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We show that the annihilation dynamics of excited positronium (Ps) atoms can be controlled using
parallel electric and magnetic fields. To achieve this, Ps atoms were optically excited to n ¼ 2 sublevels in
fields that were adjusted to control the amount of short-lived and long-lived character of the resulting mixed
states. Inclusion of the former offers a practical approach to detection via annihilation radiation, whereas
the increased lifetimes due to the latter can be exploited to optimize resonance-enhanced two-photon
excitation processes (e.g., 13S → 23P → nS=nD), either by minimizing losses through intermediate state
decay, or by making it possible to separate the excitation laser pulses in time. In addition, photoexcitation of
mixed states with a 23S1 component represents an efficient route to producing long-lived pure 23S1 atoms
via single-photon excitation.
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Positronium (Ps) is an atomic system composed of an
electron bound to a positron and has several unique
properties, the most striking of which are its low mass
(MPs ¼ 2me) and the fact that it can decay through various
annihilation pathways [1]. Electron-positron annihilation
requires overlap of the particle wave functions [2] and in Ps
is therefore dependent on the square of the radial wave
function at the origin. This is zero for states with l > 0 [3].
Higher order annihilation processes can occur for states
with l > 0 but are strongly suppressed [4] and in practice
direct Ps annihilation occurs only from the ground 11S0 and
13S1, and metastable 21S0 and 23S1 levels. The inhibition
of Ps annihilation in states with l > 0 is the basis for
several proposed schemes to manipulate annihilation rates
using resonant and nonresonant laser fields [5–11]. More
complex strategies have also been suggested [12,13],
although these have also not yet been experimentally
demonstrated.
The radiative decay and annihilation time scales in the

n ¼ 2 manifold in Ps span an enormous range: The 21S0
level is radiatively metastable, fluorescing on a time scale
of ≃0.24 s [3], but annihilating in 1 ns; conversely the
23P0;1;2 levels decay by fluorescence to the 13S1 state in
3.19 ns, but their annihilation lifetimes exceed 100 μs [4].
The 23S1 level is also metastable and fluoresces
in ≃0.24 s, but has an annihilation lifetime of ∼1.14 μs
[1]. It is the disparate properties of these states that make
the approach described here to manipulating decay rates
particularly effective.
We report the results of experiments in which Ps

annihilation rates in a weak magnetic field are manipulated
using parallel electric fields. This combination of fields
permits control over the spin multiplicity and orbital
angular momentum character of the n ¼ 2 sublevels
accessible by single-photon excitation from the 13S1
ground state. By increasing the 21P character of mixed

states in the fields, radiative decay to the short-lived singlet
ground state (11S0) can be maximized. Similarly, mixing in
21S character can lead to n ¼ 2 annihilation. These rapid
annihilation pathways can be exploited to trigger efficient
and controllable detection. Conversely, introducing 23S
character to short-lived 23P levels can significantly increase
their lifetimes, reducing losses by radiative decay and
increasing the efficiency of multiphoton excitation toward
higher-lying states. Single-photon excitation of mixed
states which possess 23S and 23P character will also permit
isolation of samples of pure 23S1 atoms if excitation is
followed by extraction from the electric field.
The experimental procedures employed here have been

described elsewhere [14]. Positrons captured from a
β-decay source are stored in a Surko-type Penning trap
[15] from which pulses with ∼105 particles are ejected each
second. These pulses have Gaussian spatial distributions
with full width at half maxima (FWHM) of ∼3 mm on
target, and are < 5 ns in duration. The positrons are
accelerated to 2.5 keV and implanted into a porous silica
(SiO2) film [16] in a magnetic field of 13 mT. Ps atoms are
produced with an efficiency of ∼30% and a mean kinetic
energy of ∼50 meV [17]. Following emission from the
SiO2 target the Ps atoms form a rapidly expanding dilute
gas with an initial density of ∼107 cm−3. These atoms were
excited via single-photon 13S1 → 23P0;1;2 transitions,
driven using pulsed (∼6 ns FWHM) ultraviolet laser
radiation with a wavelength of ≃243.01 nm. A laser with
a large bandwidth (85 GHz) was employed in order to
address a significant fraction of the Doppler broadened
(> 500 GHz) transition linewidth [17]. Peak laser inten-
sities of ≤ 0.5 MW=cm2 were obtained, corresponding to
Rabi frequencies ≤ 20 GHz, and in principle permitting
11S0 [decay rate, ΓS

