figure .). is suggests that either the loss of scattered flux
is insignificant, or that the cross-section for wide- and back-scattered ionization has the
same form as the remainder.

.. Single-collision regime

In order that coincidence measurements performed on the system represent as accurately
as possible only one interaction, the working gas pressure is such that a positron passing
through the cell willmake, on average, only one collision over the cell length. is pressure
is empirically determined for each target gas by measuring beam attenuation at the energy
of the peak of the total cross-section; attenuationbymore than  is not usually accepted.
e justification for this is as follows. e Beer–Lambert law may be written as:

I = I₀e−δx ⁄ λ = I₀e−Qnδx (.)
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Fig. .: Comparison of present measurement ArQ+i (●) with that of Moxom et al. () (○).

where I₀ and I are incident and transmitted beam intensities, δx is the cell length, λ is the
mean free path of the positron, Q is the cross-section and n the number density of the
target gas. Setting δx = . m and I ⁄I₀ = . reveals that at this attenuation, λ = .
m, which is large enough to assume an incident positron would collide with only a single
atom ormolecule (ensuring a linear relationship between pressure and ion yield).‡‡ Using
equation ., one can then calculate a value for n, and therefore for the pressure. e use
of low gas pressures also reduces the probability of any ion–neutral collisions occurring.
Evidence of this manifests itself in the broadening of TOF spectra to longer times, as such
collisions increase the ion time-of-flight.

.. TAC/MCA timing linearity and mass calibration

In an ideal world, the amplitude response of the time-to-amplitude converter would in-
crease linearly with increasing duration between start and stop pulses. is is important
as a linear response allows for calibration of the TAC–MCA systemwith accurate knowl-
edge of only two points required. One of these points can be t₀, the channel at which start
and stop pulses emitted simultaneously are counted, and the other would correspond to

‡‡ e first order Maclaurin expansion of e−
δx ⁄ λ is linear to within  using these values.
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Fig. .: Calibration of the time-to-amplitude converter, showing the positions ofHe+, CO+ and
Xe+ (◾—heavier targets appear at longer times); points taken using pulses in coincidence
with the same pulses delayed (◯ with grey continuous curve); a fit to the linear region
(continuous curve) and the breakdownofTAC linearity (dotted line). Note that linearity
refers to the correspondence between channel number and time, not mass.
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Fig. .: γ-ray–e+ coincidence spectrum showing the detection of γ-rays from theCEMcone. e
noise peak at t₀ (channel ) is present regardless of the origin of the stop pulse (which
passes through the CsI detector electronics).

the arrival of an atomic (so that no fragments are produced) ion, created below the double
ionization threshold. e linearity of response has been established using a pulse source
and a variable delay, and is shown on Figure ..

.. γ-ray–e+ coincidences

Using γ-ray based coincidences to determine Ps formation cross-sections (including those
involving excitation) assumes that any correlated γ-ray detected arises from the decay of
Ps in the gas-cell. ere are other sources of γ-rays, for example, annihilation without the
capture process, those emitted by the ²²Na source, those from beamline wall annihilation,
and γ-rays from the collision of a positronwith theCEMcone. Of these, the first is consid-
ered negligible for atomic targets in the energy range considered (Van Reeth et al., );
the second would present an extremely low solid angle to the detector and the third con-
tributes only uncorrelated γ-rays. Only the last of these sources can potentially provide a
correlated signal when a positron involved in a direct ionization event is detected by the
CEM and the resultant γ-ray from the cone detected by the CsI. A measurement of γ-
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ray–e+ coincidences is shown in Figure . shows a peak centered on approximately the
 channel, corresponding to this occurrence. e rate of γ-ray–e+ coincidences per
positron is (. ± .) × −, which can be transformed into a fractional contribu-
tion to Ps formation by multiplying by the direct ionization cross-section. is has been
calculated for N and found to be of the order of ., and so is considered negligible.
Also visible is a sharp peak at the ⁿ channel, present even in uncorrelatable signals
(e.g. e+–pulser coincidences). is is noise and may be disregarded.

.. Vacuum contaminants

e residual gases present in the vacuum system are atmospheric gases and substances
outgassing from adsorption onto internal surfaces. If experimental conditions have been
maintained for several weeks (not uncommon) then the only significant component is
H₂O (the rubber seals prevent baking of the system to expedite outgassing). However, its
presence is only detectable at a rate of<  ion s−, contributing<  to typical e+–ionmea-
surements. It has not been observed in any other coincidencemeasurements performed in
vacuum (or otherwise), and so can generally be neglected. e use of Santovac®  diffusion
pump oil provides superior vacuum conditions, given the non-UHVnature of the system.



e system as a whole is well-suited to measuring ionization cross-sections. It has a high
ion collection efficiency albeit at the expense of timing resolution, meaning the mass sen-
sitivity is lower than that of, for example, a crossed beam and gas jet set-up, but this allows
measurements to be taken on short timescales. e ability to record several coincidences
simultaneously, and thus determine several different cross-sections simultaneously, not
only increases the rate at which data can be taken, but also ensures consistency between
measurements, eliminating the possibility that fluctuations in e.g. gas pressure or e+ beam
intensity could affect normalization of measurements for different processes.



. EXCITED-STATE POSITRONIUM FORMATION FROM
XENON

. Introduction

A   the work ofMurtagh et al. (), who examined excited-state positron-
ium formation from gaseous targets, this study measured the cross-section for the

process in xenon. ough this study forms part of the first experimental determination
of the cross-section for formation of Ps into an excited state (Q∗Ps) (Murtagh et al., ),
there are several theoretical calculations for H (Basu Ghosh, ; Hewitt et al., ;
Kernoghan et al., ),He (Khan et al., ;Hewitt et al., ; Sarkar et al., ;Camp-
bell et al., ; ChaudhuriAdhikari, ; Utamuratov et al., ) and the noble gases
(Gilmore et al., ). e current measurements allow such theories to be tested. In
addition to this motivation, it had been suggested that structure visible inQPs for the no-
ble gases (see Figures .–.) may arise from excited-state Ps formation (Laricchia et al.,
). Acting on this hypothesis, upper and lower limits forQ∗Ps were estimated using the
method described in section ... esemeasurements allow the plausibility of such limits
to be examined.

Excited-state Ps was first observed in  (Canter et al.) using Lyman-α–γ-ray coin-
cidence measurements of slow positrons impinging on a Ge target. Using a narrow ( nm)
filter peaked at  nm, it was possible to uniquely identify the P → S transition. It was
first observed from a gaseous target (Ne, Ar and H₂) in  (Laricchia et al.), also using
Lyman-α–γ-ray coincidences.

e energy level structure of Ps is shown in Figure . (up to n = ). Ps has an energy
level structure very similar to that of H but with the energy levels themselves halved as a
result of the lowmass of the positron comparedwith that of the proton. Correspondingly,
the wavelengths of transitions are doubled. e transitions significant to this study are
the P → S transitions; a discussion of the impact of higher n states is in the following
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Fig. .: Energy level structure of Ps showing the lifetimes against de-excitation of states up ton = 
and the branching ratios for de-excitation of each state (adapted from Bozek et al., ,
for H).

section. Note that the S → S transitions are dipole forbidden and so S states, in the
absence of perturbation, have extremely long single photon de-excitation lifetimes* and
are hence very unlikely to be detected in this study. By contrast, the P states have much
longer lifetimes against annihilation than de-excitation as the wavefunction is nodal at
the origin. is means that detection efficiency of P states is unlikely to be affected by
annihilation preceding de-excitation.

* e two photon decay mode is ‘unobservably rare’ (Berko Pendleton, ), while the equivalent
single-photon decay for atomic hydrogen has an unperturbed lifetime of approximately . days (Solovyev
et al., )
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. Experimental method

e experimental set-up was used as described in Chapter  without modification. For
measurement of excited-state Ps formation, the coincidence between the Lyman-α photon
and resultant ion was used. Photons of wavelength  nm are detected by the PMTwith
a quantum efficiency of ε = . ± . and reflected from the polished aluminium
surfaces with a coefficient of reflection of Cr = . ± .. A background can be mea-
sured and subtracted by inserting the borosilicate glass filter which completely blocks 
nm photons. is reduces the effective range of the PMT to – nm; it is then as-
sumed that in this range only the Lyman-α emission is significant. is can be justified
as follows. All but the Lyman series possess wavelengths longer than  nm, well out-
side the wavelength range considered. erefore, the other series may be ignored unless
de-excitation occurs as a cascade via the P state. In the Lyman series, lines above α are
detected with decreasing efficiency as the transmission of the quartz window of the PMT
falls off rapidly below  nm (ultimately becoming opaque at  nm)—β has a wave-
length of  nm, γ of  nm. In addition to this, the higher n states are expected to be
formed with decreasing probability according to the scaling law (Guha Saha, ):

QPs(n) = QPs(n = )∑

n
. (.)

is predicts that the proportion of Ps formed in an n =  state is . (⁄) of that
formed in n = . On average only ⁄ of this will be in the P state, of which  will de-
excite directly to S (Bozek et al., ), leading to at most an . contribution from this
state (given sufficient time for de-excitation). It can be seen from this that contributions
from n states higher than n =  are negligible.

Apart from direct detection, there are a number of ways in which other states may be
observed. e mechanisms for this fall into two categories: collisional de-excitation and
Stark mixing of states.

.. Collisional de-excitation

All Ps formed in the gas-cell has a probability of colliding with another atom before an-
nihilation which depends on the density of the target gas and the total cross-section for
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interaction. e mean time between collisions tc is given by:

tc =
⎛
⎝
ρnQt

√
E
me

⎞
⎠

−1

(.)

where ρ is the number density (typically∼ ×m−), nQt is theBohr-scaled total cross-
section† of (Armitage et al., ) and

√
E ⁄me is the velocity of the Ps atom. e value of

tc is small compared to the lifetimes against de-excitation (td) of the n =  states ( ns,
. ns and  ns for the S, P and D states respectively). As described in the previous
section, states above n = may be regarded as having insignificant formation probabilities,
however, for the P and D states the probability of de-excitation before a collision can be
calculated using:

P(d) =  − e−
tc
td (.)

leading to values <  for both states. As this must be weighted by the formation cross-
section, transitions from these states may be safely neglected as collisional de-excitation is
unlikely to occur: for states with n > , a collision will result in fragmentation rather than
de-excitation, with a probability of ∼ . is was estimated byMurtagh et al. () based
on similar calculations and measurements with excited-state H atoms (Bates Walker,
; Edwards omas, ). In addition, recent work (Brawley et al., ) suggests
that even ground state Ps has an approximately  chance of fragmenting on collision
with a target atom. Hence, the detection of n >  states relies on de-excitation prior to
collision which results in less than  of the signal arising from n >  Ps, averaged over
the energy range of the measurement.

For S Ps, the probability of collisional de-excitation can be estimated from:

P(CD) =
QS→P

nQt
(.)

where QS→P has been calculated by Starrett Walters (). is contribution is less
than  of the total signal.

† is scales the ground-state total cross-section to an excited-state one by using the assumption that the
radius r of an atom is proportional to n andQt is proportional to r, soQt(n) ∝ n.
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Tab. .: Contributions toQ∗Ps from states other than P

S → P (S.M.) S → P (C.D.) n >  Total

<  <  ∼ . < 

.. Stark mixing

In addition to collisional de-excitation, the S state of Ps may be detected via the Stark
effect—the shiing of energy levels which arises from the influence of an external electric
field. ere are two sources of Stark mixing in the gas-cell:

. the electric field from the ion extraction lens; and

. the relativistic transform of the magnetic field, γv × B.

An estimate of the contribution from S → P has been made by considering the
various competing processes which can occur. e probability of detecting a transition
depends on the rate of Ps loss from the gas cell (fcell), the rate of Ps loss due to annihilation
(fann) and the transition rate of S → P (ftrans.), according to equation ..

P(trans.) =  − e−
ftrans.

fcell+fann (.)

e transition rate is energy dependent as it relies on the Stark effect. As the energy of the
Ps increases, its ability to reach regions of higher electric field in the cell increases which
in turn increases the Stark mixing and correspondingly the transition rate. At an energy
of . eV, ftrans. = . ×  s−; at  eV this has increased by an order of magnitude.

e estimates of contributions from non-P states are summarized in Table .. Spon-
taneous transition between the S and P states may be disregarded: the lifetimes against
such transitions have been calculated as . × ⁵ s, . × ⁵ s and . × ⁵ s for  ³S₁
to  ³P₀,  ³P₁ and  ³P₂, respectively (Burdyuzha Kauts, ). Overall, the measured
cross-section is composed of over  direct observation of the P → S transition and
shall consequently be referred to asQPs (P).



