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Abstract

An overview is presented of current techniques to accumulate and cool large numbers of positrons from a radioactive
22Na source and neon moderator, and the ®rst operation of a new generation of positron accumulator is described.

Experiments are discussed that use these techniques to study the interaction of positrons with atoms and molecules at

low energies (i.e., below the threshold for positronium formation), including systematic studies of the dependence of

positron annihilation on chemical composition. By measuring the Doppler-broadening of gamma-ray annihilation

radiation, the quantum state of the annihilating electrons in atoms and molecules was identi®ed. These experiments

indicate that positrons annihilate with approximately equal probability on any valence electron. Annihilation with inner

shell electrons is infrequent, but is measurable at the level of a few percent in heavier atoms. Measurements of anni-

hilation rates in molecules as a function of positron temperature revealed a number of interesting trends that are brie¯y

discussed. We have developed a new technique to make a cold, bright positron beam. This technique is now being used

for a new generation of scattering experiments in the range of energies 61 eV. Other possible experiments to study

aspects of atomic and molecular physics using positron accumulation techniques and this cold positron beam are brie¯y

discussed. Ó 2000 Elsevier Science B.V. All rights reserved.

PACS: 34.50.)s; 78.70.Bj; 71.60.+z; 36.10.)k
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1. Introduction

While many facets of the interaction of posi-
trons with atoms and molecules are understood [1±
9], a number of important questions remain which
have potential impact on ®elds such as atomic
physics and gamma-ray astronomy, and techno-
logical uses of positrons such as mass spectroscopy
and characterizations of solid surfaces. For
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example, one problem of current interest is un-
derstanding the process of low-energy positron
annihilation in large molecules [10]. As another
example, experiments are just beginning to study
the excitation of molecular vibrations using posi-
trons [11].

We have developed a Penning±Malmberg trap
to accumulate positrons e�ciently, using a bu�er
gas to trap the particles [12±14]. This technique has
provided new opportunities to study the interac-
tion of positrons with matter at low energies (i.e.,
at energies below the threshold for positronium
atom formation). In the vacuum environment of
the accumulator, the two-body interaction of
positrons with atoms and molecules can be studied
with precision. This has proven to be particularly
useful for weak processes, such as annihilation
below the threshold for positronium formation,
where maximizing the signal-to-noise ratio is an
important consideration. The trapped positrons
can be con®ned for long times in the accumulator
in order to maximize the interaction with the test
species. Using this method, annihilation studies
have now been conducted for a wide range of at-
oms and molecules [4,8,9].

One quantity of interest is the annihilation rate,
which is a unique and sensitive measure of short-
range correlation between the positron and the
bound electrons. Historically, annihilation rates
for small atoms and molecules have been expressed
in terms of the parameter Zeff , which is the anni-
hilation rate relative to that for positrons in a gas
of uncorrelated electrons (i.e., the Dirac annihila-
tion rate). It is de®ned by

C � pr2
0cnmZeff ; �1�

where C is the annihilation rate, r0 the classical
electron radius, c the speed of light, and nm the
number density of atoms or molecules. For large
molecules, it has been observed that Zeff can ex-
ceed the total number of electrons in the molecule,
Z, by many orders of magnitude [12,15,16]. In this
case, Zeff is simply a normalized annihilation rate,
and it bears no relation to the number of electrons
in the molecule. While the physical process re-
sponsible for these high annihilation rates is not
fully understood, these large rates have been in-

terpreted as evidence of the existence of some kind
of long-lived positron-molecule states. For elec-
trons and positrons in opposite spin states, posi-
tron annihilation in the presence of atomic-density
electrons occurs by emission of two 511 keV
photons in a time �10ÿ10 s. Therefore, depending
on the value of Zeff , interaction times can range
from about the elastic collision time�10ÿ15±10ÿ10 s
[8], and the longer interaction times will result in
correspondingly larger values of Zeff .

In order to explore further the nature of
positron interaction with atoms and molecules,
a technique was developed to measure the Dopp-
ler-broadening of the 511 keV annihilation gam-
ma-ray line [4,9]. These measurements provide
information about the momentum distributions of
the annihilating electron±positron pairs, and hence
information about the momentum distributions of
the bound electrons. In the positron accumulator
it is possible to achieve good statistics, even for
small atoms, in acquisition times of a few hours.
For room-temperature positrons interacting with
neutral matter, the line-broadening is dominated
by the momenta of the bound electrons, and so the
gamma-ray signal provides information about the
electronic states participating in the annihilation
process. Using this technique, we have been able to
identify the speci®c annihilation sites (i.e., elec-
tronic states) in atoms and molecules.

To study interactions as a function of positron
energy, we developed a technique to heat the
trapped positrons. This technique is useful for
energies up to 0.2 eV for molecules (at which point
excitation of molecular vibrations begins to be an
excessive heat sink) and up to 0.5 eV in noble gas
atoms [17]. To complement the positron heating
technique, we have recently been able to create a
cold positron beam with an energy resolution less
than 20 meV FWHM, tunable from 0.1 eV up-
wards, and this should permit study of positron
interactions as a function of energy with excellent
resolution up to hundreds of eV. The ®rst use of
this cold positron beam for scattering from atoms
and molecules [11] is reviewed in a separate paper
in this volume by Gilbert et al. [18].

