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Resonant shifts of positronium energy levels in MgO powder
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We report measurements of shifts in the frequencies of 13S; — 23P; and 23P, — n3D/n3$ transitions
optically driven in positronium atoms while they are inside the open volumes of MgO smoke powder. The
observed intervals are larger than the corresponding vacuum excitations, but, surprisingly, the transitions to
Rydberg states are less strongly affected, and the energy shifts exhibit no dependence on the principal quantum
number # of the final state. We attribute these shifts to resonant interactions between Ps atoms and MgO surfaces,
mediated via spectrally overlapping MgO ultra violet (UV) photo-luminescent absorption bands. Since many
insulating materials suitable for Ps confinement exhibit similar broadband UV absorption characteristics, the
observed phenomena have implications for optical diagnostics and laser cooling schemes of relevance to studies
of high-density Ps ensembles in insulating cavities, including the production of a Ps Bose-Einstein condensate.
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I. INTRODUCTION

The ability to cool and trap atoms (e.g., Refs. [1-3]) has
opened the door to new regimes of atomic physics experi-
ments, including studies of cold atom collisions [4], spec-
troscopy [5], and the observation of Bose-Einstein conden-
sation (BEC) [6]. Thermal atoms can be laser-cooled to mK
temperatures, allowing them to be loaded into optical or elec-
tromagnetic traps where other techniques, such as evaporative
cooling [7], can be applied to reduce the temperature further.
This method was used to achieve the first BEC of alkali metal
atoms [8], and since that time condensates have been produced
via several other techniques, including buffer gas cooling [9]
and direct laser cooling [10]. Many species can now be Bose
condensed, including atomic hydrogen [11].

Positronium (Ps) is a hydrogenic atom composed of a
positron-electron bound state. Since electrons and positrons
are both fermions, the composite Ps is a bosonic system. A
long-term goal of positronium physics is to observe BEC
in this system [12,13]. This is a necessary prerequisite to
the observation of stimulated annihilation [14—16], and Bose-
condensed Ps would provide an ideal source for Ps matter-
wave interferometry [17]. Because of its low mass, the tran-
sition temperature 7. at which a dense ensemble of bosonic
atoms will begin to condense [18] is much higher for Ps than
it is for any other atomic system at the same density. For
example, at a density of 10'® cm™3, T, is on the order of
15 K for Ps and 15 mK for hydrogen. However, the tech-
niques that have previously been used to achieve BEC cannot
easily be applied to Ps atoms. In particular, laser cooling
of Ps [12] is complicated by its finite ground state lifetime
(~142 ns [19]) and the fact that Ps atoms generally move very
fast [20].

Ps atoms can be produced within isolated cavities in some
materials, which can therefore act as Ps traps [21]. This may
at first seem counterintuitive, since interactions with solid
matter can lead to annihilation. However, the rate at which
Ps atoms decay following wall collisions can be much lower
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than the intrinsic decay rate' for sufficiently large confining
volumes, and for cavity diameters on the order of 100 nm,
ground-state Ps lifetimes are essentially the same as in vac-
uum [23]. Thus, because 7, can conceivably be achieved
via collisional thermalization for experimentally achievable
densities, Ps confinement in cooled solid-state cavities could
provide a route towards BEC.

Platzman and Mills have outlined a method to produce a Ps
condensate in this way [13]; they suggested that a brightness-
enhanced positron beam could be implanted into a cooled
cavity so as to produce a dense Ps ensemble in which Ps-wall
collisions will permit fast thermalization. Recent numerical
simulations indicate that this can occur on a timescale that is
compatible with the ground state triplet lifetime in cavities
with diameters on the order of a few hundred nanometers
[24]. However, introducing Ps atoms into such small volumes
is technically challenging, requiring an unrealistically bright
positron beam [25] or some sort of Ps collection scheme [26].
Producing Ps atoms in larger micron-scale cavities is more
feasible from a practical point of view but would necessarily
reduce the Ps cooling rate [27].

