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We demonstrate laser excitation of the n=3 state of positronium (Ps) in vacuum. A specially
designed high-efficiency pulsed slow positron beam and single shot positronium annihilation lifetime
spectroscopy were used to produce and detect Ps. Pulsed laser excitation of n=3 level at 205 nm
was monitored via Ps photoionization induced by a second intense laser pulse at 1064 nm. About
15% of the overall positronium emitted in vacuum was excited to n=3 and photoionized. Saturation
of both the n=3 excitation and the following photoionization was observed and is explained by a
simple rate equation model. Scanning the laser frequency allowed us to extract the positronium
transverse temperature related to the width of the Doppler-broadened line. Moreover, preliminary
observation of excitation to Rydberg states (n = 15 . . . 17) using n=3 as intermediate level was
observed, giving an independent confirmation of efficient excitation to the 33P state.
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Positronium is a purely leptonic hydrogen-like bound
state composed of an electron (e−) and its antiparticle,
the positron (e+). Ps has two ground states: the triplet
13S state (ortho-positronium, o-Ps, that annihilates pre-
dominantly into three photons with a lifetime of 142 ns
in vacuum) and the singlet 11S state (para-positronium,
p-Ps, annihilating predominantly into two photons with
a lifetime of 125 ps). Since its discovery in 1951, Ps has
become a testing ground of bound-state QED [1]. Up to
now, only the excited levels n=2 and the Rydberg n=10-
31 have been experimentally observed [2–6]. Efficient
laser excitation of o-Ps is a very useful spectroscopic tool
[7], to study or modify the Ps formation [8, 9], for anti-
hydrogen formation [10–13] or for preparation of selected
states for further manipulation [6, 14, 15].

Here we present the first observation via laser excita-
tion and photoionization of the Ps n=3 level that has
been achieved with an overall efficiency of ∼ 15%. Exci-
tation to this level is of interest for spectroscopy, but also
for antihydrogen formation as proposed by the AEgIS
[16, 17] and by the GBAR experiments [18, 19]. An en-
hanced antihydrogen formation rate, via collisions with
cold antiprotons, is expected to occur when Ps is ex-
cited to n=3 [20–22]. Moreover, excitation of the Ps
n=3 level is also of high interest to produce efficiently
the metastable 23S state after spontaneous decay, as was
achived with a hydrogen beam [23]. This could open the
way to new high precision measurements of the 13S-23S
transition [24] and to experiments using Ps atomic beams
with long lifetime for interferometric measurements [23].

Positrons, emitted by a 11 mCi 22Na source, were pre-
pared by a Surko-style trap [25] and accumulator. After
rotating-wall compression [26], 20 ns bunches containing
3 × 107 positrons each were produced by fast-switched
electric potentials and transported to a magnetic-field-
free region. There they were recompressed with a 24-
electrode buncher into a pulse of about 7 ns and accel-
erated into a nanochanneled silicon target at 3.3 keV ki-
netic energy. Here, bunches of e+ are efficiently converted
into o-Ps and emitted in vacuum [27, 28]. Using a cali-
brated CsI detector and a MicroChannel Plate (MCP)
plus phosphor screen in place of the silicon target, it
was estimated that 30 − 40% of e+ dumped from the
accumulator hit the sample in a spot of less than 4 mm
FWTM. Two symmetric coils allow the tuning of a lon-
gitudinal magnetic field in the sample region to induce
o-Ps quenching. Experiments presented here have been
performed in a 600 V/cm electric and 0.025 T magnetic
field environment. The magnetic field is set perpendicu-
lar to the target. For a more detailed description of this
system and its performances see Refs. [29] and [30].