In the following sections, an overview is pre-
sented of progress in accumulator and cold beam
technology for use in studying low-energy positron
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interactions with atoms and molecules. The pre-
sent state of experiments to study annihilation on
these species is reviewed, with emphasis on the
high values of Zeff observed in molecules. The re-
lationship of these data to theories of annihilation
in molecules and possibilities for future experi-
ments in this area are discussed. The present state
of this subject of annihilation in molecules, in-
cluding a discussion of open questions is summa-
rized in greater detail in a recent paper by Iwata
et al. [10]. Related discussions of theory and nu-
merical calculations can be found in the work of
Gribakin and da Silva [19,20].

2. Overview of experimental techniques

The experiments are conducted in a specially
designed positron accumulator that has been de-
scribed in detail previously [5,12,13,21]. This de-
sign is based on the Penning±Malmberg trap,
which was developed to achieve long-time con-
®nement of electron plasmas [22]. Positrons from a
radioactive 22Na source are ®rst slowed to a few eV
using a neon rare-gas moderator. There is an ap-

plied magnetic ®eld of �0.1±0.15 T in the z di-
rection. The positrons are injected into the
accumulator at energies �30 eV, and inelastic
collisions with N2 molecules are used to trap the
positrons. The accumulator has three `stages',
which we denote as I, II and III, each with suc-
cessively lower gas pressure and electrostatic po-
tential. Following a series of inelastic collisions,
the positrons are trapped in stage III, where the
pressure is <1� 10ÿ6 Torr. The positrons cool to
room temperature in �1 s, and the positron life-
time in the third stage is P40 s, limited by anni-
hilation on the N2 gas. Using this technique, we
are able to accumulate >108e� in a few minutes
from a 90 mCi 22Na source. The lifetime of these
positron plasmas with the bu�er gas removed
ranges from tens of minutes to hours, depending
upon the quality of the vacuum.

2.1. New positron accumulator

The design of the original positron accumulator
(circa 1985) is shown in the upper part of Fig. 1.
This design used two separate magnets with a
pumping port between them in order to achieve

Fig. 1. Shown to scale are the designs of the original (above) and the new positron accumulator (below). The new design is more

compact and less expensive to construct and provides true UHV-quality vacuum and the ability to easily modify the electrode

structure.

4 C.M. Surko et al. / Nucl. Instr. and Meth. in Phys. Res. B 171 (2000) 2±16



the required di�erential pumping. Recently, we
completed the construction of a new accumulator
which eliminates the separate pumping port for the
second stage. The new electrode structure was
designed using a state-of-the-art molecular ¯ow
simulation program, provided by Dr. Tim Bartel
of Sandia National Laboratory [23]. The calcu-
lated pressure pro®le along the magnetic axis
permits a pressure drop from 1� 10ÿ3 Torr in
stage I to 62� 10ÿ8 Torr in stage III in a distance
of �1 m. The accumulator e�ciency is maximized
at a somewhat smaller pressure di�erential, and so
it spans more than the range of pressures of in-
terest. The new design is a signi®cant improvement
in terms of the pressure uniformity in stage II. In
addition, the size of the electrodes and magnet
were reduced, thereby reducing complexity and
cost. The new vessel is an ultra-high vacuum
(UHV) system, bakeable to 130°C, with a base
pressure of 61� 10ÿ10 Torr.

Shown in Fig. 2 is the positron ®lling as a
function of time under conditions in which the
trap is operated to maximize the number of posi-
trons trapped. The depth of the potential well was
lowered from 10 to 15 V during ®lling, since at
these plasma densities, the trapped positrons cre-
ate an appreciable space charge. The maximum
number of positrons trapped is just under 3 ´ 108.

A UHV environment is helpful for many ap-
plications. We have been able to accomplish this in
the new bu�er-gas trap by rapidly pumping out the
gas after the positron ®ll cycle. As shown in Fig. 3,
we are able to cycle stage III from an operating

pressure of 3� 10ÿ7 to <1 ´ 10ÿ9 Torr in a few
seconds. In the resulting UHV environment, the
positron lifetime can be hours, depending upon the
nature of the remaining impurities in the system.
In this vacuum environment, the two-body inter-
action of positrons with test gases can be isolated
and studied without contamination of the data due
to interactions with the bu�er gas molecules. As
described in the next section, this ability to achieve
rapid pump-down of the accumulator will be use-
ful, for example, to shuttle positrons into a sepa-
rate UHV storage and experimentation trap
through a pulsed valve.

2.2. Plan for a UHV low-temperature storage trap

The bu�er-gas trap is attractive for a range of
applications because of the high trapping e�cien-
cy. However, many of these applications require
an ultra-high vacuum (UHV) environment, and
one limitation of the bu�er-gas technique is that
the positrons are initially in a background of ni-
trogen gas at a pressure �3� 10ÿ7 Torr, where the
annihilation time is �60 s. As shown in Fig. 3, we
can create a good vacuum in the trap rapidly by
pumping out the bu�er gas (e.g., in less than a
minute). However, this interrupts the ®lling cycle.
Thus, it is advantageous to combine rapid pump
down of the accumulator with the ability to stack
positron plasmas e�ciently in an UHV environ-
ment. For this purpose, we are building an isolated

Fig. 2. Positron ®lling in the new accumulator for a stage-III

pressure of 3 ´ 10ÿ7 Torr. The depth of the potential well was

increased from 10 to 15 V during the ®ll to compensate for the

space charge of the positron plasma.