In order to experimentally implement some version of
the Platzman-Mills scheme [13] it would be necessary to
simultaneously optimize the Ps density and cooling in various
target structures, which would require advanced diagnostics
and perhaps, also, laser cooling. The latter has not been
demonstrated, although simulations suggest that it is possible
[28]. Laser cooling of confined Ps would have the advantage
that the atoms are localized to a small volume, but in this case
line-narrowing effects [29-31] due to Ps-surface and Ps-Ps
scattering would have to be properly taken into account, for
example by using short laser pulses or coherent excitation

I'This is the case only for insulating cavities; the free electrons in
metals and semiconductors will lead to rapid annihilation or spin
flipping to short-lived states, as will the presence of paramagnetic
centers [22].
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schemes [32,33]. For cold confined atoms, an optical mea-
surement of the Ps density could be achieved by monitoring
the 13S; — 238, cold-collision frequency shift [34], which
is particularly large in Ps at relevant densities [35]; a direct
diagnostic of the Ps density that could be time resolved would
be invaluable for target design and optimization.

We show here that optical probes or cooling schemes
applied to Ps atoms confined in insulator cavities may be
strongly affected by interactions between the atoms and the
internal confining surfaces; measurements were performed in
which Ps atoms created in large open internal volumes in MgO
smoke powder were optically excited, with 13§, — 23P;
and 23P; — n°D/n3S transitions driven using a two-color
two-photon scheme [36,37]. Large shifts in the transition
frequencies, on the order of terahertz, were observed when
Ps atoms were probed while inside the internal spaces of an
MgO powder target. We attribute these shifts to resonant inter-
actions between Ps atoms and the broad (230-255 nm) pho-
toluminescence (PL) absorption bands in MgO [38], which
overlap with the 243-nm 138, — 23P; transition.

II. EXPERIMENTAL METHODS

The experiments were performed using a positron beam
and measurement techniques described elsewhere [39,40].
The general methodology is as follows: a pulsed positron
beam was implanted into an MgO smoke powder target,
producing Ps atoms [41]. These atoms were optically excited,
and Ps lifetimes were monitored using gamma-ray detectors.
By directing laser light into the target material or along its
surface, Ps atoms could be probed either after they had been
emitted into the vacuum or while they were still inside the
MgO powder, as indicated in Figs. 1(a) and 1(b), respectively.
Only the long-lived ground state (ortho-Ps) is studied in this
work.

Two pulsed dye lasers (with pulse durations of 6 ns,
FWHM) were used in the experiments; a UV laser
(=500 wJ/pulse, Av =85 GHz, A =243 nm) was used to
drive 138, — 23P; transitions in Ps, and a second simul-
taneous IR laser (=10 mJ/pulse, Av =5 GHz, A =~ 729 —
760 nm) was used to drive 23P; — n3D/n S transitions or
to photoionize 2 3P; atoms.

Ps production and optical excitation was monitored via
the time dependence of its annihilation gamma radiation
[42]; when atoms were excited and immediately photoion-
ized, the amount of long-lived Ps present was decreased.
Conversely, if Rydberg states were generated, the amount
of longer-lived Ps was increased. Thus lifetime spectra can
be used to characterize optical Ps excitation. Ps annihilation
radiation was monitored by fast gamma-ray detectors [40,43].
The amount of long-lived Ps present was parameterized by
the quantity f = [5 V() dt/ [{ V(t) dt, where A, B, and C
define integration time windows, and V (¢) is the gamma-ray
detector output voltage. For the work reported here, time
windows (A, B, C) = (=30, 40, 400) ns were used to observe
photoionization events following 13S; — 23P; transitions,
and (A, B, C) = (—30, 200, 600) ns were used for Rydberg
measurements (i.e., 13S; — 23P; — n3D/n3S). These win-
dows were chosen to optimize the signal-to-noise ratio as
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FIG. 1. Orientation of the lasers and target holder used to excite
Ps atoms (a) in vacuum and (b) inside the MgO target. The (green)
cone represents Ps emitted from the MgO powder into vacuum. (c) A
Karl Zeiss XB1540 scanning electron microscopy (SEM) image of
MgO smoke nanocrystals deposited on a Cu plate obtained with an
electron-beam energy of 3 keV.