In addition to excited-state Ps, considerationmust be given to another source of photons:
ionization–excitation of the target. Only transitions with photons in the range –
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Fig. .: Measurements of Qt
i (●) and QPs (○) taken during this study, compared with the detailed

measurements of Laricchia et al. () (error bars shown in grey).

nm need be considered, of which there are around  (Ralchenko et al., ). How-
ever, measurements of e+–photon coincidences revealed no significant signal (zero within
errors, on average) over the energy range in consideration. is suggests a very small
cross-section for ionization–excitation, though only the direct process can be measured
distinctly.‡

. Results and Discussion

Figure . shows the cross-sections measured simultaneously with QPs (P) in this study.
ese measurements demonstrate good agreement with previous experimental determi-
nations (e.g. Laricchia et al., ), reproducing the structures observed in that study. QPs

was measured using γ-ray–ion coincidences (as with those for CO₂ and N₂—see Chapter
 and Cooke et al. (b)). Qt

i can be seen to peak at ∼  eV with a value of ∼  × −
cm and again at ∼  eV with a slightly smaller magnitude. e reproducibility of the

‡ Ps formation simultaneous to ionic excitation is indistinguishable from excited-state Ps formation on
this system as both reactions produce ions, photons (of similar wavelengths) and γ-rays. With superior
timing resolution it may be possible to identify them by the lifetimes of each state.
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Fig. .: Cross-section for excited-state Ps formation from Xe (●), compared with available theory
(Gilmore et al., ) (continuous curve). Above: percentage contribution to QPs for
both experiment and theory (legend as main figure).
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Fig. .: Comparison of theQPs (P) from the present study (●) with the upper and lower bounds
for excited-state Ps formation (Laricchia et al., ) (shaded) and the calculated cross-
sectionQPs(n > ) of Gilmore et al. () (continuous curve).
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shape of these cross-sections supports the reliability of the normalization technique used
to put an absolute scale onQPs (P) and, indeed, those measurements from Chapter .

e first determination of QPs (P) for Xe is shown in Figure .. It peaks at around
 eV with a maximum value of . × − cm, accounting for a quarter of all Ps formed
at that energy. As this only accounts for Ps formed in the P state, this provides some sup-
port for the limit estimates of Laricchia et al. (). A comparison between the present
measurements and these deduced limits is shown in Figure ..

Also shown on Figure . is the theoretical determination of QPs (P) of Gilmore
et al. (), a distorted-wave Born approximation calculation. Unlike the comparison of
QPs(all n) (see Section ., Figure .) there is good agreement between the magnitudes of
theory and experiment. edisparity between the calculations for all n and just P is high-

lighted in the upper pane of Figure . which shows the variation of the ratio
QPs (P)

QPs
for

both experimental and theoretical data sets, the theoretical curve being significantly lower.
ere is broad agreement in the energy dependence, though there is some disagreement
on the peak position.



esemeasurements demonstrate the importanceof excited-statePs formation topositron-
impact ionization in Xe. Considered together with the results for He and Ar (Murtagh
et al., , see Figures .–.), a trend of increasing Ps(P) formation as a function of
energy with increasing Z is evident. is can be seen in the behaviour of the fraction
QPs (P)

QPs
the maximum value of which increases from . ± . for He to . ± .

for Xe. In general, agreement with theory for all three targets is good, though there are
some discrepancies in the energy of the peak of the cross section. e agreement in mag-
nitude is something of a surprise, as identical calculations for Ps (alln) exceed experimental
determinations by factors of ., . and . for He, Ar and Xe, respectively.
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. IONIZATIONOFCO₂ ANDN₂ BY POSITRON IMPACT

. Introduction

I and excitation ofCO₂ andN₂ have been studied for decades using a variety
of projectiles. e reason for this is that both CO₂ and N₂ are important molecules

in such diverse fields as biology and planetary science. As basic biological molecules they
are among the most fundamental of chemicals for most forms of life on Earth. CO₂ is
essential for photosynthesis and is one of the respiration products of all animal life, and
N₂ is the largest component of the Earth’s atmosphere. As such, they are well-studied
molecules, with cross-sections having beenmeasured for electron- (Itikawa, ; Itikawa
et al., , and references therein), positron- (Hoffman et al., ; Bluhme et al., ,
a; Przybyla et al., ; Murtagh et al., ; Marler Surko, ), proton- (Birley,
; Knudsen et al., ; Dimopoulou et al., ; omas et al., ), heavier ion-
(Bregman-ReislerDoering, ;Monce, ;Doering, ) and photon impact (e.g.
Brundle Turner, ; Eland, ; Judge Lee, ; Cook Metzger, ). A pic-
ture has emerged of their responses to the impacts of these various projectiles through
such studies, one which it was the aim of this study to add to, by measuring a substantially
complete suite of integrated positron-impact cross-sections. A summary of the measured
cross-sections is given in Table ..

. Experimental method

e experimental set-up used was again as described in Chapter  without modification.
e study was performed over a period of approximately  years at the beginning of which
a new ²²Na source of activity . mCi was installed. is allowed for a maximum beam
intensity of ∼  s− at the beginning of this period, declining to ∼  s− to-
wards the end. e same moderators were used throughout— overlapping  μm an-
nealed tungsten meshes—except for the very last set of measurements, for which a set of
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Tab. .: Summary of cross-sections investigated during the course of this study. e abbreviation
hν is used to refer to a photon.

Cross-section Symbol Target Measurement

Total ionization Qt
i CO₂, N₂ ion

Direct ionization, non-dissociative Q+i CO₂, N₂ e+–ion
Direct ionization, dissociative Qdiss

i CO₂ e+–ion
Positronium formation QPs CO₂, N₂ γ-ray–ion
Ionization–excitation Qex

i CO₂, N₂ hν–ion
Ionization–excitation, direct Qex/+

i CO₂, N₂ hν–e+

Ps formation–excitation Qex/Ps
i CO₂, N₂ hν–γ-ray

Ionization–excitation, state separated Qex/A,B
i CO₂ hν–ion

Excited-state Ps formation Q∗Ps N₂ hν–ion

Tab. .: Visible transitions arranged by target and position of glass filter.

Glass filter

Target In Out

CO₂

CO₂+ . × A ²Πu → X ²Πg A ²Πu → X ²Πg
CO₂+ . × B ²Σ+u → X ²Πg B ²Σ+u → X ²Πg
CO+ . × A ²Π → X ²Σ+ A ²Π → X ²Σ+

Ps P → S

N₂ . × B ²Σ+u → X ²Σ+g B ²Σ+u → X ²Σ+g
Ps P → S

 overlapping bleach-etched annealed tungsten meshes of thickness  μm were installed
(Williams, ). is allowed a return to count rates of ∼  s−.

e experimental techniques employed are coincidence measurements as depicted in
Figure ., the correspondence between cross-sections measured and particles detected is
given inTable .. For the particular case ofQex

i , themethod is almost identical to that used
for themeasurement ofQPs (P). edifferences arise as Ps(P) has a precise de-excitation
photon wavelength ( nm), whereas those fromCO₂+∗ and N₂+∗ cover a wide range of
wavelengths. A summary of visible transitions in each target is shown inTable ., and the
method for separating them from each other is described in the following section (..).
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.. Additional normalization considerations for Qex
i (CO₂)

In addition to the normalization methods discussed in Section .., an extra step in the
process must be used to extract the separate contributions from different transitions in
CO₂+∗. As described in Chapter , in order to separate the de-excitation photons by
wavelength, the borosilicate glass filter mounted on a manipulator arm was placed be-
tween the gas cell and the PMT.is changes the effective wavelength range of the PMT
from ∼– nm to ∼– nm. e A ²Πu → X ²Πg transition emits photons in
the wavelength range ∼– nm, whereas the B ²Σ+u → X ²Πg photon is at approxi-
mately  nm. Inserting the glass filter means the B ²Σ+u → X ²Πg photon is attenuated
by a larger factor than the A ²Πu → X ²Πg photons. By taking measurements with the
glass both in and out (GI and GO respectively, hereaer), the two transitions can be sub-
stantially separated by forming two simultaneous equations (equation .—GO, equation
.—GI):

Y = Y + Y +∑

Y (.)

Y = tY + tY +∑

tY (.)

whereY are contributions arising from the transitions originating from the correspond-
ing initial states; t are the transmission coefficients of these transitions through borosil-
icate glass and Y refers to any additional transitions which may be detected (with trans-
mission coefficient t). e largest contributions to Y are from the formation of CO+ in
the A ²Π state, and of positronium in the P state (refer to Chapter  for further details).
e values of t and t were established to be . ± . and . ± . respectively by
considering the electron-impact de-excitation spectrum(TsurubuchiIwai, ) and the
transmission curve* of SchottBKglass (see Figure .). e spectrumwas integrated over
the relevant wavelength range to provide an unattenuated intensity, then the same spec-
trum was weighted by the transmission as a function of wavelength and reintegrated. e
ratio of the two provides the transmission coefficients for the transitionswhen the integra-
tion ranges match the wavelength ranges of the transitions. Separating the two transitions
both from each other and from the contributions of ∑ Y is impossible as there are too
many variables, however, the remainders, as discussed below, may be surmised to be small.
From Furuya et al. (), the cross-section of electron-impact formation of CO+ in the

* From Advanced Telescope Supplies: http://www.atscope.com.au/photometry.html.
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Tab. .: Errors arising from normalization for each cross-section. at for Qt
i is based on fitting

measured Ar ion yields to ArQt
i from Laricchia et al. ().

Cross-section Qt
i Q+i QPs Qex

i Qex/+
i Qex/Ps

i

Error . . . . . .

A ²Π state is ∼  × − cm, which indicates a contribution of . e cross-section for
formation of Ps in the P state from CO₂ is unknown at present, but indications (Laric-
chia et al., ) are that it is also small by comparison to Qex

i . e best separation of the
A ²Πu → X ²Πg and B ²Σ+u → X ²Πg transitions may be achieved thus:

kY − tkY

t − t
= Y + Y+ +

t
t − t

YPs∗ (.)

tkY − kY

t − t
= Y +

t
t − t

YPs∗ (.)

where kY represents the normalized yield using one of methods  or  from Sec-
tion ... Note that as thewavelength ranges for the two transitions are very similar, equa-
tions . and . also assume t for theA ²Π → X ²Σ+ transition in CO+ is approximately
equal to that for the A ²Πu → X ²Πg transition in CO₂+. Hence, the Y+ contribution
cancels to form equation ..

. Results and discussion

e following sections consider each cross-section separately, comparing them to other
experimental and theoretical determinations where available. e results are also grouped
by target gas. In comparisons where variation between different determinations of a given
cross-section are only in the magnitude, rather than in the energy dependence as well, the
normalization error for eachparticularmeasurement should always be kept inmind. ese
are summarized in Table ..
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Fig. .: Present measurement of Qt
i (●) compared to that of Bluhme et al. (a) (○), the renor-

malised measurements of Laricchia Moxom () (◽) and the electron-impact cross-
section of Straub et al. (a) (dashed line). Inset shows the comparison of two normal-
ization methods: ●—method  and ○—method  (as described in Section ..).
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.. CO₂

Total ionization cross-section, Qt
i

Figure . shows the present measurement ofQt
i for CO₂ (Laricchia et al., ). It peaks

at an energy of ∼  eV with a magnitude of . × − cm, both earlier and larger in
magnitude than the equivalent electron-impact cross-section (Straub et al., a). e
cross-sections for positron- and electron-impact merge around  eV, though the gradi-
ents of the high energy tail differ. In the region – eV, this difference is approxi-
mately . is suggests that the Born approximation may still not be applicable, that
is, that the sign of the charge on the particle still has an effect on the processes involved.†

Fair agreement with Bluhme et al. (a) above an energy of  eV, below which the
present measurement exceeds it by as much as a factor of . is agreement is coinciden-
tal, as the results of Bluhme et al. (a) are for non-dissociative ionization only, whereas
the present results represent the sum of non-dissociative and (a fraction of ) dissociative
ionization cross-sections. is may be part of the reason for the differences between the
two measurements. Also, it should be noted that the normalization method employed by
Bluhme et al. involved conducting the experiments with a mixture of gases (He andCO₂)
and normalizing to a known He cross-section. e raw ion yields for points below the
He single ionization threshold were scaled to those just above threshold and normalized
accordingly, assuming a substantially constant pressure and e+ beam intensity. Two inde-
pendent normalizations of the present results are shown in the inset to Figure ., differing
by less than .

Also shown on Figure . are the high-energy-resolution measurements of Laricchia
Moxom (, ΔE ∼  eV). Excellent agreement in shape is demonstrated, though the
data have been multiplied by a factor of ∼ in order to normalize to the present results.
However, the original normalization of the Laricchia Moxom () data has an uncer-
tainty of up to ± (Laricchia et al., ), so the difference in absolute scale between
these and the present measurements may not be significant.

† e agreement between normalization methods demonstrated in Section .. suggests that the Born
approximation is applicable at least to within ; convergence may occur at higher energies than were
probed in the present work.
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Fig. .: Present measurements of Q+i and Qdiss
i (● and ○, respectively) compared with those of

Bluhme et al. (a) (◾ and ◽, respectively). Differences in magnitude between the two
measurements arise from the choice of the electron normalization data—the inset shows
the presentmeasurement ofQ+i renormalized toBluhme et al. (a). Also shown are the
electronmeasurements of Straub et al. (a) (solid line) and the DWBA calculations of
Tóth et al. () (CPE—dotted curve, ES—dashed curve, TS—double chain curve).
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Direct ionization cross-section, Q+i

ecross-sections for non-dissociative and dissociative ionization (Cooke et al., ) are
shown in Figure .. Q+i can be seen to peak at ∼  eV with a magnitude of ∼ . ×
− cm, and Qdiss

i at an energy of  eV with a cross-section of ∼ . × − cm. In
this case, disagreementwith the only other available experimental determination (Bluhme
et al., a) arises solely from the electrondata chosen for normalization,‡ namely those of
OrientSrivastava () andStraub et al. (a), the former being systematically higher
than themore recentmeasurements. e inset to Figure . demonstrates the similarity in
energy dependence between the two measurements. However, the present normalization
has been checked by using ArQt

i via equation . (method , Section ..):

Q+i = (
Qt

i

Yi
)
Ar

(PCO₂

PAr
) ( 

ε+tg
) Y+i (.)

and the two methods agree to within  (as demonstrated in the inset to Figure .), so
one can have confidence in the determination of the absolute scale.