Fig. 3. Pressure in stage III of the new accumulator can be

decreased by three orders of magnitude in 10 seconds, providing

rapid access to UHV.
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UHV stage, into which the positrons from the
accumulator can be shuttled repetitively through a
fast pulsed valve. In this way, we can isolate the
e�cient bu�er-gas trapping from the UHV stage.

During positron accumulation, the UHV stor-
age stage will be isolated from the positron trap by
a fast valve. Then the bu�er-gas feed will be
switched-o�, and the trap will be pumped nearly to
base pressure (i.e., �1� 10ÿ10 Torr in less than a
minute). The gate valve will then be opened for the
brief time (6 1 s) required to transfer the positrons
to the storage trap, and the cycle will be repeated.
Long con®nement times and low plasma temper-
atures will be facilitated by applying a magnetic
®eld of 5 T in the storage trap. In the 5 T ®eld, the
cyclotron radiation time is �0.2 s. We plan to cool
the walls to 4 K, and so the plasma will cool
radiatively to approximately the wall temperature.
The cold walls should provide excellent vacuum
(e.g., pressures much less than 10ÿ11 Torr). The
trap will have a `rotating wall' electrode for con-
trol of plasma density and increased con®nement
[24]. Using this device, we are likely to be able to
achieve an `in®nite' con®nement time, as has been
done in the case of electron plasmas. In Table 1,
the operation of the old positron accumulator is
compared with that expected for the new accu-
mulator and UHV storage stage. We assume a 6
min trapping cycle including 1 min to pump out
the bu�er gas and a positron loading rate of 3 ´ 108

per cycle which corresponds to a rate of 3 ´ 109

positrons per hour.
This new storage trap should be useful for a

number of experiments. It e�ectively decouples the
e�cient bu�er-gas accumulation process from the
reservoir of cold positrons, which can then be
tapped as required in an optimum manner, as
needed for the particular experiment at hand. One
potential application of this trap will be the pro-
duction of low-energy antihydrogen [25], where
high-density positron plasmas are required.
Another application, positron ionization for mass-
spectroscopy, can exploit the fact that the posi-
trons in the storage trap are in a magnetic ®eld
large enough to con®ne large-mass ions. Thus, the
interaction time of the positrons and molecules can
be made long, with no loss of the ions produced.

2.3. Techniques for studying positron interactions
with atoms and molecules

We brie¯y summarize the techniques for
studying the interaction of positrons with atoms
and molecules at low energies that are made
available by this positron accumulator technology.

Annihilation rates. Positron annihilation rates
are measured by allowing the positrons to interact
with the test gas, at a given gas pressure for a ®xed
time, and then measuring the number of positrons
remaining by dumping them on a collector or an-
nihilation plate. This rate is found to be a linear
function of test gas pressure, and the slope gives
Zeff . These experiments can typically be done ei-
ther with the N2 bu�er gas present or absent.

Gamma-ray spectra. A high-purity Ge detector
is used to measure the spectra of the annihilation
gamma-ray radiation in a stage of the accumulator
positioned in close proximity to the detector.
Good statistics on test molecules can be obtained
in a few hours or less because of the long positron-
con®nement times in the accumulator. The width
of the gamma-ray line gives information about the
quantum state (e.g., the particular molecular or-
bital) of the annihilating electron. In particular,
the width is dominated by the momentum distri-
bution of the valence electrons in the atom or
molecule. Examples of gamma-ray spectra from
H2 and Ne are shown in Fig. 4.

Table 1

The operation of the new accumulator and the planned UHV

storage stage are compared with that of the old positron ac-

cumulatora

Parameter Old trap New trap and

UHV stage

Source strength

(mCi)

70 95

Positrons per cycle 2 ´ 108 �3� 108

Cycles per hour n.a. 10

Positrons per hour n.a. �3� 109

Density (cmÿ3) �2� 106 b >1 ´ 1010 c

Base pressure

(Torr)

3 ´ 10ÿ10 <1 ´ 10ÿ11 (cold)

a Based on current new-trap performance
b One cycle in a 0.1 T ®eld.
c One hour accumulation in a 5 T ®eld.
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Varying positron temperature. We have devel-
oped the ability to heat the trapped positrons in
order to study the dependence of the annihilation
process on positron energy. This is done by ap-
plying a low-level of broad-band radio-frequency
noise to one of the electrodes. Positron tempera-
ture is measured as a function of time by lowering
the trapping potential and measuring the escaping
tail of the positron distribution [17]. This tech-
nique is applicable for positron energies up to
about 0.5 eV for atoms (e.g., noble gases) and up
to a few tenths of an eV for molecules. For higher
energies, it is di�cult to heat the positrons and
maintain a Maxwellian distribution. In molecular
gases, it is likely that the dominant positron en-
ergy-loss mechanism is the excitation of high-
frequency vibrational modes and this limits
the thermalized positron distribution to energies
6 0:2 eV.