Ps formed in the target and emitted into vacuum was
detected by using the single shot e+ annihilation life-
time spectroscopy (SSPALS) technique [31]. A 20x25x25
mm lead tungstate (PbWO4) scintillator coupled to a
Hamamatsu R11265-100 PhotoMultiplier Tube (PMT)
was placed at a distance of 4 cm above the sample
and recorded γ-rays emitted in positron–electron anni-

FIG. 1. SSPALS spectra of: background (light gray line), Ps
into vacuum with laser OFF (black line) and laser UV+IR
(1064 nm) ON (dark gray line). Each spectrum is composed
by the average of 15 single shots. The arrow marks the time
of laser shot on the Ps cloud (16 ns after prompt peak). Area
between 50 ns and 250 ns from the prompt peak (vertical
dashed lines) has been considered for evaluation of S for n=3
(see text).

hilations. To enhance resolution at the longest decay
times, the signal from the PMT was split and sent to
two channels of a 500 MHz oscilloscope with high (100
mV/division) and low (1 V/division) gain. Joined data
from the two channels give the SSPALS spectra shown in
Fig. 1 when e+ are bunched on the surface of the MCP
(no Ps formation; background) and on the target (Ps for-
mation). Following our initial proposal to use the n=3
state as an intermediate state towards Rydberg excita-
tion for the AEgIS experiment [16], we have developed a
pulsed laser system capable of efficiently saturating the
13S − 33P transition. This broadband laser system [14]
produces pulses covering most of the Zeeman mixing and
Doppler broadening of the transition in the cryogenic en-
vironment of AEgIS. Covering the rather large Doppler
linewidth at room temperature by the laser pulse spec-
trum is challenging. Nevertheless, saturation of the 1S-
2P transition has been reached in Ps under similar con-
ditions thanks to power broadening [32]. In our case the
effect is expected to be less pronounced due to the smaller
natural linewidth of the transition.
The laser setup is described in detail in Ref. [33]. In

normal working conditions, the laser system was able to
deliver 54 µJ pulses of ultra-violet (UV) light to the ex-
perimental room-temperature chamber, in a wavelength
range from 204 nm to 206 nm. The wavelength was
tuned by adjusting the temperature of an Optical Para-
metric Generator (OPG) crystal. The pulse has vertical
polarization, a nearly-gaussian temporal profile with a
FWHM of t ∼ 1.5 ns, a gaussian spectral profile with
sigma σlaser ≈ 2π × 48 GHz and a slightly elliptical
gaussian spatial shape, with FWHMvertical = 6 mm and
FWHMhorizontal = 4 mm. A second, intense infrared (IR)
laser pulse at 1064 nm was simultaneously delivered to
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the experimental chamber. This pulse has an energy of
50 mJ and a temporal FWHM of 10 ns, and it is hori-
zontally polarized. It was superimposed to the 205 nm
pulse both in time, with a precision of 1 ns with an opti-
cal delay line, and in space by increasing its size so as to
completely cover the excitation pulse area (top-hat pro-
file of 8 mm diameter). Both beams were aligned on the
target region by monitoring their position with a CCD
camera on a 1-inch Macor� screen placed inside the vac-
uum region, a few cm away from the target. A mutual
synchronization of positrons and laser pulses with a time
resolution of 2 ns and a jitter of less than 600 ps was
obtained by a custom Field Programmable Gate Array
(FPGA) based synchronization device. The time delay
between the prompt positron annihilation peak and the
laser pulses was set to 16 ns (vertical arrow in Fig. 1).

The fraction of excited o-Ps was measured by analyz-
ing the decrease in the annihilation rate in the SSPALS
spectra induced by populating the 33P state. Two meth-
ods can be used for this purpose: quenching in a mag-
netic field (i) or photoionization with the IR laser pulse
(ii). In absence of magnetic field 3P states decay radia-
tively to the ground state in 10.5 ns. In presence of a
magnetic field (i) the 33P state is Zeeman-mixed with
the 31P state and can decay toward the 11S state, sub-
sequently annihilating with a lifetime of 125 ps into two
γ-rays. Otherwise (ii), photoionization of the 33P state
dissociates the Ps and the free positrons are quickly accel-
erated toward the last negative electrode of our set up,
where they annihilate. Whichever technique is chosen,
both processes result in a decrease of the o-Ps population
decaying into three γs. The fraction of excited o-Ps can
be evaluated by analyzing the decrease in the area below
the SSPALS spectra when quenching or photoionization
are applied. The fraction S of quenched or ionized o-Ps
atoms was evaluated from the areas foff and fon of the
SSPALS spectra, with UV laser off and on, between 50
ns and 250 ns from the prompt peak: S=(foff -fon)/foff .