detailed in [40]. Different time windows are needed for the
Rydberg atoms studied here because of their long lifetimes
(= 1 us) arising from reduced electron-positron overlap [44].
Data were recorded for two cases, namely, with the excitation
laser tuned on (Sig) and off (Back) resonance with the tran-
sition being studied. Laser-induced effects were characterized
by the parameter S)/ = (fBack - fSig)/fBack [39]

The MgO target was produced by burning a 10-cm-long
piece of magnesium ribbon in air, and the smoke powder was
collected on a clean copper substrate. MgO smoke powder
consists of perfectly cubic (1 00) nanocrystals [45] with edge
lengths ranging from a few nanometers to microns [46]. This
structure can be observed in Fig. 1(c), which shows an elec-
tron micrograph of an MgO target nominally identical to those
used in the Ps measurements. Using IMAGEJ analysis software
[47], we determined that the mean crystal edge length was
120 nm, with a broad distribution ranging from approximately
10 nm to 1 um. We estimate the MgO layer thickness to be on
the order of 30 um [48].
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The presence of even a small number of micron-size cubes
means that the open spaces in the MgO powder may also be
similarly large. In separate measurements [48] we have found
that Ps atoms are able to travel through tens of microns of
MgO powder without significant energy loss or annihilation,
indicating that the internal spaces between crystals are large
and interconnected. The lack of observed cooling can be
used to set a lower limit of ~1 um on the Ps mean free
path between collisions, based on a collisional cooling model
[49]. However, this model may not be applicable if there are
strong Ps-surface interactions; since the measured MgO cube
distribution extends up to 1 um, we would not expect open
volumes significantly larger than this to be present, and none
are observed in scanning electron microscopy (SEM) images.
Thus, MgO smoke powder acts as a convenient proxy for a
confining insulator system on the submicron scale. Ps atoms
can be probed while they remain in the internal volumes
and interact with surfaces but can subsequently leave the
sample and so can also be probed in vacuum. Henceforth we
shall refer to both vacuum and confined Ps atoms with the
understanding that atoms temporarily reside in the internal
MgO voids but are not actually confined therein.

Ps atoms emitted from MgO nanocrystal surfaces have
kinetic energies on the order of 350 meV [48], and the Ps-
surface scattering rate wg (assuming a maximum 1 um mean
free path) will therefore be at least 250 GHz while the atoms
remain in the powder. For the laser parameters used in the
present experiments, the Rabi frequency for 13§, — 23P;
transitions wy, is estimated to be on the order of 10 GHz (e.g.,
[50]), meaning that during the excitation process atoms will
scatter from MgO surfaces multiple times. We note that the
condition wg > wg precludes the application of typical laser
cooling schemes [51].

III. RESULTS AND DISCUSSION

Figure 2 shows spectra of the 13§, — 23P; transition
driven in Ps atoms both in vacuum and inside the MgO
sample using the laser configurations shown in Fig. 1. For
these measurements the IR laser was tuned to 729 nm to pho-
toionize n = 2 atoms. Measurements in which the lasers were
directed into the target were both prompt and delayed, where
prompt excitation means that the lasers were fired almost
synchronously with the positron pulse, and delayed excitation
includes a 10-ns laser delay. In the prompt case Ps atoms will
be excited in the MgO and in vacuum. When the laser was
delayed, however, fewer vacuum atoms were present, and a
larger fraction of the observed signal corresponded to confined
atoms.