Comparison with the electron data of Straub et al. (a) reveals an excess at the
peak, but a crossing of the cross-sections at low energy (∼  eV) meaning the lowest en-
ergy positron impact points lie below those for electron impact. is is commonly ob-
served in other gaseous targets and is attributed to a combination of the additional ioniza-
tion channel available to positrons at those energies (i.e. Ps formation) and the so-called
‘binding/anti-binding’ effect (see, e.g Knudsen et al., ). is is the process whereby
an incoming electron passing inside the atomic (molecular) electron shell (orbital) has the
effect of lowering the binding potential for outer electrons (anti-binding), the opposite
being true for positrons.

Figure . also includes the results of DWBA calculations of Tóth et al. () (see
also Section .). e correspondence between theory and experiment for this molecule
is very poor. A reason for this has been suggested (Campeanu et al., ), with the pos-
sibility of improvement being attainable through the use of a multicentered Coulombic
function to describe the outgoing electron.§

‡ e difference in magnitude is also consistent with that observed for Qt
i where the non-dissociative

ionizationmeasurements ofBluhme et al. (a) are seen to be of the samemagnitude as the total ionization
cross-section from the present study.

§ It is noted, however, that this would make the calculations significantly more challenging.
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Fig. .: Present measurement of QPs (●) (Cooke et al., b) compared with that of Murtagh
et al. () (○), the upper (▵) and lower (▿) limits of Kwan et al. () and the early
work of Griffith () (◇).

Positronium formation cross-section, QPs

Positronium formation fromCO₂ has been investigated by a number of groups (Murtagh
et al., ; Kwan et al., ; Griffith, ). Figure . comprises a comparison be-
tween the present determination (Cooke et al., b) and earlier measurements. e
cross-section peaks at ∼  eV with a value of around . × − cm. Fair agreement is
observable between three data sets: the present work, that of Murtagh et al. () and
the lower limit of Kwan et al. (). e lowest energy points of Griffith () are also
in agreement with these measurements.¶ e discrepancies between the present measure-
ments and those of Murtagh et al. () may arise as a result of the latter work failing
to take into account dissociative ionization—this determination having been obtained by
subtracting Q+i from Qt

i . Both Q
t
i and Q

+
i in the work of Murtagh et al. () were nor-

malized to the same electron cross-section, which ensures that QPs falls to zero at high
energies. e convergence of the results of three (four, at low energy) separate methods

¶ e higher energy points from this study are now known to have been affected by quenching of Ps on
the cell walls and are therefore thought to be incorrect (see Section ..)
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Fig. .: Comparison of QPs measured using γ-ray–ion coincidences (●) and the difference be-
tweenQt

i andQ
+
i + Q

diss
i (○).

provides confidence in the energy dependence and absolute scale of the cross-section. As a
measure of internal consistency, Figure . shows the comparison betweenQPs measured
in this work in two different ways: using γ-ray–ion coincidences, and using the method of
Murtagh et al. (). As a result of the complexities of modelling capture processes from
complex targets, no theoretical data are yet available for comparison.

Simultaneous ionization–excitation cross-section, Qex
i

Figure . shows the present determination of Qex
i for electron impact, compared to the

electronmeasurements ofTsurubuchiIwai (). esemeasurementswere performed
for normalization purposes, in order to test the system parameters described by equations
.–., and also as a diagnostic of the system when used as an electron beam. As the
performance of the system in electron beam configuration is sub-optimal and the results
shown are the product of a limited number of separate measurements, some scatter in the
points is be expected. However, from the agreement with previous measurements, confi-
dence can be had in the separation of transitions using the method described in Section
...
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i for electron impact (A ²Πu → X ²Πg—●, B ²Σ+u →
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B ²Σ+u → X ²Πg—dashed line).
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Fig. .: Contribution of direct ionization to the cross-section in Figure .. Legend as Figure ..
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Fig. .: Contribution of Ps formation to the cross-section in Figure .. ● and ▾ are contributions
from A ²Πu → X ²Πg and B ²Σ+u → X ²Πg respectively, measured using Qex/Ps

i = Qex
i −

Qex/+
i ; ○ and ▿ are the same, measured using γ-ray–photon coincidences.
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esituation ismore complex in the case of positron impact as equations .–. both
contain a residual contribution from excited-state Ps, themagnitude ofwhich is unknown,
and cannot bemeasuredwith the present set-up. e results for theB ²Σ+u → X ²Πg transi-
tion in figures .–. can therefore only satisfactorily be described asQex/B ²Σ+u→X ²Πg

i +Q∗Ps.
However, on the understanding that this is the case, for brevity this shall be labelledQex/B

i

and the corresponding cross-section for theA ²Πu → X ²Πg transition labelledQex/A
i . Fig-

ures .–. show thepresent positron impact cross-sectionsQex/A
i andQex/B

i and their par-
titioning into contributions from direct ionization and Ps formation, respectively (Cooke
et al., a). Two things are immediately apparent: first, that the cross-section Qex/A

i for
positron impact is enhanced with respect to that of electron impact; and second, that this
enhancement derives exclusively fromPs formation. efirst of these points is perhaps un-
surprising—this is common among total ionization cross-sections in atoms. e second
point at first seems simply tomirror the situation ofQt

i as well. However, it also represents
corroborative evidence in support of a hypothesis put forward to explain the existence of
the ‘shoulder’ visible inQt

i , which states:

we note that the C-state of CO₂ lies at . eV above the ground state, i.e.
only  meV above the threshold for Ps formation simultaneous to ion exci-
tation. . . It seems as if Ps formation proceeds via a quasi-excitation, followed
by a capture of the electron by a near-stationary positron, the remnant ion
absorbing the difference in binding energies (Laricchia Moxom, ).

While there appears to still be some ambiguity concerning the assignment of symmetries
and energies of excited electronic states of CO₂ (Itikawa, ) and the precise energy
(and indeed term symbol) may need updating, the argument still stands. Such an updated
version, using tentative energy assignments fromthe reviewof Itikawa (), would relate
the proximity of the ¹Σ+u state at .–. eV|| (Nakatsuji, ; Chan et al., a) or
∼ . eV (Buenker et al., ) to the energy of Ps formation leaving the ion in the
A ²Πu state, which is in the range .–. eV.**e presentmeasurements support this
hypothesis by demonstrating that Ps formation is the dominant ionization process that
leaves the remnant ion in theA ²Πu state. In addition to this, there is supporting evidence
that significant Ps is formed from inner-shell electrons by measurements of γ:γ ratios

|| e peak in optical oscillator strength is closer to . eV.
** Based on CO₂ ionization potential . eV (Linstrom Mallard, ), Ps binding energy of . eV

and the vibrational level assignments of CO₂+ A ²Πu from Ajello () and Tsurubuchi Iwai () for
electron impact.
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(Kauppila et al., b). An increase in this ratio with energy suggests a new threshold
for o-Ps formation (which uniquely produces the three γ-ray signature)—one such peak
was identified at an energy of – eV above the Ps(n = ) threshold, consistent with the
threshold for this process.

.. N₂

For N₂, the individual resolution of N₂+ and N+ was not possible and it was assumed for
normalization purposes that the yields represented the sum of non-dissociative and dis-
sociative processes. is introduces an additional uncertainty on the absolute magnitude
of all the present measurements as N+ will have a lower collection efficiency owing to its
higher kinetic energy (Van Brunt Kieffer, ).†† However, without prior knowledge
of the cross-section for dissociative ionization, it is difficult to assess the amount of ‘miss-
ing’ N+ (a future direction for this work is fragment resolution, as discussed in Chapter
). An estimate of this uncertainty is given in the next section.

Qt
i

eupper graph of Figure . shows the present measurement ofQt
i for N₂, together with

the corresponding electronmeasurements of Straub et al. (b) to which they have been
normalized. e present cross-section peaks at – eV with a magnitude of approxi-
mately . × − cm. e convergence between positron- and electron-impact cross-
sections ismore convincing than in the case ofCO₂ (where the gradients fail tomatch even
at the highest measured energies) suggesting that projectile-charge-sign independence is
reached by – eV impact energy. Also shown are the previous experimental deter-
mination ofMarler Surko (). Excellent shape agreement between the two data sets
may be observed in the inset to this figure.

e lower graph of Figure . shows the total ionization cross-section forN₂+ produc-
tion only. In the present work, this has been estimated by assuming no collection of N+

and normalized to the electron data of Straub et al. (b) for the non-dissociative com-
ponent of the cross-section only. e comparisonwith the results of Bluhme et al. () is
reminiscent of that between direct non-dissociative ionization of CO₂ results. Data from
the present study are consistently lower than those from Bluhme et al. () and Bluhme

†† Typically, the collection efficiency for molecular fragments is ∼ of that for the parent ion, though
the kinetic energy profiles varywith the impact energy of the projectile, so the efficiency is energy dependent.
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Fig. .: Top: present measurement ofQt
i for N₂ (●) compared with that ofMarler Surko ()

(◽) and the electron measurements of Straub et al. (b) (solid line). Inset shows the
present results renormalized to those of Marler Surko (), demonstrating shape
agreement. Bottom: present measurement of Qt

i for N₂ assuming no collection of N+

(●), compared with the measurements of Bluhme et al. () (○) and the electron mea-
surements of Straub et al. (b) (solid line).
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et al. (a) which, it is noted, also exceeds the total ionization for N₂+ and N+ produc-
tion of Marler Surko (). ese renormalized results for Qt

i have a magnitude 
of those in the upper half of Figure ., leading to an upper estimate on the normaliza-
tion error of  (corresponding directly to the ratio of dissociative to non-dissociative
ionization cross-sections for electron impact).

Q+i

As withQt
i for this target, Figure . shows the cross-section normalized assuming com-

plete (top) and zero (bottom) collection of N+. Good agreement between the present
measurements and those ofMarlerSurko () is demonstrated by the top graph, while
the lower graph shows the characteristic discrepancy between this study and the work of
Bluhme et al. (), owing to the different electron data sets used for normalization. All
three experimental determinations peak at an energy of ∼  eV. As with atomic targets
(see Section .) and CO₂, the cross-section for positron impact falls below that for elec-
tron impact at the lowest impact energies. Comparison with theory (Tóth et al., ) is
more favourable for this target than for CO₂, though the calculations are still higher than
the present measurements at all energies. e improvement over CO₂may be attributable
to the relatively compact nature of the N₂ molecule. e nitrogen triple bond‡‡ and the
lack of a third atom inN₂maymean themolecule is more accurately modelled by a single-
centered potential than CO₂.

QPs

epresentmeasurement ofQPs forN₂ (Cooke et al., b) is shown in Figure ., com-
paredwith the other available experimental determinations, that ofMarlerSurko ()
and the earlymeasurements ofGriffith (). It peaks at approximately  eVwith a value
of . × − cm. Fair shape agreement between this work and that of Marler Surko
() (as withQt

i andQ
+
i ) is evident (see inset), though the present work exhibits a high-

energy tail, which does not appear inMarler Surko (). However, as these measure-
ments terminate at <  eV, it is non-trivial to extrapolate to several hundred eV. As with
CO₂, a comparison of twomethods for derivingQPs is displayed in Figure . to demon-
strate internal consistency in the present measurements. Note that both methods predict
the existence of a high-energy tail to the cross-section as with CO₂.
‡‡ One of the strongest covalent bonds in nature, of length N≡N ∼ pm. Compare this with that of a

C=O bond in CO₂ ( pm), and bear in mind there are two such bonds.
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Fig. .: Top: Present measurement of Q+i (●) compared with measurements of Marler Surko
() (◽) and the electronmeasurements of Straub et al. (b) (solid curve). Bottom:
present measurement renormalized assuming no collection of N+ (●) compared to the
measurements of Bluhme et al. () (○), the electron data of Straub et al. (b) (solid
line), and the DWBA calculations of Tóth et al. () (legend as Figure .).
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Qex
i

A summary of cross-sections for ionization leaving the ion in the B ²Σ+u state is shown in
Figure ., including partitioning into contributions from direct ionization and Ps for-
mation (Cooke et al., a), and the equivalent electron data from Borst Zipf ().
e total ionization–excitation cross-section is considerably larger (by a factor of approxi-
mately ) than that for electron-impact, disproportionately so in comparison toQt

i (Figure
.), where the positron- and electron-impact cross-sections have merged by  eV.is
effect again appears to be associated with Ps formation, though less exclusively than in the
case of CO₂. e positron:electron cross-section ratio for the direct processQex/+

i is larger
than for Q+i , by a factor of two at the peak, in contrast to CO₂, where it is suppressed by
comparison.