Cold positron beam. While sources of cold
electron beams are common, this is not true for
positrons. Recently, we developed a method to
create a state-of-the-art cold positron beam using
trapped positron plasmas in the accumulator
[11,26,27]. The beam energy can be tuned over a
very wide range from �0.1 eV upwards. The

experimental arrangement is illustrated in Fig. 5(a).
Positrons are accumulated and cooled in a Pen-
ning±Malmberg trap. Then the potential of the
bottom of the trap is raised, forcing the particles
over a ®xed-height potential barrier [energy E0 in
Fig. 5(a)], and this sets the energy of the beam. The
spread in parallel energies of the beam can be as
low as (or actually somewhat lower than) the
temperature of the plasma in the potential well.
Shown in Fig. 5(b) are data for the energy reso-
lution of a positron beam created using this tech-
nique. We have been able to operate the beam in
both continuous and pulsed modes, with the latter
accomplished by reducing the depth of the con-
®ning potential well in small steps rather than
continuously.

In a paper elsewhere in this volume [18], we
describe progress on two topics that could not be
addressed previous to the development of this
beam, due to the lack of a suitable low-energy
positron source. In particular, we have been able
to study the excitation of molecular vibrations by
positrons and also to measure the low-energy dif-
ferential elastic scattering cross-sections [11]. Also
discussed elsewhere are plans to use the cold beam
and scattering geometry to address other topics

Fig. 5. (a) schematic diagram of the arrangement used to create

a cold positron beam, and (b) the retarding-potential curve and

energy distribution (see [26,27]).

Fig. 4. Observed gamma-ray annihilation spectra from H2

molecules (s) and Ne atoms (d). Solid lines are drawn as a

guide to the eye. The spectra are normalized to unity at the

peak. The dotted line indicates the detector resolution (see [9]).
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[11,18]. For example, we hope to be able to study
elastic scattering in the regime where ka �1, where
k is the momentum of the positron and a is the
s-wave scattering length (both in atomic units). In
this limit, both the sign and magnitude of the
scattering length, a, can be measured, and these
quantities provide important information about
positron±atom and positron±molecule bound
states.

We believe that the limits of energy resolution
of the cold positron beam have yet to be reached,
even with the present apparatus. An exciting
possibility would be to form the beam in the low-
temperature UHV storage trap discussed in Sec-
tion 2.2. In this case, it should be possible to form
beams with energy spreads comparable to the
cryogenic positron temperature (e.g., �4 K, which
corresponds to <1 meV).

3. Positron annihilation in atoms and molecules at

low energies

We present here an overview of experimental
studies of the annihilation of low-energy positrons
on atoms and molecules, with emphasis on the
large values of Zeff that are observed in large
molecules. We also discuss brie¯y theory and cal-
culations to understand this e�ect. Many of the
experiments are discussed in more detail in a recent
paper by Iwata et al. [10].

3.1. Zeff for atoms and molecules

Murphy and Surko discovered an empirical
scaling relation between the logarithm of Zeff and
the quantity (Ei ) EPs), where Ei is the ionization
energy of the atom or molecule and EPs is the
binding energy of a positronium atom [21]. This
scaling is valid for all the atoms and single-bonded
nonpolar molecules. In particular,

ln�Zeff� � A�Ei ÿ EPs�ÿ1
; �2�

where A is a positive constant. This scaling is il-
lustrated in Fig. 6. There is no apparent distinction
between atoms and molecules. This scaling was

found not to be a good predictor of Zeff for polar
molecules or ones with double bonds. The peak-
to-peak spread in measured Zeff values is generally
better than one order of magnitude. To the extent
that this simple relation matches the data, this
scaling indicates that it is the electronic structure
of the molecule that determines the annihilation
rate. In this picture, other aspects of molecular
structure, such as the character of the vibrational
modes, appear to play a relatively minor role in
determining the annihilation rate.

3.2. Identi®cation of annihilation sites from the
gamma-ray spectra

As discussed above, the annihilation gamma-
ray spectrum contains information about the mo-
mentum distribution of the electrons participating
in the annihilation process. In a precision experi-
ment in helium, we were able to test a state-of-the-
art theoretical calculation of positrons interacting
with this atom, by measuring the gamma-ray an-
nihilation lineshape [28]. These results were com-
pared with calculations by Van Reeth and
Humberston, using the Kohn variational approx-
imation and very accurate wave functions [28].
Theory and experiment are in agreement over

Fig. 6. Scaling of Zeff with (Ei ) EPs)
ÿ1: (�) noble gases, (O) H2,

(.) SF6, (s) alkanes, (M) per¯uorinated alkanes, (n) perchlo-

rinated alkanes, and (r) CBr4 (see [21]).
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three orders of magnitude in spectral amplitude.
The challenge is to extend this level of under-
standing to larger atoms and molecules.