ann ¼ ð125 psÞ−1 ¼ 8 GHz] and 13S1
[ΓT

ann ¼ ð142 nsÞ−1 ¼ 7 MHz] states to be excited.
However, owing to the few nanosecond emission time
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from the SiO2 target [18], only atoms in the 13S1 state
interacted with the laser.
The electric field in the photoexcitation region in front of

the SiO2 target was controlled by a metallic grid, oriented
parallel to the target, through which the incident positron
beam passed. In this configuration electric fields up to
3 kV=cm could be applied without significantly affecting
the properties of the ground state Ps atoms. Ps annihilation
radiation was measured using single-shot lifetime spec-
troscopy [19]. A PbWO4 scintillator, optically coupled to a
photomultiplier tube (PMT) [20], was located approxi-
mately 5 cm from the target region. The PMT anode was
connected directly to a fast oscilloscope, such that the time-
dependent voltage output constituted a lifetime spectrum.
The quantity of long-lived Ps atoms is characterized by a
parameter f, the fraction of the total integrated lifetime
spectrum in a selected time window, here 30–600 ns.
Changes in Ps decay rates arising from laser excitation
are characterized by comparing f values obtained with
(fon), and without (foff ) the laser present, via the parameter
Sγ ¼ ðfoff − fonÞ=foff . Sγ therefore represents the frac-
tional change in the number of longer-lived excited Ps
atoms present relative to the unperturbed 13S1 population.
Thus, positive (negative) Sγ values indicate increased
(decreased) annihilation rates relative to the 13S1
decay [14].
The effects of the combined Stark and Zeeman inter-

actions on the manifold of n ¼ 2 states were calculated by
determining the eigenvalues and eigenvectors of the cor-
responding Hamiltonian matrix in an jnSlJMJi basis.
Following the convention of Bethe and Salpeter [3], S is
the total spin quantum number of the electron-positron
system, l is a single-particle orbital angular momentum
quantum number, J is the total orbital angular momentum
quantum number, and MJ is the projection of J onto the z
axis defined by the external fields. In this basis the diagonal
matrix elements correspond to the energies of the 21S0,
21P1, 23S1, and 23P0;1;2 levels in the absence of the
fields [21,22].
The weak magnetic field ~B ¼ ð0; 0; BÞ couples states for

which Δl ¼ 0, ΔMJ ¼ 0, and ΔS ¼ �1; i.e., it couples
singlet and triplet levels with the same orbital angular
momentum. On the other hand, the parallel electric field
~F ¼ ð0; 0; FÞ couples states for whichΔl ¼ �1,ΔMJ ¼ 0,
andΔS ¼ 0; i.e., it couples 2S and 2P levels of the same spin
multiplicity. Calculating the eigenvalues of the Hamiltonian
for B ¼ 13 mT in a range of electric fields leads to the
energy level diagram in Fig. 1(a). As the electric field
increases the 2S and 2P terms, which are nondegenerate
in zero field, gradually mix, giving rise to approximately
linear Stark energy shifts for F ≳ 1 kV=cm. Under these
conditions the wave functions of the outermost sublevels,
shifted to higher and lower energies in the field, contain
approximately equal amounts of 2S and 2P character.

Although the 13 mT magnetic field only weakly perturbs
the energies of the Stark sublevels, the singlet-triplet
mixing induced by this field does introduce nonzero singlet
character into the l-mixed triplet Stark states. This does not
significantly affect the excited state decay pathways when
F ¼ 0, but has a noticeable effect in fields close to F ¼
585 V=cm as can be seen in Fig. 1(b). In this figure the
Stark energies of the states in zero magnetic field are
indicated by the dashed curves, while those for B ¼ 13 mT
are indicated by the color maps representing the fractional
23P2 ðMJ ¼ 0Þ (upper panel), and 21P1 ðMJ ¼ 0Þ (lower
panel) character of each. At this position in the Stark map
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FIG. 1 (color online). (a) Calculated Stark energy level diagram
for n ¼ 2 levels of Ps in a parallel magnetic field of B ¼ 13 mT.
The energies on the vertical axis are displayed with respect to
the n ¼ 2 energy given by the Rydberg formula. The 85 GHz
bandwidth of the laser encompasses the entire n ¼ 2 Stark
manifold. (b) Expanded view of the region at the avoided
crossing between the 23P2 ðMJ ¼ 0Þ and 21P1 ðMJ ¼ 0Þ
sublevels highlighted by the shaded red rectangle in (a). The
color map in the upper [lower] panel in (b) indicates the 23P2