It is possible to form a similar energy threshold proximity argument for this process in
N₂, as with CO₂. However, with N₂, the states of the neutral molecule (that is, the initial
states in the relaxation process) are less clearly defined. Within the appropriate energy
range, there exist four candidate states, namely: b ¹Πu, b′ ¹Σ+u , c ¹Πu and c′ ¹Σ+u . ese all
have energies in the range .–. eV (Chan et al., b; Lohus Krupenie, ),
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i for A ²Πu state (◆) and Qex
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B ²Σ+u state (◇). Partitioning ofQex

i has been omitted for the sake of clarity.

while the energy threshold of ionization–excitation intoB ²Σ+u withPs formation is∼ .
eV.is is depicted in Figure ., which shows the potential energy curves for these states,
and the ground states of the neutral molecule and ion.

An attemptwasmade tomeasure the cross-section for excited-state Ps formation using
the same method as in Chapter . is was possible in the case of N₂, in contrast to CO₂,
as no ionic de-excitation photons have wavelength ranges which overlap with that of the
Lyman-α line from Ps. e result of this attempt was a mean value of (. ± .) × −
cm over the low energy range ofQPs, that is, zero to within experimental resolution.

. Concluding remarks

Figures . and. show allmeasured cross-sections for positron impact onCO₂ andN₂
from the current study. e first important point to note is that the absolute scale of all
measurements depends only on the normalization ofQt

i (see Section ..). As the relative
scale of the cross-sections will remain unchanged even if the absolute scale is adjusted,
it is possible to check the consistency of the results by adding up the components of Qt

i .
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is is demonstrated in Figure ., which shows the sum of Q+i , QPs and Qdiss
i (where

appropriate) compared withQt
i itself. Extremely good agreement is achieved between the

two determinations of Qt
i . Note that for CO₂, the agreement to within  of more than

one normalization method allows greater confidence in the absolute scale than for N₂,
where, due to the lack of resolution of molecular fragments, normalization could only
proceed using existing electron data.

e enhancement of Qex
i by positron impact over electron, for both targets, may be

described as an asymmetric or ‘accidental resonance’ process (Bates Lynn, ). is
occurs when the energy defect (that is, the difference in energy) between two states is
small, though unlike a symmetric resonance, the states need not be identical.§§ e study
of this phenomenon has mainly concentrated on collisions involving heavy ions (Massey
Gilbody, ), so there arenovelocity-comparable experimental data fromearlierwork.
eoretical work (e.g. Rapp Francis, ) is largely confined to the behaviour of colli-
sions involving atoms. However, from these studies, it emerges that for increasing impact
energy, the distinction between cross-sections for symmetric and asymmetric resonance
processes is lost, i.e. the cross-sections merge (Rapp Francis, ).¶¶ e energy at
which this happens depends on the defect between the states; the larger this energy de-
fect is, the less resonant-like the cross-section appears. At low energies, cross-sections for
accidental resonances will fall rapidly to zero. When compared to non-resonant charge-
exchanging collisions, a clear enhancement to the cross-section is evident (as seen by Ot-
tingerSimonis () using projectile ions of the same species in differing excited states).
is is similar to the situation observed in the present study, with one difference: the ini-
tial state of the resonant system is only accessible above a collision energy equal to the
excitation energy of that state. us rather than a simple accidentally resonant reaction, it
may be more appropriate to describe it as a two-step process (shown here for CO₂):

e+ + CO₂ → (CO₂(¹Σ+u ) + e+) → CO₂+(²Πu) + Ps (.)

where the intermediate state is short-lived, but essential for the enhancement. e effect
of this (other than to displace the threshold from zero energy) is unknown.

§§ Symmetric resonances in charge-transfer collisions occur when the final state of the projectile is the
same as the initial state of the target, e.g. H+ + H→ H + H+. Asymmetric resonances do not have this
property; the small energy defect is an accident arising from the similarity in energy of particular states in
the projectile and target.

¶¶ at is, once the cross-sections have been transformed onto a common velocity scale by dividing the
collision energy by the mass of the projectile.
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is mechanism for enhancing ground-state Ps formation, although not fully under-
stood,may also be responsible for the relative lack of excited-state Ps observed in N₂. No
equivalent molecular states exist at only . eV (the binding energy of n =  Ps) below the
ionization, so the enhancementmechanism does not exist for excited-state Ps. Indeed, the
greater propensity for Ps formation into the ground state which exists for these molecules
may reduce the excited-state Ps cross-section further.



. FINAL REMARKS

I   work, measurements of positron-impact ionization cross-sections in
two molecules, CO₂ and N₂, and of excited-state Ps formation from Xe, have been

conducted. An approximately monoenergetic positron beam was used in conjunction
with multiple detectors to obtain as complete and self-consistent a set of measurements
as possible. e simultaneous recording of several coincidence yields, corresponding to
several different ionization processes, combined with careful assessment of the detection
efficiencies of the system, has allowed the separation of relative yield from absolute scale.
is has reduced the problemofmeasuringmultiple cross-sections to oneof normalization
of a single yield, which itself has been attempted in more that one way. e good agree-
ment seen between different normalizationmethods therefore can be taken as a validation
of the magnitude of the measured cross-sections.

e present work motivates further investigation into positron–molecule ionization,
an areawhichhashad relatively little previouswork. e studyof additional smallmolecules,
for exampleO₂, N₂O,CO, could establish whether Ps formation is instrumental in the en-
hancement of ionization–excitation cross-sections more generally, as it appears to be for
CO₂ and N₂,* while examining the interactions of positrons with molecules of biological
significance may be of use for themedical physics community. Such targets could include,
for example, H₂O, CH₂O and larger organic molecules like DNA/RNA structural units
(bases, (deoxy)ribose and phosphates).

e current experimental set-up would prove to be inadequate for investigation of
some of these targets; a number of improvements would have to be made to the interac-
tion region. Ideally, the study of any molecule containing hydrogen should be conducted
on a system capable of resolving ionic fragments with masses differing only by  amu. is
would require the ion extraction system to be altered in one (or more) of the following
ways:

* A cursory examination of potential energy curves for O₂ suggests that this may not be the case for this
molecule as the excited states are largely dissociative.



. Final remarks 

(a) Reduction of spatial extent of extraction region.

(b) Use of time-focussing electrostatic lenses in ion extraction path, to compensate for
distribution of creation times and positions (Wiley McLaren, ).

(c) Use of a pulsed extraction method, instead of continuous. is allows the use of sig-
nificantly larger extraction fields, increasing the extraction efficiency of energetic frag-
ments.

ese adjustments all serve to decrease the spread in arrival times of ions at the detector.
Initial simulations suggest fairly trivial modification of the existing gas cell would allow 
amu mass resolution up to a mass of approximately  amu. e more complex potential
targetsmaynot be in the gas phase at room temperature so significant redesignworkwould
be required to study them.

In order to study excitation events of molecules to a greater degree of accuracy, the
photon collection systemwould also requiremodification. At present, the single-filter ap-
proach is already inadequate for complete state-resolutionof even the simplest ofmolecules.
Ideally, a systemwith a spectrometer would be used for such studies. However, this would
usually require a narrow, precisely defined region inwhich photonswere created. With the
intensity of positron beam currently achievable, emphasis is placed on maximizing pho-
ton collection efficiency, a requirement naturally at odds with a small, collimated photon
source. e use of additional glass filters would allow amore complex analysis of the wave-
lengths present without lowering the collection efficiency significantly. Narrow band-pass
filters typically have quite low transmission coefficients even in the pass band (interference
filters transmit approximately  at their peak wavelength), but the use of several long-
pass filters, eachwith different cut-offwavelengths, would effectively provide fairly narrow
band filters, allowing for crude spectroscopy.

As with any branch of experimental physics, it would also be instructive for related
theoretical results to be produced. For the simplemolecular interaction cross-sections, the
reproduction of experimental measurements would be desirable. However, for the larger
organic molecules it may be more instructive (and achievable) if the experimental work
forms the starting point for theoretical studies of (for example) radiation damage to living
tissue, rather than attempting to model the interaction cross-sections themselves.
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Simultaneous Ionization and Excitation of Molecules by Positron Impact

D.A. Cooke, D. J. Murtagh, and G. Laricchia
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Cross sections for ionization excitation of molecules by positron impact have been measured for the

first time by scattering a positron beam from CO2 and N2. The cross sections have been observed to

exceed those for electron impact by up to a factor of �3 for CO2 and �5 for N2. The enhancement arises

primarily via positronium formation. The cross sections account for up to �12% and 20% of the total

cross sections for positron scattering from N2 and CO2, respectively.

DOI: 10.1103/PhysRevLett.104.073201 PACS numbers: 34.80.Uv, 36.10.Dr

The understanding of positron reactions with atoms and
molecules remains a significant challenge, driven by the
quest to advance fundamental knowledge of the underlying
physical mechanisms, as well as to be able to control and to
apply them. In this respect, ionization (including annihila-
tion and Ps formation) is particularly pertinent, with ex-
amples ranging from damage limitation to healthy tissue
during a scan employing �þ emitters (or indeed targeting
of tumors by the same means (e.g., [1]) to the investigation
of the interstellar medium (e.g., [2]), and the solar atmo-
sphere (e.g., [3]).

This Letter presents the first measurements of a cross
section for positron-induced simultaneous ionization and
excitation. CO2 and N2 have been investigated and, in each
case, the cross section has been partitioned into direct
ionization excitation and positronium (Ps) formation si-
multaneous with excitation. This work forms part of a
broader study of positron-impact ionization phenomena
of molecules, the other results of which will be reported
elsewhere [4–6]. This study has also been motivated by the
earlier observation of considerable �-ray–UV photon co-
incidences following positron impact on CO2 not arising
from excited-state Ps formation [7]. The large magnitude
of this signal led to the suggestion that it was the result of a
channel-coupled mechanism [8,9], a phenomenon which
had recently been identified in positron–O2 collisions [10].
It was suggested that the proximity of the thresholds for the
C state of CO2 (reported as 10.56 eV) and for Ps formation
leaving behind COþ

2 (A2�u) (reported as 10.50 eV) might
account for the sizeable coincident signal seen between the
� ray from Ps annihilation and the UV photon resulting
from the ionic deexcitation.

Details of the present experimental setup can be found in
[11,12]; those elements specific to this work, along with a
brief description, are outlined below and illustrated in
Fig. 1. A beam of approximately 104 slow positrons s�1,
generated by moderating the fast �þ output of a 22Na
source with an annealed W-mesh moderator, is constrained
radially by a magnetic field of �10�2 T. By applying a
positive potential Vm to the moderator, the peak energy of
the beam can be varied according to Eþ � eVm þ 2 eV, as
established by a retarding-potential analysis. This value is

consistent with other determinations for W under similar
non-UHV conditions, including the absolute determina-
tions of 2:4� 0:1 eV [13] and 2:4� 0:3 eV [14] using
time-of-flight methods. The transmission of unwanted
components, for example, unmoderated positrons or sec-
ondary electrons, is substantially reduced by a Wien filter
and a cylindrical electrode held at�500 V, the latter being
grounded during measurements with electron projectiles
which may be obtained by reversing the polarity of the
moderator. In this way, measurements using either posi-
trons or electrons may be taken without substantial modi-
fication to the apparatus.
The interaction region consists of a hemispherical pol-

ished aluminum gas cell. Ions are extracted from the cell
perpendicularly to the beam axis using a lens held at
�500 V and detected using a channel electron multiplier
(CEM) with the cone held at �2800 V. Opposite this, a
photomultiplier tube (PMT) mounted on an extension arm
is used to detect low energy (200–600 nm) photons. Light
guides coated with AlþMgF2 line the interior of the
extension arm; in conjunction with the polished surface
of the gas cell, these serve to enhance photon collection. A
borosilicate glass disc may be inserted in front of the PMT

Magnetic coil

Diffusion pump

e+ detector

Ion detector

Ion extracting 
lens

Borosilicate
glass filter

Gas cell

Photomultiplier tube

CsI gamma ray detector

Repeller R3

Light guides

e+

FIG. 1. Interaction region of the beam line showing the posi-
tioning of the detectors.
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to block photons with wavelengths shorter than �280 nm.
A photodiode coupled to a CsI scintillation crystal used to
detect � rays is positioned above the gas cell. After the
interaction region, the intensity of the positron beam is
measured by a second CEM.