We have made annihilation rate and gamma-
ray spectral measurements for a wide range of
molecules [4,8,9]. A particularly signi®cant exper-
iment was the study of annihilation sites in alkanes
and partially ¯uorinated hydrocarbon molecules.
Fig. 7(a) shows the observed line widths of the
gamma-ray spectra for alkanes plotted against the
fraction of valence electrons in C±C bonds. The
momentum distributions of electrons in the C±H
and C±C bonds of hydrocarbons have been cal-
culated and found to be distinctly di�erent [29].
The linear relationship observed in Fig. 7(a) leads
us to conclude that positrons annihilate with equal
probability on any valence electron in the alkane
molecules. Similarly, we have found that the
measured gamma-ray spectra from partially ¯uo-
rinated hydrocarbons can be ®t accurately using a
linear combination of the experimentally measured
(analogous) hydrocarbon and per¯uorinated car-
bon spectra (e.g., by ®tting the C2H5F spectrum
with the measured C2H6 and C2F6 spectra) [9].
These ®ts yield the fraction of annihilations on
¯uorine atoms. The resulting values are plotted
against the fraction of valence electrons on ¯uo-
rine atoms in Fig. 7(b). As in the case of the alk-
anes, the linear relationship indicates that
positrons annihilate with equal probability with

any of the valence electrons in the ¯uorinated and
partially ¯uorinated hydrocarbon molecules.
Thus, it appears to be a general result that low-
energy positrons annihilate with approximately
equal probability on any valence electron. This can
be interpreted to mean that the positron has a
relatively long de Broglie wavelength in the vicin-
ity of the molecule and consequently interacts with
roughly equal probability with any of the valence
electrons. This is in contrast to the case where the
positron is localized at a speci®c molecular site, as
would be expected in a tight-binding model.

The conclusion reached from these experiments
is in agreement with the calculations of Crawford
[30], who considered the fragmentation of mole-
cules following positron annihilation. He found
that most valence molecular orbitals produce
comparable annihilation probabilities, and since
the highest lying molecular orbital does not
dominate the annihilation process, the molecule
is typically left in an excited electronic state.
In Crawford's theory, these excited states lead to
the extensive fragmentation that is observed in
experiment at low values of incident positron
energy.

The positron-nuclear potential is repulsive, and
so the low-energy positrons do not penetrate ap-
preciably into the electron cloud. Thus, it is not
surprising that annihilation occurs predominantly
on the valence electrons [9]. However, a small

Fig. 7. (a) Gamma-ray line width (�) for alkanes, plotted against the fraction of valence electrons in C±C bonds, and (ÿ) a ®t to the

data. (b) Fraction of annihilation on ¯uorine atoms (�) for partially ¯uorinated hydrocarbons, plotted against the fraction of valence

electrons on these atoms, and (ÿ) the line y� x. These linear relationships provides evidence that positrons annihilate with approx-

imately equal probability on any valence electron (see [9]).
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fraction of positrons can tunnel through the re-
pulsive potential and annihilate with inner-shell
electrons, and this leads to much broader compo-
nents in the spectra [31]. We are now able to study
this e�ect experimentally [32]. As an example, the
gamma-ray spectrum for Xe is shown in Fig. 8.
The annihilation gamma-ray spectrum from each
subshell was calculated using the static Hartree±
Fock approximation [32]. We found that we are
able to ®t the observed spectrum by adjusting the
amplitude of the calculated inner-shell spectrum
relative to that of the valence electron component.
This ®t indicates that 2.4% of the positrons anni-
hilate with inner-shell electrons in Xe. Similar
studies of other noble gases indicate 1.3% inner-
shell annihilation in Kr and less than 0.2% in Ar.
Based on these results, we expect that inner-shell
annihilation should generally occur at the few
percent level in heavier atoms, and is likely to be
much less frequent (e.g., 60.1% of the annihila-
tions) in light atoms, such as carbon.

3.3. Dependence of annihilation rates on positron
temperature

Using the technique described above to heat the
positrons in the accumulator, we have been able to

study the dependence of annihilation rates on
positron temperature for noble gas atoms [17]. The
measured values of Zeff are plotted in Fig. 9, where
the data are normalized to their room-temperature
values. The theoretically calculated temperature
dependences, based on the polarized orbital ap-
proximation, are shown for Ne, Ar, Kr and Xe
[33±35], and the calculation described in Section
3.2 for He [28], are also shown in the ®gure. While
these predictions for the dependence of Zeff on
temperature are in excellent agreement with ex-
periment, we note that the predicted and measured
absolute values of Zeff (for noble gases heavier
than He) do not agree well [8,35,36].

We have also made the ®rst studies of the
positron-temperature dependence of annihilation
rates for molecules [10]. These experiments have
the potential to shed light on a number of issues,
such as the role of molecular vibrations in the
anomalously large annihilation rates observed for
large molecules. Shown in Fig. 10 are data for
three alkane and deuterated alkane molecules. The
data show approximately universal behavior for
these molecules. In contrast, these molecules have
very di�erent absolute values of Zeff , ranging from
methane with Zeff �150 to butane with Zeff � 104.
The plateau at higher positron temperatures may
be due to the excitation of molecular vibrations.
As discussed below, we expect to be able to

Fig. 8. Positron annihilation gamma-ray spectrum from Xe: (s)

Experimental data, (±) ®t using a theoretically calculated

spectra with 2.4% inner-shell component; (� � � � � �) the corre-

sponding valence electron and (- - -) inner-shell electron

component (see [32]).