Ps excitation in vacuum [Fig. 2(a)] shows a typical
Doppler-broadened spectrum corresponding to atoms with a
mean transverse kinetic energy of ~350 meV, as has been
observed in previous experiments using MgO powder targets
[48]. To measure confined Ps the lasers were directed into
the sample [Fig. 2(b)], and in this case two peaks were
observed, one redshifted and one blueshifted. The separation
of these peaks was more apparent for the delayed mea-
surements [Fig. 2(c)]. The redshifted peak (i.e., shifted to
longer wavelengths) arises from the interaction of Ps atoms in
vacuum moving towards the incoming laser beam. Similarly,
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FIG. 2. Excitation of the 13§, — 23P; transition in Ps atoms in
vacuum (a) and inside MgO powder (b and c). The prompt (b) and
delayed (c) data refer to a 10-ns laser delay, as explained in the text.
The solid line in (a) is a single-component Gaussian fit to the data.
The solid lines in (b) and (c) are the sum of the confined (dashed
curves) and vacuum (dotted curves) Gaussian fits with the centroid
shifts (AXconnvac) Telative to the parallel centroid wavelength Ay and
sigma values (0 connvae) indicated in the legends. In (b) and (c) two
vacuum curves are required to account for the different Doppler shifts
of the incident and reflected laser beams.

a blueshifted peak is also present, arising from vacuum Ps
moving in the same direction as reflected laser light.

The blueshifted vacuum peak is not directly observed
because it is obscured by a larger peak (also blueshifted)
arising from the excitation of confined Ps, which is expected
to comprise Dicke-narrowed lines with a distribution of shifts
[52]. The measured line shapes were modeled using a single
Gaussian function for the parallel case [Fig. 2(a)] and a three-
component Gaussian function when the lasers were directed
into the target. For the latter case the vacuum peaks were
constrained to have equal and opposite shifts but independent
amplitudes and widths. The width of the redshifted vacuum
peak in Fig. 2(c) (i.e., Oy,c,r) is narrower than the transverse
vacuum width [Fig. 2(a)], since the incident laser light does
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not interact with the entire angular spread of the Ps atoms.
The blueshifted vacuum peak width (i.e., oy p) is larger
than that of the corresponding redshifted peak and is close
to the transverse vacuum peak width, suggesting that the re-
flected laser light is more diffuse than the incident beam. The
blueshifted peak corresponding to confined Ps is considerably
narrower than the parallel vacuum case, but this width is not
representative of Doppler broadening [29].

Similar spectra have been previously observed for Ps atoms
excited in mesoporous silica films [52]. In that work the
138; — 23P; excitation frequency was found to shift by
~100 GHz when atoms were probed inside a mesoporous
film. This shift was attributed to the effect of Ps confinement
in &~ 5-nm-diameter voids [53,54]. However, subsequent theo-
retical analysis has indicated that this interpretation might not
be correct [55,56].

The present results, in which the observed 135, — 23P;
shift is equivalent to ~1000 GHz, cannot be explained by
confinement effects because the MgO voids are large (on
the micron scale) and shifts due to confinement would fall
off approximately with the cube of the void radius [56]. As
discussed below, we attribute the present results to a resonant
interaction with MgO PL absorption bands. Since SiO; also
exhibits strong absorption bands overlapping 243 nm (e.g.,
[57]), the previously observed shifts may have been caused
by the same mechanism(s). In the mesoporous silica mea-
surements [52], only the 1 38, — 23P, transition was probed.
This measurement provides only the value of the interval and
cannot provide any information regarding the individual en-
ergy levels. Here we have also measured transitions to several
Rydberg levels, which allows us to obtain more information.

Figure 3 shows 23P; — 113S/11°D excitation spectra,
measured both in vacuum and inside the MgO sample. These
data were recorded in the same way as the data shown in
Fig. 2, except the IR wavelength was scanned while the
UV wavelength was fixed at A =243 nm or A = 242.8 nm
for vacuum or confined excitation, respectively (see Fig. 2).
The vacuum Rydberg transitions were found to occur at the
expected IR wavelengths [58]. For Ps excited with the lasers
directed into the target [Figs. 3(b) and 3(c)], however, we
again observe a large blueshifted peak and a smaller redshifted
peak with respect to the vacuum IR laser wavelengths.