We used a simulation code which performs the numeri-
cal diagonalization of the full interaction Hamiltonian in
electric and magnetic fields [32] to predict the value of
the external field required to get the maximum magnetic
quenching efficiency. We then set a 0.025 T magnetic
field in the sample region and measured the quenching
efficiency following the n=3 excitation. We observed a
maximum reduction through quenching of S=3.6 ± 1.2
%. When applying the IR pulse for photoionization, a
decrease of o-Ps annihilations becomes plainly visible in
the SSPALS spectrum of Fig. 1, corresponding to a value
of 15% for the S parameter. The ratio of the two effi-
ciencies is in good agreement with the one given by the
simulation code.

We have scanned the UV wavelength using an Avantes
AvaSpec-3648-USB2 wavemeter (accuracy = ±0.02 nm).
At each wavelength the mean S value and its standard
deviation were calculated for a sample of 15 shots (Fig.
2). A fit (see below) gives the 3P excitation line central
value of 205.05 ± 0.02 nm. The calculated theoretical

FIG. 2. Linewidth of the 13S - 33P Ps excitation obtained
by scanning the UV laser wavelength for constant IR wave
length. Each point has been calculated by averaging 15 SS-
PALS spectra. Statistical errors (on y axis) and accuracy (on
x axis) are reported (see text). The continuous line is a fit
obtained with Eq.(3).

expected value is 205.0474 nm [34].
The saturation energies of both 1S-3P and 3P-

ionization transitions have been studied (see Fig. 3). The
1S-3P transition results only slightly saturated, while the
3P-continuum is strongly saturated. This means that al-
most all of n=3 atoms are photoionized as soon as they
get excited. Thus, the S value can directly be seen as the
excitation efficiency. From our data we conclude that
∼ 15% of the overall positronium emitted in vacuum has
been excited into n = 3 state, and subsequently pho-
toionized.
To analyze these results, as described below, we used a

simple 3 level rate equation model which neglects spon-
taneous emission and assumes that the laser pulses are
constant over the pulse time t. At strong IR intensity
the n = 3 states are almost instantaneously photoionized.
This leads to a probability for Ps(n = 3) photoionization:

p(t, r,v, δ) = 1− e−γt (1)

where γ is the UV absorption rate. Our laser spectrum
has a linewidth (σlaser) much larger than the ionization
rate and of both the natural linewidth and the hyperfine
splitting structure (3 GHz), hence:

γ(v, r, δ) ≈ πΩ(r)2

2

1�
2πσ2

laser

e−(δ−k·v)2/2σ2
laser (2)

where δ is the laser frequency detuning with respect to
resonance with Ps at rest (v being the Ps velocity), k is
the UV laser wave-number and Ω(r) is the Rabi frequency
that depends on the position r of the Ps atoms inside the
laser beam. Spatial averaging with the (gaussian) Ps
density profile can then be performed. For our moderate
saturation, we found more meaningful to extrapolate the
spatial averaging result - valid at low saturation (where
p ≈ γt) - by defining a geometrical overlapping efficiency
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FIG. 3. S parameter (as defined in the text) in function of:
UV energy (IR energy = 50 mJ) a) and IR energy (UV energy
= 54 µJ) b). Arrows mark the laser energies used for the
measurements of Fig.1 and 2. The continuous lines are fits
from the 3 levels rate equation model (see text).

coefficient η and thus Ω is replaced by its peak value.
The probability of photo-ionization, assuming a Ps cloud
at temperature T , is then given by:

P (t, δ) = η

� +∞

−∞
p(t, v, δ)

�
1

2πσ2
v

e
− v2

2σ2
v dv (3)

where σv =
�

kBT/m is the standard deviation of the
velocity along the laser propagation axis. This formula
has been used to fit the data in Fig. 2 and Fig. 3 a). We

find Ω2 ∼ 8×1010s−1×
Energy

µJ
×

1

tUVpulse
corresponding

to a dipole strength d=1.70 Debye, in good agreement
with the theoretical value of 1.65 D predicted in Ref.
[16].