Fig. 9. Temperature dependence of positron annihilation rates

on noble gases. Experimental data: (d) He, (s) Ne, (h) Ar, (M)

Kr, and (}) Xe. Also shown are theoretical calculations, using

the Kohn variational approximation for He (ÿÿ) [28] and

the polarized orbital approximation for the other atoms (Ð)

[33±35] (see [17]).
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address a number of important questions with
extensions of these kinds of measurements to
higher positron energies using the cold positron
beam. For example, as shown in Fig. 11, ¯uori-

nated hydrocarbons exhibit a di�erent behavior at
the higher positron energies than that observed for
the alkanes. It will also be interesting to study this
e�ect in chemical species, such as chlorocarbons
and bromocarbons.

A large-scale computer calculation has been
carried out recently for low-energy positrons in-
teracting with ethelyne (C2H4) [20]. The results for
Zeff and its temperature dependence, which are
plotted in Fig. 12, agree well with our measure-
ments [10]. We note that this calculation does not
take into account the vibrational motion of the
atoms. Thus the relatively large value of Zeff that is
predicted is due to the nature of the electronic states
(i.e., not the vibrational states) in the molecule.

The data at smaller values of positron energy in
both Figs. 10 and 11 can be ®t to a power law of
the form Zeff � Tÿg, with g � 0:5. The possible
signi®cance of this scaling is discussed in the pa-
pers by Iwata et al. [10] and Gribakin [19].

3.4. Other experiments

The question has arisen as to the possible role
that vibrational excitations play in the large Zeff

values that are observed in large molecules. To test
this, the annihilation rates of deuterated and
protonated alkanes were measured systematically,
and the results are shown in Fig. 13 [10]. The

Fig. 11. Dependence of annihilation rates on positron temper-

ature: (d) methane (CH4), and (s) ¯uoromethane (CH3F). The

annihilation rates are normalized to their room-temperature

values. The dotted line (� � �) is an exponential ®t to the lower

temperature data with an exponent of ÿ0:53 (see [10]).

Fig. 12. Temperature dependence of the annihilation rate for

ethylene; experiment (�) and calculation (ÿ) [20]. The dashed

line (- - -) is the calculation scaled by a factor of 1.3 (see [10]).

Fig. 10. Temperature dependence of the annihilation rates for

methane (s), deuterated methane (M), and butane (d). The

dotted line (� � �) is a power-law ®t to the data at low tempera-

tures, yielding a coe�cient of ÿ0:55 (see [10]).

C.M. Surko et al. / Nucl. Instr. and Meth. in Phys. Res. B 171 (2000) 2±16 11



annihilation rates for the deuterated and proto-
nated alkanes are very similar if not identical.
While a factor of 2±3 change in annihilation rate
was observed previously for deuterated benzenes
[8], the systematic study of alkanes presented here
does not provide support for a mechanism in
which the positron forms long-lived vibrationally
excited resonant states with molecules. This nega-
tive result would be natural if the annihilation
process involved only electron±positron degrees of
freedom. Another possibility is that only low-fre-
quency vibrational modes are involved in the for-
mation of positron-molecule resonances (i.e., the
low frequency modes in alkane molecules would
not be changed signi®cantly by deuteration).

Systematic study of Zeff in hydrocarbons as a
function of ¯uorine substitution has also proven
interesting. These experiments are described in
more detail in the paper by Iwata et al. [10]. The
annihilation rate is found to be nonmonotonic in
the number of ¯uorine atoms added. It increases
with the addition of one ¯uorine, and then de-
creases signi®cantly for larger numbers of ¯uo-
rines. All fully ¯uorinated compounds studied
have much lower values of Zeff than the analogous
hydrocarbons. Gribakin has constructed a theory
in which this e�ect is due to a change in the nature
of the positron±molecule potential with the sub-
stitution of ¯uorines for hydrogen atoms [10,19].
In this picture, positrons are predicted to bind to
the hydrocarbons but not to the fully ¯uorinated
molecules. The maximum in Zeff is then explained

as the positron-molecule potential for which
bound level goes to zero and the scattering length
diverges. We refer the reader to the papers by
Iwata et al. and Gribakin for further details
[10,19].

3.5. Relationship to theory

Current theory and calculations regarding
positron annihilation in molecules can be found in
the work of Gribakin [19] and da Silva et al. [20].
Gribakin has considered two mechanisms for an-
nihilation. One is direct annihilation, which can be
enhanced by an attractive positron±molecule in-
teraction, including the possible presence of posi-
tron±molecule bound states. A second mechanism
is resonant annihilation, which can lead to larger
values of Zeff if the excitation of molecular vibra-
tions occurs in the presence of an attractive posi-
tron-molecule potential. Gribakin estimates that
direct annihilation is capable of giving Zeff 6 103,
while resonant annihilation, which involves posi-
tron capture into the vibrationally excited states of
the positron±molecule complex, can produce val-
ues of Zeff as large as 108.