The blueshifted UV laser wavelength preferentially excited
vacuum Ps that is moving away from the UV laser. Since the
IR and UV lasers propagate in opposite directions, however,
these atoms will be moving towards the IR laser. Therefore,
IR excitation of these atoms will be redshifted with respect
to the IR laser wavelength. The redshifted IR vacuum peak
thus confirms that there is indeed a component of blueshifted
UV excitation, justifying the three-component Gaussian fit
used in Figs. 2(b) and 2(c). For the data in Figs. 3(b) and
3(c), however, a two-component fit was used, since the blue-
detuned UV laser will not produce any n = 2 atoms that the
blue-detuned IR laser can excite.

The data in Figs. 2 and 3 show that Ps atoms can be excited
to n =2 and to Rydberg levels inside the MgO, and that
both the 13S; — 23P; and the 2°P, — n3D/n 38 intervals
are increased relative to the corresponding vacuum transitions.
Since Rydberg states are observed by virtue of their long
lifetimes [39], these data also show that, despite numerous
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FIG. 3. Excitation of the 2P, — 113§/113D transition in Ps
atoms in vacuum (a) and inside MgO powder (b and c). The prompt
(b) and delayed (c) data refer to the laser delay, as explained in the
text. The solid line in (a) is a single-component Gaussian fit to the
data. The solid lines in (b) and (c) are the sum of the confined (dashed
curves) and vacuum (dotted curves) Gaussian fits with the centroid
shifts (AXconnvac) Telative to the parallel centroid wavelength Ay and
sigma values (0 connvac) indicated in the legends.

collisions with MgO surfaces, the Rydberg Ps atoms are not
deexcited and are able to leave the sample.

Rydberg atoms are highly sensitive to external fields and
other interactions [59], so it is perhaps not surprising that
transitions to Rydberg levels inside the MgO target are shifted.
However, by recording spectra covering many transitions we
find that the Rydberg levels are shifted by an amount that does
not depend on the principal quantum number of the final state.
This can be seen explicitly in Fig. 4, which shows 23P; —
n3S/n3D transitions (recorded using the UV wavelength indi-
cated in each panel) for n ranging from 10 up to the ionization
limit; any Rydberg level shift would be expected to scale
strongly with n, at least with n?, and possibly faster [59]. Su-
perficially, the form of the line shapes in Fig. 4 are similar to
Fano profiles [60], which exhibit asymmetric effects through
interference phenomena (see, e.g., [61]). However, as can be
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FIG. 4. Excitation of Rydberg Ps atoms (a) in vacuum and
(b) inside the MgO smoke powder target (see Fig. 1). The principal
quantum numbers of the Rydberg levels are indicated by the dashed
vertical lines and at the top of the figure.

seen explicitly in Fig. 3, this apparent asymmetry is actually
due to the Doppler-shifted component of the spectrum. We are
only able to resolve states up to n & 17 because of the laser
bandwidth and Doppler broadening effects [37]. Nevertheless,
the data clearly show a near constant offset from the expected
wavelengths for the confined Rydberg transitions.

When measuring the interval for only one transition (as
in [52]), there is no way to know if individual levels are
shifted. By measuring multiple Rydberg transitions, however,
it is possible to probe effects associated with particular levels.
In the present data it is immediately evident that the n = 2
level is shifted but the Rydberg levels are not. Moreover,
since the energy shift of these transitions is not the same as
that observed for the 135, — 23P; interval, we can conclude
that the n = 1 level is also shifted. Our interpretation of the
MgO-induced level shifts is indicated schematically in Fig. 5.
The fact that the Rydberg levels are apparently unaffected is
taken to be evidence that the underlying mechanism giving
rise to these effects proceeds via interactions involving only
the 13S, and 23P; levels.