ðMJ ¼ 0Þ [21P1 ðMJ ¼ 0Þ] character of each sublevel at the
avoided crossing. The dashed lines in each panel indicate the
Stark shifts of each sublevel when B ¼ 0. The color scale in
the lower panel is common to both.
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the singlet-triplet mixing induced by the magnetic field is
enhanced. This is because the electric field shifts the states
that adiabatically evolve to the 23P2 ðMJ ¼ 0Þ and 21P1

ðMJ ¼ 0Þ sublevels in zero-field such that they are almost
degenerate. The coupling induced by the magnetic field
then gives rise to an avoided crossing [Fig. 1(b)] at which
each of the interacting states possess ∼50% 23P2 ðMJ ¼ 0Þ
and ∼50% 21P1 ðMJ ¼ 0Þ character, permitting efficient
photoexcitation from the 13S1 state followed by fluores-
cence to the short lived 11S0 state.
The effects of the fields on the annihilation dynamics of

the excited Ps atoms were observed experimentally by
tuning the wavelength of the laser to 243.01 nm and
scanning the electric field in the excitation region. The
results of such measurements, with the laser radiation
linearly polarized parallel and perpendicular to the z axis,
are presented in Figs. 2(a) and 2(b), respectively. The
effects of the laser polarization arise from the character-
istics of the n ¼ 2 excited states that are accessible under
the selection rules for electric-dipole transitions from the
MJ ¼ 0, �1 sublevels of the 13S1 state in each case. With
the laser radiation polarized parallel to the z axis, Fig. 2(a),
ΔMJ ¼ 0 transitions to the outer triplet Stark states
dominate when F ≳ 1 kV=cm. Because of their mixed
23S and 23P character these excited states are longer lived
than the 13S1 state, and do not mix significantly with the
more rapidly annihilating singlet states. As a result Sγ

becomes slightly negative in the highest of these fields.
When F ≲ 1 kV=cm, the dipole allowed transitions from
theMJ ¼ 0 sublevel of the ground state to the singlet-triplet
mixed 2P terms (see Fig. 1) permits fluorescence to the
11S0 state, followed by rapid annihilation in ∼125 ps [1].
The resonant behavior of this process, which peaks at
∼585 V=cm, is a consequence of the significant spectral
intensity of the transition to these states in this field [see
Fig. 1(b)], and the approximately equal probability for
decay to the singlet or triplet ground states. With the laser
radiation polarized perpendicular to the z axis, Fig. 2(b),
ΔMJ ¼ �1 transitions to states in the middle of the
n ¼ 2 Stark manifold are preferentially excited when
F ≳ 1 kV=cm. These states exhibit significant singlet-
triplet mixing and an increased rate of annihilation, giving
rise to positive Sγ values. The Stark-tuned resonance
associated with the transition to the singlet-triplet mixed
state at ∼585 V=cm is also accessible in this laser polari-
zation, from the MJ ¼ �1 sublevels of 13S1 state. From
these data it is evident that by selecting the polarization and
propagation direction of the laser radiation with respect to
the external fields, significant control can be exerted over
Ps annihilation dynamics.
The interpretation of the experimental data in Fig. 2 is

further aided by comparison with the results of calculations
of the average n ¼ 2 decay rates weighted by the spectral
intensity of the transitions from the 13S1 state (see Fig. 3).
For each electric field the coefficients of the eigenvectors of
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FIG. 3 (color online). Spectral-intensity–weighted average n ¼
2 decay rates when B ¼ 13 mT for photoexcitation via (a) and (c)
ΔMJ ¼ 0, and (b) and (d) jΔMJj ¼ 1 transitions from the 13S1
level. (a) and (b), total n ¼ 2 decay rates Γtot (continuous black
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(continuous red curve), and direct 21S0, Γannð1S1Þ, (dashed green
curve) and 23S1, Γannð3S1Þ, (dash-dotted magenta curve) anni-
hilation rates. The horizontal dashed lines in (c) and (d)
correspond to the 7 MHz annihilation rate of the 13S1 state.
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the Stark sublevels were used to determine the transition
strength to each state. These data were also employed to
calculate the fluorescence and direct annihilation rates of
each of the 16 n ¼ 2 sublevels. For both laser polarizations
the dominant decay pathway of the excited states is via
fluorescence back to the 13S1 state [Figs. 3(a) and 3(b)].
This process does not give rise to a significant change in Sγ .
However, the next fastest decay pathway is fluorescence
from states with 21P1 character, to the 11S0 state [see
Figs. 3(c) and 3(d)] followed by rapid annihilation.
Comparison of the dependence of this decay process on
the electric field with the experimental data in Fig. 2
confirms that it is responsible for the changes observed in
the measured values of Sγ . In electric fields close to the
avoided crossing in Fig. 1(b), local maxima are seen in the
rate of fluorescence to the 11S0 state. In these fields there
are contributions from direct annihilation via the 21S0 level,
but the rates for this process are smaller than the fluores-
cence rates. The average decay rates of the sublevels
accessible via ΔMJ ¼ 0 transitions from the 13S1 state
decrease by a factor of ∼2 when F changes from zero to
3 kV=cm [Fig. 3(a)], while there is little change in the
average decay rates of the states populated via jΔMJj ¼ 1
transitions [Fig. 3(b)].
To associate the calculated decay rates of the excited