In the case of direct annihilation, large annihi-
lation rates will be observed if there are weakly
bound states or low-lying virtual levels. Studies of
annihilation in ¯uorinated hydrocarbons lend
support to this picture [10]. For molecules that
possess a broad spectrum of vibrational reso-
nances, Gribakin predicts that resonant annihila-
tion will dominate. To test this model, we
conducted measurements of annihilation rates of
deuterated alkanes, illustrated in Fig. 13 [10]. This
test did not provide support for the predictions of
the simplest interpretation of the resonant anni-
hilation model.

These two annihilation mechanisms do not in-
volve Ps formation in a direct way. In addition,
resonant annihilation directly involves the molec-
ular vibrations. In contrast, the empirical scaling
described by Eq. (2) seems to indicate that the
dominant mechanism for enhanced annihilation
rates involves only the electronic structure of the
atom or molecule (i.e., not the molecular vibra-
tional modes). We speculate that, if there were
low-lying electronic excitations of a positron±atom

Fig. 13. The ratios of Zeff for deuterated alkanes to those for

protonated alkanes, plotted as a function of the number of

carbon atoms, j (see [10]).
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or molecule complex, then a resonance model such
as that described above might be possible. In this
case, the resonant modes would now be electronic,
as opposed to vibrational, in nature. To our
knowledge, there is no analogous phenomenon
involving low-lying electronic excitations in elec-
tron±molecule interactions, and so the positron
would have to play a fundamental role in these
modes. We have speculated previously that the
Murphy scaling might correspond to a physical
picture of a Ps atom moving in the ®eld of the
positively charged molecular ion. Short-range
correlations between the positron and electrons
would be important in producing large annihila-
tion rates. It poses a challenge to theory to include
short-range correlation into the scattering
problem.

Recent advances in computational approaches
have enabled large-scale calculations of positron-
molecule interactions to be carried out for small
molecules such as ethylene. The agreement between
theory and experiment for ethylene, illustrated in
Fig. 12 is encouraging [20]. Vibrational motion
is not included in these calculations. The large
annihilation rate that is predicted and observed
illustrates the importance of short-range electron-
positron correlations in determining annihilation
rates. If these calculations could be done for larger
molecules, they would o�er the possibility of testing

the theoretical prediction that vibrations are re-
quired for annihilation rates Zeff P 103.

4. Possibilities for future experiments

We take the opportunity to describe some im-
portant open questions and experiments that are
either possible now, or will be in the near future, to
answer these questions. Continuing in the spirit of
this paper, we highlight experiments that use the
positron trapping and cold beam technologies to
study positron annihilation in atoms and mole-
cules. In the paper by Gilbert et al., elsewhere in
this topical issue [18], we make similar comments
about the potential of the cold positron beam to
extend our knowledge of low-energy positron in-
teractions with atoms and molecules through
scattering experiments.

Annihilation studies with the cold positron beam.
Annihilation-rate measurements as a function of
positron energy for a wide range of energies (i.e.,
0:16E6EPs, where E is the positronÕs energy) can
be accomplished by passing the cold positron
beam through a gas cell. A schematic diagram of
such an experiment is shown in Fig. 14. The
gamma-ray detector should be designed to opti-
mize collection e�ciency, while minimizing the
background due to positron annihilation on other

Fig. 14. Schematic diagram of apparatus proposed to measure annihilation rates as a function of positron energy using the cold beam.

The energy resolution and range of positron energies that can be studied is much greater than that which can be achieved by heating the

positrons in the accumulator.
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than the target atoms or molecules. The signal will
be proportional to the Zeff of the speci®c atom or
molecule. For example, for C6H14 at a pressure of
10ÿ5 Torr, Zeff � 120,000, and we expect a count
rate of �105 h. For methane and helium at pres-
sures of 10ÿ3 Torr, we expect count rates of �104

and 100 hÿ1, respectively. Study of methane and
larger molecules should be possible in a single pass
of the positron beam. The signal to noise for
smaller molecules and atoms will depend upon the
magnitude of the background signal. The sensi-
tivity of this experiment could be greatly improved
if the beam makes multiple passes in the gas cell
without too much energy loss. The acceptable
number of transits, still maintaining good energy
resolution, will be determined by the rate at which
the positrons lose energy through inelastic scat-
tering. This can be determined by trapping the
positrons for a varying amounts of time and then
measuring the energies of the trapped positrons.

Laricchia and Wilkin have raised the intriguing
question as to the asymptotic form of Zeff when
the positron energy is increased to EPs [37,38].
There is general agreement that, below the
threshold for positronium formation, Zeff will di-
verge as a function of the parameter
n�E ) Ei + EPs, where Ei and EPs are de®ned in
Eq. (2). Laricchia and Wilkin predict that
Zeff � nÿ1, while Humberston and Van Reeth
[39,40] and Dzuba et al. [36] predict Zeff � nÿ1=2.
This can be tested using the cold positron beam
and the apparatus as shown in Fig. 14.