The Fig.2 lineshape is almost entirely dominated by
the thermal distribution of the Ps, so we obtain an o-Ps
velocity in the transverse direction of σv ≈ 105 m/s, or
a temperature T ≈ 1300 K, in agreement with previous
observations of fast thermal emission from similar tar-
gets at low positron implantation energy [28, 35]. We
also find a large geometrical overlap of η ∼ 80%, in rea-
sonable agreement with the 60% found by a simulation
of Ps excitation during expansion in vacuum [36].

From our model we deduce that the laser spatial and
temporal overlap with the Ps cloud is very good and that
the 15% Ps excitation-photoinization efficiency is mainly
due to the near 10% ratio of laser spectral linewidth
σlaser = 2π× 48 GHz to the Doppler width kσv = 2π×
470 GHz; the power broadening has to be taken into ac-
count to explain the larger efficiency value of 15%.

Finally we used the rate equation model to fit the data
in Fig 3 b) and found a maximum ionization rate of 2.9×
109 s−1, corresponding to a photoionization cross section
by the 1064 nm photons of ∼ 1.8× 10−16 cm2.

An independent test to demonstrate excitation of 33P
level was performed by using an IR laser beam, suitable
for exciting Ps Rydberg levels. A first demonstration
of Rydberg excitation using 33P as intermediate level is
carried out by simply varying the wavelength of the IR
pulse. Rydberg excitation increases the o-Ps lifetime,
allowing a large number of o-Ps to reach the walls of the

FIG. 4. SSPALS spectra of Ps into vacuum with laser OFF
(black line) and laser UV+IR ( 1709 nm) ON (dark gray line).
Shown spectra are composed by averaging 40 single shots.
Area between 300 ns (vertical dashed line) and 600 ns from
the prompt peak has been considered for evaluation of S for
Rydberg levels (see text).

FIG. 5. Scan of the S parameter versus the IR wavelength in
the range n=15...17. An eye-guide is shown in gray. Data are
taken by averaging 15 SSPALS spectra.

vacuum chamber. As a consequence, the SSPALS spectra
show a decrease of annihilations immediately after the
laser shot and an increase at long times after the 11S
annihilation peak (Fig.4). The Rydberg excitation signal
can be extracted from SSPALS spectra by calculating the
S parameter in the time window between 300 ns and 600
ns after the prompt positron annihilation peak. A scan
of the IR laser wavelength was carried out for exciting
Ps from n=3 to levels between n=15 and n=17. The UV
laser wavelength was kept constant on resonance of n=3.
The behavior of the S as a function of the IR wave-

length is shown in Fig.5. Despite the broadening of the
combined 600 V/cm electric and 0.025 T magnetic fields,
the n=15 level was clearly distinguishable; for higher
states, different n-manifolds start to overlap in a contin-
uum of energy levels. Results obtained in this scan are
in good agreement with the spectroscopic survey carried
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out in Ref.[4] using 23P as intermediate level.

To summarize, in the present work we have demon-
strated the first laser excitation of Ps to the n=3 state.
The excitation-photoionization efficiency of ∼ 15% is
mainly limited by the ratio of the laser linewidth to the
Doppler broadening of the Ps line. Reduction of the o-Ps
emission velocity from the target is thus an obvious way
to enhance the excitation efficiency. A preliminary Ryd-
berg excitation using 33P as intermediate level has also
been shown, opening the possibility to further studies
involving n=3-Rydberg transitions [37].
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