In the wavelength range of this study, the photons ob-
servable following collisions with CO2 arise from the
A2�u ! X2�g and B2�þ

u ! X2�g transitions (293–
438 and 288–289 nm, respectively [15]), in COþ

2 , while
no transitions in the neutral molecule are reported in the
same range [15,16]. The possibility of cascade from higher
excited states of COþ

2 may be disregarded as the C2�þ
g

state is known to be fully predissociative [17] and excita-
tions to higher states are also known to lead to dissociation
[18]. Other transitions which may be detectable are
A2� ! X2�þ in COþ, formed by the dissociation of
COþ

2 and the 2P ! 1S transition from positronium formed
in the 2P state. Based, respectively, on electron-impact
data [19] and the earlier positron-impact study of [7],
both these contributions are expected to be small. For N2,
only the B2�þ

u ! X2�þ
g (391.4 nm) transition in Nþ

2 is

visible together with the photon from the deexcitation of
Ps. Unlike the case of CO2, where the contribution from
Psð2PÞ is inseparable from the B2�þ

u ! X2�g transition,
in Nþ

2 , it can be resolved using the borosilicate glass filter.
The present measurements of the simultaneous ioniza-

tion excitation cross section (Qex
i ) were performed by

counting coincidences between the PMT and ion detector
(henceforth, referred to as ‘‘photon–ion’’ coincidences) on
a multichannel analyzer. Similarly, the partitioning of this
cross section into contributions from direct ionization

(Qex=þ
i ) and positronium formation (Qex=Ps

i ) was achieved
using eþ-photon and �-ray-photon coincidences, respec-
tively. These, and the total ionization cross section (Qt

i),
were measured simultaneously, ensuring consistent nor-
malization. The lifetimes of the A2�u and B2�þ

u states
of COþ

2 are 115� 5 ns and 126� 3 ns, respectively [20],
and that of the B2�þ

u state of Nþ
2 is 61:5� 1:1 ns [21], i.e.,

less than 1% of the ion extraction times (typically,
�20 �s), thus resulting in negligible loss of signal.

Generally, a cross section can be derived from a coinci-
dence yield Y (that is, coincidences for the given process
per incident positron) via Eq. (1):

Qprocess ¼ 1

n‘effðdetection efficienciesÞYprocess (1)

where n is the gas number density measured in the center
of the cell and ‘eff is the effective cell length. The relevant
efficiencies depend on which detectors are involved and,
for these measurements, the methods employed are out-
lined below. Full details will be presented elsewhere [4].
The positron detection efficiency of the CEM ("þ ¼
0:70� 0:07) was determined with the aid of an auxiliary
detector (CsI) placed in close proximity and by taking the
ratio of the number of �-ray–eþ coincidences (CsIþ
CEM) and of the �-ray counts (CsI) recorded simulta-

neously. The ion extraction efficiency ("ext ¼ 0:45�
0:023) was determined by performing a SIMION

TM simula-
tion of the electric field permeating the gas cell with ions
created at various positions along the cell while the detec-
tion efficiencies for these ions were derived from the work
of [22]. The effective (i.e., including geometrical effects)
detection efficiency of the CsI ["CsI ¼ ð6:24� 0:05Þ �
10�3] was measured by impinging an eþ beam of known
intensity upon a retractable annihilation plate. The quan-
tum efficiency of the PMT photocathode as a function of
wavelength was supplied by the manufacturer, ET
Enterprises Ltd. The solid angle (�� ¼ 0:016� 0:001)
subtended by the PMT was calculated by considering the
active area of the photocathode. The enhancement to this
(Cr ¼ 9:15� 0:13) due to the internal reflectors was de-
termined by taking the ratio of identical photon–ion coin-
cidence measurements with and without the mirrors. The
areal density n‘eff was established by the normalization of
Qt

i for Ar (taken under identical conditions to the present
measurements) to that of [23]. The normalization ex-
pressed by (1) was carried out via two separate methods:
onewas to apply the normalization constants determined as
described above, the other method was to measure the
equivalent electron cross section (where possible) using
the same apparatus in order to extract an overall normal-
ization constant and apply it to the positron data after
correcting for differences between positron and electron
measurements (e.g., in detection efficiencies, in operating
pressure—electron measurements having been performed
at lower pressures than positrons to retain single-collision
conditions). The absolute scales achieved by the two meth-
ods have been found to be equal within the total statistical
and systematic errors, the latter—amounting up to
ðþ21;�19Þ%—being energy independent as arising from
the overall uncertainty on the normalization [4].
Measurements were taken with the borosilicate glass filter
both in and out to allow the separation of contributions
from the A2�u ! X2�g and B2�þ

u ! X2�g transitions
in COþ

2 , and the separation of Psð2PÞ from B2�þ
u ! X2�þ

g

in Nþ
2 . A summary of observable transitions for the two

glass filter positions is presented in Table I. The mean
transmission coefficient through borosilicate glass for
each wavelength range was determined from COþ

2

TABLE I. Visible transitions for each target gas. With the glass
filter inserted, the transmission coefficients are given as premul-
tipliers.

Glass filter

Target In Out

CO2 COþ
2 0:85� A2�u ! X2�g A2�u ! X2�g

COþ
2 0:22� B2�þ

u ! X2�g B2�þ
u ! X2�g

COþ0:90� A2� ! X2�þ A2� ! X2�þ
Ps 2P ! 1S

N2 0:9� B2�þ
u ! X2�þ

g B2�þ
u ! X2�þ

g

Ps 2P ! 1S
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emission-spectra by electron impact [24] and borosilicate
transmission curves (e.g., [25]). Note that the A2� !
X2�þ transition in COþ is inseparable from the A2�u !
X2�g transition in COþ

2 by this method as the wavelength

ranges (300–650 nm [26]) are almost entirely overlapping,
so the transmission coefficients are effectively identical.
However, it has been estimated from [19] that this should
contribute <10% to the overall signal and is henceforth
neglected in the present analysis. Separation of states in
COþ

2 may be achieved using simultaneous equations de-

rived from glass-in and glass-out measurements (see
Table I for coefficients); for Nþ

2 , the glass-in measurement

corrected for the transmission coefficient provides the
B2�þ

u ! X2�þ
g yield, while subtracting glass-in from

glass-out allows estimation of the yield from Psð2PÞ.
Figure 2(a) shows the measured cross section for total

ionization (i.e., including Ps formation) simultaneous to

ionic excitation Qex=A
i and Qex=B

i for positron impact on

CO2. Both cross sections peak at an energy significantly
lower than corresponding electron cross sections, and ion-
ization into the A2�u state is considerably enhanced over
both the equivalent electron-impact cross section and the
B2�þ

u state for positron impact; indeed, at its peak, it is
approximately 20% of the total cross section [27].
Figures 2(b) and 2(c) show, respectively, the partitioning
of this cross section into direct ionization and Ps formation
components. From these, it is immediately apparent that Ps
formation is exclusively responsible for the enhancement

of ionization into the A2�u state of COþ
2 by positron

impact. This is corroborative evidence for the hypothesis
of [8] (as discussed earlier) concerning Ps formation in
CO2 and is consistent with the observations of [28], which
identified inner-shell Ps formation using 3�=2� ratio
measurements.
Figure 2(d) shows a summary of ionization excitation

measurements for the B2�þ
u ! X2�þ

g transition in Nþ
2 . In

contrast to CO2, the direct ionization process is more
important for positrons than electrons—reflecting the situ-
ation with ionization without excitation [4,29]. However,

the excess of Qex
i for positron impact over that for electron

impact (a factor of �5 around the peak) is again largely
due to Ps formation. At its peak,Qex

i is approximately 12%
of the corresponding total cross section [27].
For both targets, the contribution from Psð2PÞ appears to

be small, unlike in the noble gases [30]. For N2, it is
separable, yielding an estimate for QPsð2PÞ of �ð1:1�
1:1Þ � 10�17 cm2, i.e., zero within experimental error. In
the case of CO2, it is mixed inseparably, in this work, with
the signal from the B2�þ

u ! X2�g transition.
The augmentation ofQex

i by positron impact over that by
electron for these two molecules is clearly dominated by
the contribution associated with Ps formation. This is over
and above what would be expected from the partitioning of
Qt

i between Ps formation and direct ionization for the inert
atoms [31] and, indeed, these two molecules [6]. As pre-
viously noted in [8], in the case of CO2, there is an
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FIG. 2. Present measurements of Qex
i for CO2 and N2. (a) Q

ex
i for the A2�u ! X2�g (d) and B2�þ

u ! X2�g (�) transitions in
COþ

2 , compared with equivalent electron measurements of [24] (solid and dotted curves, respectively); (b) as (a), but for direct

ionization; (c) as (a), but for Ps formation determined by using two methods: (i) the difference between Qex
i and Qex=þ

i (d and �) and

(ii) �-ray—photon coincidences (. and4); (d)Qex
i for the B2�þ

u ! X2�þ
g transition in Nþ

2 , showing the total (d), contributions from

direct ionization (�) and Ps formation (determined as in (c)—. and 4, respectively). The line corresponds to equivalent electron
impact results [38]. There is an additional uncertainty of up to ðþ21;�19Þ% on the absolute scale of the present measurements due to
the errors on the normalization.
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extremely close energetic proximity for the excitation of
the 1�þ

u neutral state {10.30–11.28 eV (see, e.g., [32,33])}
and the A2�u ionic state formed by Ps formation (10.52–
11.22 eV, based on an ionization potential of 13.78 eV [34]
and vibrational level assignments of [15,24]). Also, from
the potential energy curves for N2 [35], it is possible to
deduce that a similar near degeneracy may exist between a
number of neutral excited states (b1�u, b

01�þ
u , c

1�u, and
c01�þ

u , over the energy range 12.50–13.95 eV [36]) and the
ionic B2�þ

u state produced via Ps formation (at approxi-
mately 12.0 eV). Thus, for both targets, the enhancement of
Qex

i might result from the coupling between two quaside-
generate channels: one the excitation of the neutral, the
other of an ionic state induced by Ps formation. Indeed,
since formation of ground state Ps lowers the ionic energy
thresholds by 6.8 eV, an amount close to typical energy
differences between excited molecular and ionic states, the
‘‘accidental resonance’’ between these excitations is likely
to be a common feature of molecular ionization by posi-
tronium formation—the near-degeneracy made probable
(in contrast with atoms) by the variation of the molecular
interaction energy with internuclear distance and the fine
energy-structure associated with vibrational and rotational
excitations.

In addition to providing a hypothesis for the enhance-
ment of the simultaneous Ps formation–excitation cross
section, the accidental resonance described above may
provide an explanation for the comparative dearth in N2

of Ps formation in excited states, as corresponding binding
energies (1.7 eV for n ¼ 2) are too small to result in
significant overlap of molecular states.

In conclusion, ionization excitation of CO2 and N2 is a
more significant process for positron impact than for elec-
trons. An examination of the potential energy curves ([35],
for N2) or energy levels (e.g., [33,37], for CO2) for these
molecules suggests that the positron may be able to excite
the molecules quasiresonantly by coupling excited neutral
and ionic states through Ps formation and, perhaps, allow
the system to relax to the slightly lower energy configura-
tion formed by Ps and an excited ionic state. Further
experimental and theoretical work is anticipated.

We wish to thank Ann Orel and Jonathan Tennyson for
useful discussions, Rafid Jawad and John Dumper for
expert technical assistance, the Engineering and Physical
Sciences Research Council for supporting this research.
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Excited-State Positronium Formation from Helium, Argon, and Xenon
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The cross sections for the formation of positronium in the 2P state in collisions of positrons with He,

Ar, and Xe atoms have been determined by measuring coincidences between the remnant ion and the

Lyman-� photon from positronium. The maximum fractional contributions of these to the total Ps

formation cross sections increase from approximately 0:06� 0:01 in He to 0:12� 0:04 in Ar and 0:26�
0:09 in Xe. In the case of He, good agreement is found with a coupled-state calculation; for Ar and Xe,

measurements are compared with a distorted-wave Born approximation.
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Positronium (Ps) is the quasistable bound state of a
positron (eþ) and an electron (e�). It is readily formed in
encounters of positrons with matter, and its own interac-
tions with atoms and molecules (e.g., [1]), including its
fragmentation [2,3] and even its combination with another
Ps atom [4], are amenable to experimental investigations.
Interest in positronium encompasses the quest for the
understanding of fundamental matter-antimatter interac-
tions (e.g., [5–7]), tests of collision physics theories (e.g.,
[8,9]) and bound-state QED calculations (e.g., [10]), the
analysis of energetic events occurring in the Galactic cen-
ter (where it is estimated 93% of all annihilations occur
through the decay of Ps) [11], and problems of medical
relevance [e.g. [12]].

Positronium is structurally equivalent to a hydrogen
atom with half the reduced mass and thus Bohr energy
levels (En ¼ �6:8 eV=n2). Its decay into m � rays is
governed by CP conservation according to ð�1Þm ¼
ð�1ÞLþS, where L and S are the Ps orbital and spin angular
momenta, respectively. Thus ground-state para- (11S0) and
ortho- (13S1) positronium decay dominantly into 2 and 3
� rays, respectively, with corresponding lifetimes �� �
125 ps and 143 ns. Those of the excited S states increase
with n3, while states with L > 0 are considerably longer
lived due to their wave functions having a node at the
origin, resulting in ��ð2PÞ being extended to (0.1–3) ms

and the decay of 2P states being dominated by Lyman-�
transitions (�� � 3:2 ns). Conversely, 2S ! 1S transitions
by the emission of a single photon are forbidden, and, in
the absence of perturbative forces, the intrinsic survival of
the metastable 2S state is limited by annihilation.