The shift of the n =2 level, Afg, can be associated
with the difference between vacuum and confined Rydberg
transitions: i.e., Afg = fon — fZ/n' Fitting all transitions in
the range n = 10-17 in the same way as shown in Fig. 3
gives an average wavelength shift of 0.702 £0.017 nm
[see Fig. 6(a)], corresponding to A fg = 365 £ 10 GHz. The
ground-state shift, A fa, can be written as A fy = fl/2 — fio —
A fg. From Fig. 2 we find that f,, — fi» = 1046 £ 60 GHz, so
that A fa = 690 & 65 GHz. To highlight the constant shift of

(a) Vacuum

(b) Cavity

FIG. 5. Schematic representation of Ps energy levels (a) in vac-
uum and (b) in the MgO powder inferred from the observed transition
intervals. Here f, and fl/2 refer to confined and vacuum transitions
(from n =1 to n = 2), respectively. Similarly, fonm) and fén(m)
refer to confined and vacuum transitions from n = 2 to levels with
principal quantum number n(m), respectively.

Rydberg levels, the data of Fig. 4 have been plotted in Fig. 6
as a function of IR photon energy, with the confined Rydberg
data shifted by 1.6 meV.

The observation that the Rydberg levels are not shifted
indicates that the MgO target is not charging up and producing
large electric fields during the experiments; such fields would
have a significant effect on any highly excited Rydberg states
[62]. We also note that during the course of long measure-
ments no instabilities in the positron beam were observed,
which also indicates that no significant charging occurred. It
is worth noting that this is by no means an obvious outcome
in experiments in which an insulator is irradiated with both
positron and UV light pulses. One possible explanation for
this observation could be that the negative electron affinity
of MgO [63] causes electrons to leave the sample rather than
accumulate on surfaces.

Our data show conclusively that the mechanism underlying
the observed shifts involves only the lower-lying Ps energy
levels (i.e., n = 1 and n = 2) and not the higher-lying Rydberg
levels. At the same time, it is well known that MgO has
strong PL absorption bands that overlap with the 13$; —
23P; transition in Ps. In MgO absorption may occur over a
range of ~230-255 nm [64], although significant variations
may exist that depend on the details of the MgO produc-
tion and structure. Thus, it appears that resonant interactions
between Ps atoms and the same molecular states that give
rise to MgO photoluminescence are responsible for the ob-
served Ps energy-level shifts. The PL effects in MgO are
primarily surface phenomena [38,65,66], which means that
Ps collisions with nanocrystal surfaces necessarily involve
interactions with the MgO surface states that absorb light at
the same wavelength as 13§, — 23P; transitions.

To obtain a qualitative understanding of the observed
shifts, we consider the effect of resonant electric dipole-dipole
interactions between the Ps atoms and the MgO [67,68]; since
the 1 3S; and 2 *P; levels exhibit different frequency shifts in
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FIG. 6. (a) Observed shift of Rydberg transitions relative to
vacuum measurements and (b) confined and vacuum spectra plotted
as a function of the IR photon energy. The mean shifts were obtained
using the procedure described in the text (see also Fig. 4). The
confined spectrum in (b) is shifted by an amount equivalent to a
wavelength shift of 0.7 nm (=1.6 meV), the mean measured shift
of all the data as shown in (a).

the experiments (i.e., —690 and —365 GHz, respectively) the
interaction between the atoms and the MgO must also include
at least one additional Ps energy level. To account for this
we employ a simple model in which we treat the Ps atom,
neglecting contributions from fine- and hyperfine structure,
as a three-level system composed of the bound 1s and 2p
states, and the d continuum, 243 nm above the 2p state, i.e.,
3.4 eV (=822 THz) above the ionization limit, as depicted
in Fig. 7(a). To further simplify this analysis we neglect
the s continuum, since the 2p — s (continuum) transition is
approximately 5 times weaker than the 2p — d (continuum)
transition.