Materials with low vapor pressures. A number of
outstanding questions regarding positron annihi-
lation in atomic and molecular species have proven
di�cult to study experimentally at room temper-
ature due to the relatively low vapor pressure of
the particular material. For example, as we have
discussed, annihilation rates for large molecules
are typically much larger than can be explained on
the basis of simple collisions. The largest alkane
studied to date is C16H34 [12]. It is expected that
the annihilation rate per molecule will saturate as a
function of molecular size for molecules moder-
ately larger than this (i.e., when each collision
leads to an annihilation, which would correspond
to a positron dwell time on the molecule �10ÿ10 s)
[8].

This and other experiments discussed below
would be possible if the annihilation cell contain-
ing the test gas (e.g., shown in Fig. 14) could be
elevated in temperature (e.g., T 6 350±500 K).
However, because of the proximity of this cell to
the positron accumulator, the design of such an
experiment will be a challenge. Excellent vacuum
isolation of the gas cell from the positron accu-
mulator will be required, since these materials are
expected to have very large annihilation rates, and
so they present a serious source of contamination
of the positron accumulator. Since they have low
vapor pressures, they will be di�cult to remove
from walls of the accumulator vacuum chamber,
even at elevated temperatures. We believe that
both geometrical isolation (i.e., avoiding line-of-
sight connection between the hot cell and the ac-
cumulator) and cold walls in the isolation stage
will be necessary.

Another interesting candidate for study in an
annihilation cell at elevated temperatures would be
the large hydrocarbon molecule, pyrene, which is
composed of an arrangement of four benzene
rings. It is prototypical of polycyclic aromatic
(`PAH') molecules present in the interstellar me-
dium and is expected to have values of Zeff in ex-
cess of 107. The high annihilation rate of this
molecule has potentially important implications in
astrophysics [41]. The high-temperature annihila-
tion cell described here would also permit study of
atomic clusters, such as C60.

Atomic species with low vapor pressures at
room temperature will also be of interest. For ex-
ample, metal atoms can provide an important test
of the empirical scaling law for Zeff , given by
Eq. (2). This relationship holds for all atoms
studied to date. If this holds true in general, then
atoms such as gold, zinc and cadmium would be
predicted to have Zeff values larger than dodecane
(i.e., C12H26, with Zeff � 2� 106), and atoms such
as lead, bismuth, silver and tin would have even
larger annihilation rates. All theories of high an-
nihilation rates of which we are aware require in-
ternal degrees of freedom of the target species,
such as molecular vibrations. If metal atoms also
have very high values of Zeff , this would imply that
the electronic degrees of freedom of the positron-
target complex are su�cient to observe this
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remarkable e�ect (i.e., as mentioned above), which
would be contrary to conventional wisdom.

Auger electrons. The measurements of annihi-
lation on inner shell electrons in noble gas atoms
provide quantitative predictions for the frequency
at which Auger electrons will be produced in the
annihilation process. We should be able to test this
experimentally by measuring directly the produc-
tion rate of these Auger electrons.

Positron ionization and fragmentation. The
ionization of molecules by positron annihilation
was ®rst studied by Passner et al. [42]. Later,
Hewlett and co-workers studied many aspects of
this e�ect in detail [43]. One very interesting phe-
nomenon is their discovery that, at the threshold
for positronium formation, the ions do not frag-
ment, while both below and above this energy,
there is extensive fragmentation. Many open
questions remain regarding this phenomenon. It is
a potentially important means to ionize large
molecules for mass spectroscopic analysis, where
varying and controlling fragmentation is an im-
portant issue. With the cold positron beam, one
could study with greater precision the phenome-
non of reducing fragmentation when the positronÕs
energy is tuned to the threshold for positronium
formation. The high-®eld trap described in Section
2.2 o�ers the potential to con®ne the heavy-ion
fragments produced by annihilation, thereby
exploiting the long positron con®nement time
available with a positron trap to maximize the
positron-molecule interaction, but without losing
the ions produced via annihilation.

5. Summary

This paper presents an overview of the ongoing
development of accumulator-based technology for
manipulating positron plasmas, and the use of this
technology to study the interaction of low energy
positrons with atoms and molecules. There has
been much progress in this area. Relatively com-
pact, robust and less expensive positron accumu-
lators are now available that can furnish positrons
e�ciently to a UHV environment for experiment.
Accumulator-based, cold positron beams are in
their infancy, but they have now begun to be used

in atomic physics experiments. These technological
advances enable a broad range of experiments to
study the interaction of low-energy positrons with
atoms and molecules.

Many interesting topics remain to be addressed
in this area. The cold beam will enable the study of
the vibrational excitation of molecules by posi-
trons and careful searches for resonances in atomic
cross sections. It also o�ers the opportunity to
study di�erential elastic scattering cross sections at
low energies (e.g., less than 1 eV). New tools are
available to study annihilation in large molecules
to understand the origin of the large annihilation
rates that have been observed. A natural extension
of this work would be to study annihilation in
atomic clusters and dust grains. This would make
the connection between the atomic and molecular
physics, which is the focus of this paper, and
condensed matter physics and astrophysics. The
experimental advances described here, coupled
with recent progress in the theory of positron-at-
om and positron-molecule interactions, bode for
an interesting future for science in this area.
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