The first unambiguous observation of excited-state posi-
tronium (Ps�) was in the 2P state [13]. This was achieved
by bombarding a room temperature Ge target with a slow
positron beam (E ¼ 25 and 40 eV) and by measuring the
coincidences between an annihilation � ray and the
Lyman-� deexcitation photon (� ¼ 243 nm). A decade
later, using a similar method, Ps� was also observed in
low density gases (namely, Ne, Ar, and H2) formed by
positron projectiles of a few tens of eV [14]. While for-
mation cross sections for Ps in the 2S and 2P states have

been theoretically calculated for H (e.g., [15]), He [16–20],
and the noble gases [21], experimental determinations have
been lacking until now. It was recently considered that
structure observed in the total positronium formation cross
section (QPs) for the heavier noble gases might be due to
Ps� [22–24], and estimates were made which inferred
increasing contributions from Ps� to QPs as the target
atomic number was increased from He to Xe [22].
However, discrepancies exist on the magnitude [25] and
the conjectured physical origin [24,26] of this structure.
In the present work, coincidences between the residual

ion and the deexcitation photon from Ps� have been mea-
sured in order to determine QPs� for the first time. In
comparison with the previous work [14], the present
method has the advantage that, by detecting ions rather
than annihilation quanta, the signal can be easily enhanced
by focusing onto a detector and a number of now-well-
known systematic effects [27] are avoided. Helium, argon,
and xenon targets have been chosen to test available theo-
ries as well as the hypothesis of Ref. [22].
The experimental apparatus generating the beam of low

energy positrons (�E� 2 eV) has been described in detail
elsewhere [28,29]. Briefly, fast �þ emitted from a 22Na
source are moderated by annealed W meshes. The slow

positrons are radially confined by a magnetic field ( ~B �
100 G) along the length of the beam line and pass through
a bent solenoid, an electron repeller, and a Wien filter in
order to reduce the number of unwanted � rays, secondary
electrons, and fast positrons transported to the interaction
region. A positively biased electrode may be used to repel
the slow portion of the beam, allowing measurement of the
background produced by the remaining particles. The in-
teraction region is a hemispherical gas cell constructed
from polished Al. A small electrostatic lens held at
�500 V extracts ions from the cell towards the detector,
consisting of a channel electron multiplier (CEM) housed
in a separately pumped chamber. A photomultiplier tube
(PMT) with sensitivity in the range 200 nm � � �
600 nm is mounted on an extension arm in order to remove
it from the beam-guiding magnetic field. The extension
arm is lined with UV reflectors, consisting of glass tubes
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coated with Alþ MgF2. A removable borosilicate glass
disk may be inserted in front of the PMT to reduce its
sensitivity range to 280 nm � � � 600 nm. Measure-
ments of ion-photon coincidences are performed with
and without the glass filter. The difference between the
two measurements therefore corresponds to the detection
of photons with wavelengths of 200 nm � � � 280 nm.
The positron beam intensity is monitored by another CEM
at the end of the flight path. Two 22Na sources were used
(�5 and 50 mCi); for He and Ar, the measured beam
intensity was typically �103 s�1, whereas for Xe, the
stronger source yielded �104 s�1.

The total ion yield (Yi) is given by

YiðEÞ ¼ Ni � Bi

Nþ � Bþ
; (1)

where Ni andNþ refer, respectively, to the ion and incident
beam rates and Bi;þ represent the associated backgrounds

measured by biasing off the slow portion of the beam. Yi is
directly proportional to the total ionization cross section:

Qt
i ¼

X
Qx ¼ 1

�leff

�þ
�i

Yi; (2)

where Qx is the cross section for any ion-producing pro-
cess, i.e., Ps formation, direct ionization, annihilation, etc.
(e.g., [30]), � is the target number density, leff is the
effective length of the cell, �þ is the detection efficiency
for positrons, and �i that for the ions, the latter comprising
that for extraction.

The yield of Ps� is accordingly given by

YPs� ¼
ðNgo � BgoÞ � ðNgi � BgiÞ

Nþ � Bþ
; (3)

where Ngo is the coincidence rate obtained without the

glass filter and by integrating the ion time-of-flight (TOF)
spectra over the region corresponding to the desired
charge-to-mass ratio, Ngi that with the filter inserted, and

Bgo;gi the associated random backgrounds determined from

a flat portion of the TOF spectra. The beam-off back-
grounds were found to be negligible for the coincidence
measurements.

The cross section for the formation of excited-state
positronium QPs� is then determined according to

QPs� ¼
�

1

�leff

�þ
�i

��
1

Cr

4�

��

��
1

�PMT

�
YPs� ; (4)

where �� ¼ ð0:0164� 0:0004Þ sr is the solid angle sub-
tended by the PMT;CR ¼ ð2:40� 0:22Þ corresponds to the
enhancement of the photon collection due to the UV
reflectors (determined by performing measurements with-
out the light guides and the cell blackened with graphite),
and �PMT is the quantum efficiency of the PMT [�ð20�
2Þ% at � < 280 nm] (Electron Tubes LTD.). Yi is mea-
sured simultaneously and allows the determination of the
first term using Eq. (2) and Qt

i from Ref. [29] for He and
Ref. [22] for Ar and Xe.

Contributions to the present measurements from Ps
states other than the 2P have been considered and will be
discussed in detail elsewhere [31]. Briefly, they may origi-
nate from perturbations of the metastable 2S state or from
states with n > 2. Lyman-� deexcitation from the 2S state
may occur via Stark mixing or collisional deexcitation. The
former may be induced by the static electric field from the
ion extraction lens and by the motion of the Ps transversely
to the guiding magnetic field [32]. Collisional deexcitation
of the 2S via 2P state has been evaluated using the cross
section recently calculated in Refs. [33,34] together with a
Bohr-scaled total cross section, i.e., Qt / n4. In combina-
tion, these effects imply a contribution from the 2S state to
the measured signal in the range of �ð1–3Þ%. Using an
isotropic distribution instead of the shape of the differential
cross section for ground-state Ps formation [35] to estimate
the average Ps� velocity perpendicular to the B field, the
overall contribution from Stark-quenched Psð2SÞ increases
by less than 1%.
The possibility of detection of states with n > 2, either

directly (i.e., 3P ! 1S) or via cascade from n > 2 via 2P
(e.g., 3D ! 2P) has been estimated by calculating the
deexcitation probability before a collision occurs (assumed
for n > 2 to result in breakup with unit probability, as in the
case of H scattering [36,37]) and weighting this by 1=n3,
taken as a measure of the formation probability into higher
n states [19,24]. Overall, the contribution arising from
states with n > 2 is assessed to be again of the order of a
few percent. Decreasing the probability of fragmentation
of Psðn > 2Þ from unity to 50% [as is the case for Psðn ¼
1Þ] (e.g., [30]) gives a contribution of <5% for all targets.
Thus states other than 2P are expected to contribute<10%
to the present measurement. Henceforth, the measured
cross section shall be referred to as QPsð2PÞ.
The results are presented in Figs. 1–3 for He, Ar, and Xe,

respectively. The error bars shown in these figures com-
prise the statistical errors on the yields and the �14%
overall uncertainty on the normalization factors in
Eq. (4). Above each figure is the percentage contribution
to the total (all n) QPs (shown in the inset) [22,29]. In the
case of He, QPsð2PÞ rises from the threshold at 22.9 eV
reaching a maximum of ð2:6� 0:6Þ � 10�18 cm2 at an
energy around 40 eV. The cross section decays rapidly
after 50 eV towards zero (within errors) at 100 eV. The
maximum contribution to QPs (all n) [29] may be seen in
the figure to be ð6� 1Þ%. For Ar, QPsð2PÞ increases from
the threshold at 14.1 eV and peaks near 40 eV with a
magnitude of ð2:2� 0:5Þ � 10�17 cm2, reducing to zero
within errors by 140 eV. In this case, the maximum con-
tribution toQPs is ð12� 4Þ%. Finally, in the case of Xe, the
experimental QPsð2PÞ rises from the threshold at 10.4 eV
and peaks at approximately 23 eV with a magnitude of
ð1:4� 0:5Þ � 10�16 cm2 decaying rapidly after 25 eV. For
Xe, Psð2PÞ contributes a maximum of ð26� 9Þ% to QPs

[22]. Note that, for Ar and Xe, the uncertainties on the
percentage contributions for the higher energy points are
too large for the values to be meaningful.
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Included in Figs. 1–3 are corresponding available theo-
ries. For He, they comprise the coupled-state calculation of
Ref. [19], the close-coupling calculations of Refs. [17,20],
the distorted-wave approach of Ref. [16], and from 100 eV,
the second Born approximation of Ref. [18]. In Fig. 1, the
theories exhibit a similar energy dependence to one an-
other, all peaking at �35 eV, somewhat earlier than ex-

periment, then decreasing rapidly above 50 eV. There are,
however, significant differences in absolute magnitude
among them, and the best agreement is found between
the present results and the elaborate calculation of
Ref. [19], as was also the case between their QPs(all n)
and the most recent experimental determination [29] (see
inset). The results of the close-coupling approximation
calculations of Refs. [17,20] are, respectively, a factor of
2 and 3 higher in magnitude at their peak than the experi-
mental QPsð2PÞ.
The measurements for Ar and Xe are compared with a

distorted-wave Born approximation (DWBA) calculation
[21]. In Fig. 2, the theoretical results for Ar may be seen to
peak earlier than experiment, undercutting it by �35%
between energies of 40 and 100 eV. Finally, in the case
of Xe (Fig. 3), there is a broad agreement in shape and
magnitude between theory and experiment although the
experimentalQPsð2PÞ is on average higher around the peak
region. ConcerningQPs (all n) for these targets, the DWBA
calculation of Ref. [24] exceeds experimental measure-
ments [22] by approximately factors of 2 and 3 (see insets).
Figure 4 compares upper and lower limit estimates of

QPsðn > 1Þ [22] with the results of the DWBA and the
present measurements of QPsð2PÞ. In the case of Ar, the
measured QPsð2PÞ accounts for approximately 1=3 of the
lower limit estimate ofQPsðn > 1Þ, while for Xe they are of
a similar magnitude around the peak region.
Detection of the fluorescence of the ion (i.e., from

simultaneous excitation-Ps formation or ionization) is pos-
sible above the thresholds for transitions resulting in pho-
tons of wavelengths in the range 200 nm � � � 280 nm.
These thresholds, corresponding to Esim ¼ I� 6:8 eVþ
Eex (I being the ionization energy of the ground-state target
atom, 6.8 eV the binding energy of ground-state Ps, and Eex

the relevant excitation energy of the ion), are approxi-
mately 58.6 eV for He, 30.1 eV for Ar, and 21.3 eV for

Xe
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Xe [38]. Thus, the said type of contribution, which in the
case of CO2 peaks at around 4 times the threshold energy
and remains significant (�30% of its maximum) at
�0:5 keV [39], may be expected to be negligible in the
observed signal. In the case of Xe, explicit measurements
of positron-photon coincidences (corresponding to simul-
taneous excitation ionization) were also performed and
found to be zero within errors.

In conclusion, the first measurements of QPsð2PÞ have
been presented for He, Ar, and Xe targets. The results for
He are in good agreement with the coupled-state calcula-
tion of Ref. [19], and there is broad agreement between the
experimental QPsð2PÞ for Xe and the DWBA of Ref. [21],
while for Ar experiment exceeds theory. As discussed
above, however, a large discrepancy exists between theory
and experiment in the case of QPs (all n) for these two
targets. The contributions of QPsð2PÞ to the total Ps for-
mation cross sections are found to increase from approxi-
mately 0:06� 0:01 in He to 0:12� 0:04 in Ar and
0:26� 0:09 in Xe, in qualitative agreement with the esti-
mates of Ref. [22].

Further attention from theory to both integral and dif-
ferential state-resolved QPs would seem warranted.
Possible experimental investigations of metastable Ps
states and molecular targets are being considered.
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Abstract. The positronium formation cross-sections for Xe, CO2 and N2 have been measured using
coincidences betweenγ-rays from positronium self-annihilation and the resultant ion. In the case of Xe,
there is excellent agreement with previous experimental determinations. For CO2 there is broad agreement
in magnitude with previous measurements in contrast with N2 where good shape agreement at low energies
(< 40 eV) is found though the magnitude of the present cross-section is significantly higher.

1. Introduction
When considering ionization by positron impact, there are two dominant channels: direct ionization
(e+ + A → A+ + e+ + e−) and positronium (Ps) formation (e+ + A → A+ + Ps). For an atomic target,
the total ionization cross-section (Qt

i ) is defined as the sum of the Ps formation (QPs) and direct
ionization (Q+

i ) cross-sections, contributions from higher order processes and from direct annihilation
of a target electron are considered generally negligible [1]. This is illustrated in figure 1, which shows
the partitioning ofQt

i for He into contributions fromQ+
i andQPs. In the case of a molecular target, the

dissociative ionization cross-section (Qdiss
i ) must also be included in the sum forQt

i .
Recently, there have been experimental determinations ofQPs for the noble gases [e.g. 2, 3] and the

first experimental measurements of Ps formation into the 2P state (QPs(2P)) for He, Ar and Xe [4].
With the exception of He, there have been fewer theoretical determinations ofQPs, however, there are
a number of cross-sections for excited-state Ps formation [e.g. 5, 6] and Ps formation from inner-shell
electrons [e.g. 6–8].

Figure 2 shows the available experimental determinations ofQPs andQPs(2P) for Xe compared with
theory. There is a large distribution of magnitudes and shapes when considering all determinations. There
is, however, convergence between two recent measurements, those of [2] and [3]. The determination
of [16], measured usingγ-ray–ion coincidences, reproduces the structure observed by [2] in energy
dependence only—an absolute scale was set by normalizing the coincidence yield to this previous
determination. These measurements also suffered from a systematic effect at high energies (E > 16
eV) whereby the magnetic field failed to contain scattered projectiles, yielding an excess ofγ-rays from
annihilation on the cell walls.