In this system the 1s — 2p transition couples resonantly
to the 243-nm component of the MgO photoabsorption spec-
trum, as does the 2p — d (continuum) transition. The reso-
nant dipole-dipole interaction between the Ps atoms and the
MgO nanocrystals can then be estimated by approximating the
interaction energy, neglecting the angular dependence [67],
for each individual resonance as

dps dmig0

Vio=———
3 bl
4 eORPs—MgO

(D

where ¢y is the vacuum permittivity, and Rps_mgo is the
distance between the Ps atom and a single MgO absorber.
Here “MgO absorber” refers an individual nanocrystal surface
feature, such as an edge, kink, defect, or terrace [64], and not
to a single MgO molecule.

4_
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FIG. 7. (a) Diagram of the energy-level structure in Ps and
the corresponding 243-nm transitions in MgO between which the
resonant dipole-dipole interactions are considered. (b) Dependence
of the frequency shifts of the bound 1s (continuous black curve) and
2p (dashed red curve) states and the d continuum (dash dotted curve)
in Ps on the distance from a single MgO absorber with a resonance at
243 nm and AA = 23.5 nm, as determined from the measured shifts
of the 1s and 2s states.

The 1s — 2p transition dipole moment in Ps is dj,—», =
0.74 e apg, while the corresponding transition dipole moment
of an MgO absorber is estimated to be dygo-mgor ~ 1 eag
[64], where e is the electronic charge and ag (aps = 2ay) is the
Bohr radius (Ps Bohr radius). In the treatment of the dipole-
dipole interaction involving the transition from the bound 2p
state to the continuum in Ps, and the MgO, it is necessary to
consider the extent of the continuum over which the coupling
occurs. Since the absorption of MgO at wavelengths close
to 243 nm covers the range from ~230 to ~255 nm, the
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electric dipole moments for the 2p to continuum transition in
Ps, and the MgO — MgO* transition to which it couples, was
determined by integrating over a wavelength range AA in each
case. Considering a Ps 2 p to continuum transition moment per
unit wavelength, determined by extrapolation of transitions to
the bound nd Rydberg series [69] of 0.002 e ap, nm~!, and an
MgO transition moment per unit wavelength of 1eay nm™",
the value of AX required to obtain a ratio of the frequency
shifts of the 23P and 23S, levels of 365/690 = 0.53 as
observed in the experiments was 23.5 nm. This resulted in
values of d5,_g and dyigo—mgo+ 0f 0.05 e aps and 23.5 e ay, re-
spectively. As can be seen from Fig. 7(b), the resonant electric
dipole-dipole coupling in this model three-level Ps atom with
a single MgO absorber yields the observed frequency shifts of
the 1s and 2p states (—690 and —365 GHz, respectively) for
an atom-surface distance of 0.37 nm. Because the transitions
from the 2 3P state to the Rydberg states do not overlap
with the resonances in the MgO absorption spectrum, these
transitions do not undergo resonant dipole-dipole interactions
with the MgO, and the observed shift of 2P — n*S/n*D
transition frequencies in the experiments does not exhibit a
measurable n dependence.

The atom-surface distances obtained using this simple
model that give rise to the experimentally observed Ps fre-
quency shifts are on the scale of the size of the excited 2 3P Ps
atoms (~0.5 nm). This distance is very small compared to the
size of the open volumes in the MgO powder [see Fig. 1(b)],
and there is no reason to expect atoms to become localized
near the nanocrystal surfaces. Furthermore, since the Rydberg
levels are not shifted, these atoms must in general be further
away than the Rydberg atom size, which is approximately
40 nm for n = 17 Ps. Therefore we conclude that Ps atoms
interact collectively with a large number of MgO absorbers
over length scales on the order of 100 nm. A collective
coupling of this sort would increase the magnitude of the
effective MgO — MgO* electric dipole transition moments,
increasing the resulting frequency shifts of the Ps energy
levels at any particular value of Rps_ne0-

It would be of interest to optically probe Ps atoms emit-
ted from single-crystal MgO and SiO, surfaces directly into
vacuum [70], and also in large cubic internal voids generated
by ion implantation and subsequent annealing [71], to further
clarify the nature of Ps-surface interactions and associated
energy-level shifts. Other effects such as confinement or col-
lisions would in general affect Rydberg levels much more
strongly than the lower-lying levels and can therefore be ruled
out as the mechanism behind the large observed shifts. This
does not mean, however, that the Rydberg states are entirely
unaffected by their environment; for example, experiments
with Rydberg Na atoms passing through metal plates with
micron separations have shown van der Waals energy shifts
on the 100 MHz level [72] which, if present, would not be
observable in our experiments.