states with the measured values of Sγ , a Monte Carlo
calculation was performed using the spectral-intensity–
weighted average n ¼ 2 decay rates in Fig. 3. In these
calculations initial samples of 2 × 105 atoms in the 13S1
state were generated at time zero with characteristic
annihilation rates ΓT

ann ¼ 7 MHz. After a delay of 20 ns
to account for the emission and flight of the Ps atoms to the
position of the laser, half of the remaining atoms were
excited via the allowed electric dipole transitions to states
with n ¼ 2 (assuming saturation of the photoexcitation
process). The decay pathways of these atoms were then
tracked and the number of annihilation events in each 1 ns
interval recorded and used to calculate Sγ (continuous blue
curves in Fig. 2). The common trends displayed by the
experimental data and the results of the Monte Carlo
calculations suggest that the physical mechanisms giving
rise to the changes in the value of Sγ observed in the
experiments are correctly attributed to the decay processes
discussed above. However, the differences between these
data sets indicate that additional mechanisms beyond those
included in the simple Monte Carlo model play an
important role in the experiments. These arise primarily
from the interplay between optical pumping, fluorescence,
and annihilation in the presence of the laser field and will
be the subject of future work.
The application of electric and magnetic fields to control

atomic and molecular photoexcitation and decay pathways
is well established (e.g., [23]) and has many important
applications, such as accessing otherwise forbidden tran-
sitions for ultraprecise metrology [24], or quenching

long-lived states for detection via fluorescence [25].
As demonstrated here, the Ps atom is also amenable to
these methods, with the significant distinction that it
can be controlled in such a way as to cause (or inhibit)
annihilation. This has many useful applications including
(1) significantly enhancing magnetic quenching rates for
ionization-free detection, (2) the production of excited Ps
atoms via multiphoton excitation schemes, and (3) single-
photon production of 23S1 states.
Increasing a magnetic quenching signal via Stark mixing

is considerably more straightforward than applying the
corresponding strong magnetic field [26], and therefore
could improve the signal in low-magnetic-field Ps excita-
tion experiments [27,28]. The alternative, photoionization,
is not always desirable as it requires a high laser fluence
(typically > 20 mJ=cm2) which can damage sensitive Ps
formation targets, and may require an additional laser. It is
also useful to have the ability to rapidly turn the quenching
on and off via an applied electric field.
The resonance-enhanced two-photon excitation process

13S → 23P → nS=nD has been used previously to produce
Rydberg Ps [29–32]. Extending the lifetimes of the n ¼ 2
intermediate sublevels using electric and magnetic fields
offers the possibility for improved excitation efficiency
without the need to employ higher n intermediate states
[33]. Furthermore, typical pulsed laser systems used for Ps
photoexcitation have durations in the range 5–10 ns. The
3.19 ns lifetime of 23P levels means that in a resonance-
enhanced two-photon excitation process the two lasers
must overlap in time. By extending the average lifetime of
the intermediate state to close to 10 ns this is no longer
required, and the lasers can be temporally separated. This
will make it possible to perform spectroscopic measure-
ments in which the first laser does not influence the second
transition, e.g., via ac Stark shifts [34].
Previously demonstrated methods for the preparation of

23S1 states of Ps involve two-photon excitation of ground
state atoms [35–37], or positron impact on untreated
surfaces [38–41]. However, if appropriate mixed states
are extracted into an electric-field–free region then pure
23S1 atoms can be obtained. This would be easier to
implement than the two-photon scheme, and significantly
more efficient than collisional production. The availability
of 23S1 atoms will be useful for microwave spectroscopy of
the n ¼ 2 Ps fine structure [42–44], the application of
techniques to characterize Doppler effects for improved
spectroscopic resolution (e.g., [31,45]), and high-resolution
laser spectroscopy of transitions to more highly excited
states [46]. As it is composed only of leptons, such
spectroscopy of Ps could provide a measurement of the
Rydberg constant that is free of hadronic influence, which
would be relevant to the ongoing proton radius puzzle as
observed in muonic hydrogen experiments [47,48].
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