In the present work,γ-ray–ion coincidences have been used to measureQPs for Xe, N2 and CO2

with particular attention paid to confining all positrons after scattering. Unlike previous work [15], an
absolute scale has been set on these measurements usingQt

i . For Xe, there is good agreement between
all determinations [see e.g. 17]; for the molecules, a concurrent measurement ofQt

i for Ar was used for
normalization.
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Figure 1. Partitioning ofQt
i (u) of He intoQ+

i (E) andQPs (A). Data from [9–11].

2. Experimental Method
The experimental apparatus used in the present work is shown in figure 3 and has been described in detail
elsewhere [18, 19]. Briefly, fastβ+ particles emitted from a22Na source are moderated by annealed W
meshes producing a slow positron beam with∆E ∼2 eV. The slow positrons are radially confined by
a magnetic field (~B ≈ 100 G) along the length of the beam-line (see black squares in figure 3). The
beam passes through a bent solenoid, an electron repeller (repeller R1 in figure 3) and a Wien filter in
order to reduce the number of unwantedγ-rays, secondary electrons and fast positrons transported to the
interaction region. A positively-biased electrode (repeller R2 in figure 3) may be used to repel the slow
portion of the beam, allowing measurement of the background produced by the remaining particles. The
interaction region is a hemispherical gas cell constructed from polished Al. A small electrostatic lens
held at−500 V extracts ions from the cell towards the detector, which consists of a channel electron
multiplier (CEM) housed in a separately-pumped chamber. A CsIγ-ray detector is placed directly on top
of the interaction region to detect annihilation quanta from the cell, and a second CEM is positioned at
the end of the beamline for the detection of positrons. The photomultiplier tube mounted on an extension
arm was used for the determination ofQPs(2P).

The measurements were normalized by recording the total ion yield (Yi)1 simultaneously with the
γ-ray–ion coincidence yield.Yi is proportional toQt

i via:

Qt
i =

1
nl

ε+

εi
Yi (1)

wheren is the number density of the target gas,l is the effective cell length andε refers to a detector
efficiency. This normalization is performed similarly to that forQ+

i in [18], and allows the determination
of 1

nl
ε+

εi
for use in other normalizations. The error on this method is approximately±5% [20]. The

γ-ray–ion coincidence yield can then be normalized relative to the ion yield by correcting for the CsI
detector efficiency which has been measured as 0.010±0.001. This places an additional±10% error on
the absolute scale of the measured cross-sections.

1 Yield is defined as event per positron recorded
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Figure 2. Review of experimental and theoretical determinations ofQPs for Xe. 2(a), experimental:u—[2],E—[3],F—[12],�—[13],CandA—lower and upper limits of [14] respectively,⊞—[15],
⊕—QPs(2P) [4]. 2(b), theoretical: solid line—[6]×0.5, dashed line—[7]×0.5, dotted line—[8], solid
grey line—QPs(2P) [6],u—as 2(a).

3. Results
Figures 4, 5 and 6 showQPs for Xe, CO2 and N2, respectively. In the case of Xe (figure 4), the present
determination ofQPs peaks at∼10 eV with a magnitude of 8.9±0.3×10−16 cm2. A shoulder feature
is observed between∼14 eV and 24 eV with the cross-section becoming negligible after∼100 eV. In
comparison with other determinations ofQPs, there is excellent agreement, within errors, between the
present results and those of [2] and [3].

Figure 5 shows the presentQPs for CO2 compared with other experimental measurements. The
present results peak at∼23 eV with a magnitude of 4.1± 0.1× 10−16 cm2 and extend to 750 eV. In
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Figure 3. The magnetically guided positron beam and interaction region, showing the placement of
various detectors.
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Figure 4. Determinations ofQPs for Xe: u—present measurement,E—[3], continuous curve—[2]
(representative error bars are displayed).

comparison with previous determinations, the presentQPs displays fair agreement in the position and
magnitude of the peak with the lower limit measurement of [22]. The present results are higher than the
previous determination of [21] except in the peak region.

Finally, in the case of N2 (see figure 6) the present measurement peaks at∼25 eV with a magnitude
of 3.57±0.06×10−16 cm2 and extends to 350 eV. In comparison with the data of [23] there is excellent
agreement in shape up to 40 eV (see inset), though the magnitude disagrees by 30± 15%. Unlike for
CO2 [18], the separation of dissociation products from the parent ion has not been achieved for N2. The
extent to which N+ is detected will affect the absolute scale placed on the reported results, and is the
subject of ongoing investigation.
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4. Conclusions
In the present work,γ-ray–ion coincidences have been used to determineQPs for Xe, CO2 and N2. In
the case of Xe, excellent agreement has been found between the present results and the two most recent
determinations [2, 3]. For CO2, there are a number of determinations ofQPs among which agreement is
moderate. For N2, there is an excellent agreement in shape between the present results and [23] up to
40 eV, although there is a∼30% difference in magnitude. The apparent importance of Ps formation in
molecules several hundred eV above threshold (in contrast to atoms) as implied by the present data is
currently not understood, though it is noted that N2 was found to be an efficient converter for positron-
to-positronium beams up to∼250 eV [24]. Clearly, further investigations are necessary.

5. Acknowledgements
We would like to thank J. Dumper and R. Jawad for technical assistance as well as EPSRC for funding
this research.

References
[1] Van Reeth P, Laricchia G and Humberston J W 2005Physica Scripta71 C9
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Ionization in positron- and positronium- collisions with
atoms and molecules

G. Laricchia, S. Brawley, D. A. Cooke,Á. K övér*, D. J. Murtagh and
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Abstract. Recent progress in the experimental study of positron- and positronium-induced ionization of
atoms and molecules is outlined. Investigations include integral and differential cross-sections, as well as
formation of positronium in the first excited state. Future prospects are discussed.

1. Introduction
The study of positron and positronium collisions with atoms and molecules is motivated by the need
to understand basic matter–antimatter interactions, to support the development of scattering theories, to
assist the analysis of astrophysical events and tests of QED bound-state problems as well as calculations
of radiation damage at the molecular level for positron-emission tomography e.g. [1–3].

In this article, we review recent progress made at UCL in the measurement of cross-sections
for ionization processes arising from collisions of positrons and positronium atoms with atomic and
molecular targets.

2. Positron induced ionization
In collisions between a positron and an atomic/molecular target (X), ionization may proceed via a number
of channels: annihilation, transfer and direct ionization. These are summarized, respectively, by reactions
1–3 below:

X+e+ −→ Xz++2γ +(z−1)e− (1)

X+e+ −→ Xz++Ps+(z−1)e− (2)

X+e+ −→ Xz++e++ze− (3)

where Ps and/orXz+ in the final state may be excited, andz corresponds to the number of electrons
removed from the target. IfX is a molecule, the above reactions may be accompanied by dissociation.
The total ionization cross-section (Qt

i , defined as the sum of the cross-sections for all ion producing
processes) is dominated by the cross-sections for Ps formation (QPs) and single direct ionization (Q+

i )
(reactions 2 and 3 withz= 1) above their respective thresholds,Ethr

Ps andEthr
i . Being an exothermic

reaction, annihilation is the only possible ionization channel belowEthr
Ps . It is considered generally

negligible except at very low energies [4], although enhancements in the annihilation probability have
been observed belowEthr

Ps near vibrational excitation thresholds and associated with the formation of
vibrational Feshbach resonances [3].
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Results ofQt
i(e

+) for He and CO2 are shown in figure 1 where some discrepancies may be noted
among experiments. However in He, there is excellent agreement between the data of [5] and the
coupled-pseudostate calculation of [7], the maximum being better described by the results of [8]. In
CO2, there is excellent agreement in shape between the high-resolution measurements of [12] and the
absolute determination of [11], the latter also agreeing in magnitude at higher energies with the earlier
data of [13].Qt

i(e
+) may be seen to exceed corresponding results for electron-impactQt

i (e
−) at low and

intermediate energies primarily due to Ps formation, as illustrated for CO2 in figure 2 (LHS). Whilst for
He (and indeed all the noble gases)QPs tends to zero around 100–150 eV, positronium formation in CO2

remains a significant channel at much higher energies [11].
Concerning direct ionization, as discussed in [2], there is good accord for He among experimental

determinations e.g. [5, 17, 18] and with theories [7, 19–22], however the energy region within 1 eV of
the threshold remains a major experimental challenge. In the case of CO2, as shown in figure 2 (RHS),
there is excellent shape agreement over the whole energy range between experimental results [13, 15], the
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[28], curve with@—[29], curve with×—QPs(2P) [7], 1—QPs(2P) [30]. Centre: QPs for Ar, e—
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[30]. Right: QPs for Xe (symbols as for Ar).

discrepancy being entirely attributable to the electron data chosen for normalization (as illustrated in the
inset) whilst the distorted-wave-Born-approximation (DWBA) results of [16] exceed experimental data
by a factor of 2–3. At its maximum, the cross-section for dissociative direct ionization (Qdiss

i ) accounts
for approximately 20% ofQt

i(e
+) for CO2 [15].

Convergence has considerably improved in recent measurements ofQPs for the inert atoms [2],
as illustrated in figure 3 for He, Ar and Xe. Whilst in helium, there is also good agreement
between experimental and theoretical determinations, the situation for more complex targets is less
satisfactory. Differences remain among experiments concerning structure around the peak and even
greater discrepancies exist between experiment and theory, the latter overestimating measurements by a
factor 2–3, although [40] and [41] found that inclusion of higher order processes leads to a significant
reduction of the cross-section magnitude. Both the existence and the significance of the structure
apparent in some of the experiments has been the subject of some speculation. Ps formation from higher
thresholds has been considered either via capture of an inner-shell (ns) electron or Ps formation in an
excited state (Ps∗). An analysis based on an empirical scaling for ionization cross-sections [42] predicted
increasing contributions of Ps∗ with decreasing ionization energy,I [31]. A DWBA method [38] found
nscontributions to be very minor whilst Ps∗ gave rise to structure similar to that observed experimentally.
Cross-sections for formation of Ps into the 2P state (QPs(2P)) have now been measured [30]. The results
are included in figure 3 where they are compared with corresponding theories. In He, the best agreement
is with the coupled-pseudostate calculation [7]. In Ar and Xe, whilst the DWBA overestimatesQPs(all
n) by factor 2–3, its predictions agree fairly well for 2P states. Interestingly,QPs(2P) is found to make a
significant contribution toQPs(all n) which increases from 6% in He to 23% in Xe.

Differential investigations of ionization by positron projectiles are scant. Triple differential studies
have been carried out at UCL around 0◦ by measuring coincidence between scattered e+ and ionized
e−. At 100 eV incident positron energy, a small peak was observed in the spectrum of the electrons
ejected from the H2 target at half-the-residual energy,Er [47], a signature of the electron-capture to
the continuum (ECC) phenomenon predicted ten years earlier [48]. Instead at 50 eV, an asymmetry
between the energy spectra of electrons and positrons was found [49]. As shown in the LHS of figure
4, the electron spectrum was shifted by around 1.6 eV with respect to quantum theoretical expectations
[44] whilst being in good agreement with classical-trajectory-Monte -Carlo calculations [45]. This latter
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approach, however, failed to describe the 100 eV data [47]. All these findings are the subject of current
theoretical scrutiny (e.g. [50]). More recently, investigations have been extended to H2O because of
its universal importance and in order to probe whether its strong dipole moment, responsible for strong
forward-scattering of electron projectiles [51], might result in the ECC cusp becoming conspicuous at the
doubly differential level as is the case by ion impact [52]. The energy distributions of e+ scattered around
0◦ from H2O were measured in coincidence with the remnant ions (H2O+, OH+ and H+) at 100 and 153
eV incident energy [46]. The maxima of the double differential cross-ections (DDCS) associated with
the production of OH+ and H+ were found to be about 5–10 times smaller than that for H2O+ and the
shape was observed to be similar to non-polar targets. As shown in the RHS of figure 4, at both incident
energies, a small shoulder in the energy loss spectra associated with H2O+ production was seen around
28 eV. This feature appears consistent with e− momentum spectroscopy results [53] which identifies it
with the onset of a weak shake-up band at 27.1 eV connected with the 2a1 orbital. Further investigations
would be justified.