While properly engineered insulating structures are un-
doubtedly useful to create and confine Ps atoms at high den-
sities [73], the effects we have described here could preclude
those same structures from being used to optically study or
manipulate dense Ps ensembles. For example, time-delayed
single-photon Doppler measurements could in principal be

used to measure Ps cooling rates in cavities large enough to
avoid line narrowing. Similarly, laser cooling in such cavities
might then also be possible. However, large shifts as we have
observed would not be compatible with any optical methods
that rely on probing Doppler profiles. PL absorption bands in
the deep UV are common to many insulating materials that are
useful for Ps formation, including mesoporous SiO; [57]. This
does not necessarily mean that there are no viable alternative
materials, but it could inform fabrication processes if different
ways of producing such materials impact the PL properties
differently, in particular, regarding surface-based effects. It
may be possible to perform optical characterization of Ps in
the presence of resonant shifts, although this will complicate
the interpretation of such data.

The ability to measure Ps properties in various experi-
mental environments will be critical for future experiments
involving high-density Ps, such as studies of Ps, molecules
[74], and to continue progress towards Ps BEC along the
lines suggested by Platzman and Mills [13,17]. An optical
measurement of the temperature of dense Ps confined in a
cavity is probably not possible due to line narrowing [29], but
the angular correlation of two-photon Ps annihilation radiation
can be used [75].

A direct measurement of the Ps density would be a critical
diagnostic for any experiments involving Ps-Ps interactions.
In this case the density of a confined Ps ensemble can, in
principle, be inferred from measured scattering rates [76—78]:
if Ps is generated in a known geometry, then the density
can be determined from changes in the mean Ps lifetime
arising from spin exchanging collisions, for which the scatter-
ing cross sections have been calculated [79]. However, such
measurements rely on an asymmetry between spin states, and
once the minority spin component has been depleted, this
signal will disappear. It would, therefore, be beneficial to have
an independent density measurement that does not require
Ps polarization. This could be achieved spectroscopically by
measuring the collisional frequency (or clock) shift [80], as
has been done for trapped hydrogen [34]. The calculation of
Higgins et al. [35] indicates that for Ps the clock shift will be
~1x1077 Hz cm® (for hydrogen this has been measured to
be 3.8x 1079 Hz cm™3). Thus, for a Ps density of 10'¢ cm?
(cf. [77]) we would expect a shift on the order of 1 GHz. The
natural linewidth of the 13S; — 238, transition is 1.3 MHz
[20], meaning that a clock shift bigger than a few megahertz
would be very apparent under most conditions. Since the
135, — 238, transition proceeds via the absorption of two
486-nm photons, the laser light would not be resonant with
PL absorption in MgO or SiO,, and there may not be any large
shift of the type we have observed here. However, this cannot
be established with certainty until the mechanism underlying
the shift has been fully evaluated.

IV. CONCLUSIONS

We have observed shifts of the n =1 and n = 2 energy
levels of Ps atoms while they are inside the internal voids of
MgO smoke powder. Measurements of a series of Rydberg
transitions indicate that these energy shifts affect only the
lower-lying levels, which we attribute to resonant interactions
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between these Ps levels and overlapping MgO PL absorption
bands. Since such UV PL properties are very common in
materials that are suitable for Ps confinement, similar shifts
can be expected in other useful Ps forming materials as well
[81]. The existence of these shifts could affect attempts to
employ spectroscopic characterization and control (particu-
larly laser cooling) of confined Ps, which are required for
the optimization of experiments involving high-density Ps
ensembles. Thus, it may be necessary to develop alternative

materials suitable for both Ps confinement and optical
probes [82].
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