3. Positronium induced ionization
A positronium atom makes an interesting projectile as it has no nucleus, its constituents having the
same mass and opposite charge [e.g. 2]. Since both target and projectile have structure, ionization may
be accompanied by excitations of either or both colliding partners, namely: projectile fragmentation,
Ps− formation, target ionization, projectile fragmentation with target excitation, target ionization with
projectile excitation and, finally, projectile fragmentation with target ionization, as summarised in
reactions 4–9 below:

A+Ps→ A +e++e− (4)

A+Ps→ A++Ps− (5)

A+Ps→ A++e−+Ps (6)

A+Ps→ A∗+e++e− (7)

A+Ps→ A++e−+Ps∗ (8)

A+Ps→ A++2e−+e+ (9)

Reaction 4 is the only one not involving a change in the internal energy of the target and is referred to
as target-elastic (TE); all the others are said to be target-inelastic (TI). Experimentally, these have been
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investigated by detecting the positron or the electron in thefinal state: the total Ps fragmentation cross-
sectionQ+

f (corresponding to the sum of the cross-sections for all processes involving the break-up of
Ps) is measured when detecting positrons; the total fragmentation cross-sectionQ−

f (corresponding to the
sum of the cross-sections for all target and projectile ionization channels) is determined when detecting
electrons. The differential cross-section with respect to the (longitudinal) energy of the ejected positron
(dQ+

f /dÈ ) has also been determined by a time-of-flight method [54] and by retarding field analysis
[55, 63].
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Figure 6. Left: The fragmentation cross-section for Ps impact on Xe.e—Q+
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f [63], solid
curve—TE [61], dashed curve—TE+TIQ+

f [62], dotted curve—TE+TIQ−

f [62]. Right: Longitudinal

energy distributions of the ejected positrons form Ps collisions with Xe at 30 eV.e—[63], solid line—
[61]; #—corresponding He data×4 [54], dashed line— He×4 [60].

The results for He are shown in figure 5. In the top figure, bothQ+
f andQ−

f may be seen to agree
with a coupled-pseudostate calculation [58] and an impulse approximation [60] supplemented by a first
Born calculation for target inelastic processes [62]. ThedQ+

f /dÈ shown in the bottom figure display
a peak which grows in significance with positronium incident energy and arises from the occurrence
of electron-loss to the continuum (a phenomenon related to ECC) where, following Ps break-up, the
electron and the positron in the final state move with a small relative velocity. The agreement in shape
with the results of the classical-trajectory Monte Carlo calculation [57] is very good and that with the
impulse approximation [60] is good both in shape and absolute magnitude.

In figure 6, corresponding results for xenon are displayed. On the left,Q−

f may be seen to exceed
Q+

f at 30 eV, implying a degree of target ionization, contrary to theoretical expectations. On the right,
the experimentaldQ+

f /dÈ results for Xe [63] are compared with theory [61] with which they are in
broad accord. Also included in the figure are the corresponding experimental results for He multiplied
by a factor of 4 for shape comparison: the distributions for the two targets appears very similar, except
perhaps at the lowest energy.

4. Conclusions and outlook
Recent progress in the study of ionization induced by positron and positronium impact on atoms and
molecules has been presented. Results now comprise both integral and differential cross-sections,
with and without Ps formation in the case of positron impact, and with and without target ionization
for positronium projectiles. Whilst exploration of molecular targets is comparatively less advanced,
investigations are now progressing to photon–ion coincidences to probe reactions where the target ion
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is left in an excited state [11]. The pace is expected to quicken further with the realization of positron
reaction microscopes which are currently under development [e.g 64].
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Abstract

Detailed measurements of the cross-section for non-dissociative ionization of CO2 are presented and compared with available exper-
imental and theoretical results. An excellent agreement is found with the energy dependence of another experimental determination; how-
ever, uncertainties exist over the magnitude. Also presented are the preliminary results for the combined cross-section for direct
dissociative ionization of CO2 into O+ or C+.
� 2007 Elsevier B.V. All rights reserved.

PACS: 34.80.Uv
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1. Introduction

Ionization of atoms by positron impact is dominated by
three processes: direct single ionization, positronium for-
mation and annihilation. These can be represented by the
following reactions, respectively:

eþ þA! Aþ þ eþ þ e�; ð1Þ
eþ þA! Aþ þ Ps; ð2Þ
eþ þA! Aþ þ 2c: ð3Þ

To a good approximation, the total ionization cross-sec-
tion (Qt

i ) of a target may be considered to be the sum of
the cross-sections for the first two of these processes (Qþi
and QPs), that is, we can usually neglect the relatively min-
or contribution from annihilation [1] and higher order pro-
cesses (e.g. double ionization). In molecules, the situation is
complicated by the possibility of dissociation of the mole-
cule itself.

Several measurements of Qt
i , Qþi and QPs from various

simple diatomic molecules (e.g. H2 [2–4] and references
therein; N2 [5,6]; CO [7] and O2 [5,8]) have been performed.
To a lesser extent, measurements have been performed also
on triatomic (e.g. CO2 [9,7,10]; H2O [10]) and some poly-
atomic molecules (e.g. CH4 [7] and larger organic mole-
cules [11]).

In this work, we present new results for Qþi ðCOþ2 Þ and
compare with other available data, both experimental
and theoretical. Additionally, preliminary results for the
combined dissociative ionization cross-sections (Qþi ðO

þÞþ
Qþi ðC

þÞ), representing the sum of the cross-sections for dis-
sociation into O+ or C+ are presented.

2. Experimental setup

The experimental setup specific to these measurements is
outlined briefly below, including a short description of the
main system. This is described in more detail in [12].
Briefly, a beam of approximately 104 slow positrons s�1

is generated by moderating the fast b+ output of a 22Na
radioactive source with an annealed tungsten mesh moder-
ator. A potential Vm is applied to the moderator, which
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defines the energy of the positron beam via E+ =
eVm + 2eV. The beam is constrained radially by a magnetic
field of �10�2 T produced by a series of coils and a sole-
noid. The transmission of unwanted components of the
beam, such as fast particles, is substantially reduced by a
bend in the solenoid and a Wien filter. Inside the solenoid
is a cylinder held at �500 V to repel secondary electrons,
and an additional cylinder, which can be biased to 5 V
above Vm to measure the contribution from residual fast
particles. After passing through the interaction region,
the beam reaches the positron detector, a channel electron
multiplier (CEM). This also has an electron repelling cylin-
der before it, biased at �500 V to prevent electrons pro-
duced by positron impact on the CEM from entering the
gas cell and causing spurious ions. The interaction region
consists of a hemispherical gas cell and a second chamber
containing another CEM for detecting ions. These are per-
pendicularly extracted from the cell to the beam axis by the
electric field from an electrostatic lens held at �500 V. Pos-
itrons, which scatter at backward angles after ionizing the
target, are not detected at present. However, the impor-
tance of these events is expected to increase with increasing
Z and good agreement has been found between Qþi for Ar
measured with the present system and available data in the
literature [4].

Pulses from the ion detector are counted on a multi-
channel scaler and, in coincidence with pulses from the pos-
itron detector, on a multichannel analyzer, generating a
time-of-flight (TOF) spectrum for the ions from which a

coincidence yield can be obtained for each ionic species
(see Fig. 1). Although the TOF resolution of the system
is poor in comparison to that obtained with parallel plate
extraction (e.g. [13,14]), the extraction efficiency (�ext) is
high (�50%) and the interaction region is long (�9 cm).
Within the present resolution, we cannot separate the C+

from O+, hence the cross-sections for the production of
these two fragments are presented in a combined manner.
At present it is not possible to clearly separate the CO+

fragment from the surrounding peaks, so the cross-section
for dissociation into this fragment is not presented.

The coincidence yield, Y t
c, is proportional to the direct

ionization cross-section Qþi according to

Qþi ¼ CY t
c ¼ C

Non
c � N off

c

Non
eþ � Noff

eþ
; ð4Þ

where Nc is the number of coincidences per second (with
the slow positron beam biased on and off, as labelled),
N eþ is the incident positron beam intensity (also measured
with the beam on and off), and C is a normalization
constant.

The normalization constant is calculated from a qua-
dratic fit (fe�) to the electron non-dissociative direct ioniza-
tion cross-section (Q�i ðCOþ2 Þ) data [15] above 500 eV such
that Qþi ðCOþ2 Þ ¼ Cfe�ðEÞ. This procedure assumes that at
these energies the Born approximation applies and that
positronium formation is negligible. More details of the
normalization procedure may be found in [16,10]. The

mass/charge
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Fig. 1. Typical time-of-flight spectrum: the dashed lines indicate the expected positions for COþ2 , O+, C+ and CO+. Inset: the same spectrum over a larger
range to show the background level.
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dissociative ionization has been normalized using the same
constant, with corrections applied for the differing extrac-
tion and detection efficiencies for each of the fragments.
The relative detection efficiency �

COþ
2

d =�Cþ ;Oþ

d has been esti-
mated from [17] to be 1.5 ± 0.2, at a kinetic energy of
3.4 keV (determined by the CEM cone potential). At this
energy, �Cþ

d and �Oþ

d merge onto a single curve when plotted
against E/M0.5 (where M is the mass of the ionic fragment).
The following method was used to calculate �ext for the
fragments. The ion optics of the gas cell were simulated
using SIMION and the �ext for each ionic species at a vari-
ety of energies was obtained. This distribution, depending
only on the kinetic energy of the ions, was convoluted with
the kinetic energy distributions of the various fragments
[18] and integrated over the full energy range of the ejected
fragments. The ratio of �ext to that for COþ2 (whose kinetic
energy distribution is assumed to be thermal) yielded cor-
rections for O+ and C+ of 1.92 and 1.61, respectively. To
calculate a correction for the combined cross-section, the
average of these two values was used. This was done as
the relative yields of O+ and C+ are unknown. However,
we note that if these are taken from [7], then the correction
would differ only by �3%.

3. Results and discussion

Fig. 2 shows the present measurement of Qþi ðCOþ2 Þ
compared with other available positron data [7] and the
electron data (Q�i ðCOþ2 Þ) [15] to which they are normal-
ized. The present results peak around 80 eV at a value

of 2.9 � 10�16 cm2, approximately 30% greater than for
Q�i ðCOþ2 Þ. Both experimental measurements agree on the
positions of the threshold and peak; however, disagree-
ment in the magnitude of the cross-section exists. This
may be attributed to the difference in electron data used
for normalization, with [7] being normalized to Qþi ðCOþ2 Þ
of [20], and the present measurement to [15] which is
�30% lower. The relative behaviour of Qþi ðCOþ2 Þ and
Q�i ðCOþ2 Þ is consistent with the trends in the direct ioniza-
tion cross-sections for particle–antiparticle pairs [21,22].
The excess around the peak of Qþi ðCOþ2 Þ is usually
ascribed to target polarization effects, whilst the decrease
of Qþi below Q�i with decreasing energy is thought to be
due to the competition from positronium formation.

The theoretical calculations of [19] are also shown in
Fig. 2. The previous (CPE, Coulomb plus plane waves with
full energy range) approximation has been recently
improved by incorporating screening potentials for calcu-
lating the wavefunction of the ejected electron (ES, electron
screening) as well as including them to calculate the wave-
function for both the incoming and the outgoing particles
(TS, total screening). Significant discrepancies exist at vir-
tually all energies between experimental data and theory.
However, fair agreement in energy dependence between
the present results and those from the ES model may be
noted from mid- to high energy by multiplying the latter
by a factor of �0.36.

Fig. 3 shows the preliminary cross-section for dissocia-
tion into O+ or C+, Qþi ðO

þÞ þ Qþi ðC
þÞ, compared with

available data. Significant discrepancies exist between the
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Fig. 2. Present measurements of Qþi ðCOþ2 Þ (d) compared with the other available data: } – [7]; continuous line – [15] (e�) and dashed/dotted lines:
Coulomb plus plane wave with full energy range (CPE – dotted line), total – (dashed line) and electron screening (double-chain curve) models (TS and ES)
of [19]. Inset: the present measurements renormalized to electron data of [20], demonstrating excellent agreement with [7].
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two positron data sets. Unlike with Qþi ðCOþ2 Þ, only part of
this may be attributable to the different Q�i ðCOþ2 Þ to which
they are normalized. As also noted in [7], the positron data
are lower than the corresponding electron data. Bluhme
et al. [7] suggested that this might be due to dissociative
ionization often resulting from ionization simultaneous to
excitation of the molecule into a dissociative state. It is also
noted that cross-sections for multiple and inner-shell ioni-
zation by electron impact exceed those by positron impact
(e.g. [21–23]). Further work to gain understanding of the
effect of charge on dissociative ionization is needed.

4. Conclusions

Measurements of Qþi ðCOþ2 Þ for CO2 have been
presented, demonstrating excellent agreement with the
previous measurements in shape. However, uncertainty
in the absolute scale remains, mainly due to discrepancies
among corresponding electron data for this target. For
this reason, an alternative normalization method is being
developed. Furthermore, current investigations of ioniza-
tion–excitation by positron impact on this target [24]
might elucidate the influence of this process on dissocia-
tive ionization.
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[19] I. Tóth, R.I. Campeanu, V. Chis�, L. Nagy, Phys. Lett. A 360 (2006) 131.
[20] O.J. Orient, S.K. Srivistava, J. Phys. B 20 (1987) 3923.

[21] K. Paludan et al., J. Phys. B 30 (1997) L581.
[22] V. Kara, K. Paludan, J. Moxom, P. Ashley, G. Laricchia, J. Phys. B

30 (1997) 3933.
[23] R. Hippler, S. Helms, U. Brinkmann, J. Deiwiks, H. Schneider, D.

Segers, Ch. Dauwe, Nucl. Instr. and Meth. B 99 (1995) 12.
[24] D.A. Cooke, D.J. Murtagh, G. Laricchia, in preparation.

470 D.A. Cooke et al. / Nucl. Instr. and Meth. in Phys. Res. B 266 (2008) 466–470


