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The upcoming operation of the extra low energy antiprotons ring at CERN, the upgrade of the antiproton
decelerator (AD), and the installation in the AD hall of an intense slow positron beam with an expected flux
of 10% e* /s will open the possibility for new experiments with antihydrogen (H). Here we propose a
scheme to measure the Lamb shift of H. For four months of data taking, we anticipate an uncertainty of
100 ppm. This will provide a test of CPT and the first determination of the antiproton charge radius at the

level of 10%.
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I. INTRODUCTION

The measurement of the Lamb shift in atomic hydrogen
is a landmark of modern physics. Lamb and Retherford’s
observation of the splitting of n = 2 states with different
angular momentum [1], not predicted by the Dirac theory
[2], marked the birth of quantum electrodynamics (QED).
The most precise determination of the Lamb shift using
microwaves to induce directly 2S — 2P transitions was
performed by Lundeen and Pipkin who measured a value of
1057.845(9) MHz [3]. Making use of Ramsey’s separate
oscillating field (SOF) technique [4] they were able to
reduce the 100 MHz natural linewidth, which is limited
by the radiative lifetime of the 2P state, down to a width
of 30 MHz.

The finite size of the proton contributes with a correction
that is given by [5]
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where a and m, are the fine structure constant and the
hydrogen reduced mass, respectively; thus, from the Lamb
shift determination one can extract the proton charge radius
r, at a level of 3% [6]. Motivated by the proton radius
puzzle prompted by the muonic hydrogen experiment at
Paul Scherrer Institute [7], new efforts led by Hessels have
been undertaken at York University in Toronto to improve
the precision of the Lamb shift. With their clever refinement
of the SOF technique, Hessels et al. should be able to
reduce the systematic in order to determine r), at a level of
1% uncertainty [8].

Here we propose a way to measure the Lamb shift of
antihydrogen. Such a measurement was proposed in 1998
at Fermilab using relativistic H and should have resulted in
an uncertainty of 5% [9]. Our proposed scheme relies on a
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completely different technique which should lead to almost
2 orders of magnitude higher precision resulting in a
stringent test of CPT and the first determination of the
antiproton charge radius.

Antihydrogen is a blossoming field of research which
studies aim to shed light on the observed baryon asymmetry
in the Universe. In addition to the origin of dark matter, this
is probably one of the most tantalising puzzles of modern
particle physics and cosmology that seeks for an answer.

The first observation of H at the CERN low energy
antiprotons ring [10], motivated the construction of the
antiproton decelerator (AD) facility which allowed the
production of antihydrogen (H) at low energies [11,12].
The formation of H was achieved by mixing trapped
positron and antiproton plasmas in a nested Penning-
Malmberg trap [13]. With refinements of this technique,
H can now be magnetically trapped [14—16]. This impor-
tant milestone will allow for precision laser spectroscopy
and thus promises to provide a test of CPT to very high
accuracy. An alternative method to form a H beam to be
used for a precise hyperfine splitting measurement [17] was
recently demonstrated making use of a CUSP trap [18]. The
projected accuracy of these measurements and the one
proposed here are summarized in Fig. 1 together with the
existing CPT limits parametrized in terms of the absolute
accuracy which can be used for comparison of different
systems [19].

Antihydrogen is also being used to test the gravitational
behavior of antimatter. A first direct limit has been inferred
on the gravitational acceleration of antimatter by releasing
the H atoms from the magnetic trap [21]. Improvements on
this setup, comprising laser cooling or a vertical magnetic
trap [22], could lead to a test of the effect of gravity on
antimatter with an accuracy of 1% or better. With the same
goal two proposals have been approved at CERN [23,24].
Both experiments are ongoing and they are planning to
produce antihydrogen or antihydrogen ions via charge
exchange of positronium (Ps) with antiprotons:
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FIG. 1. Sensitivity as a test of CPT for different systems and
projected accuracy for antihydrogen experiments including the
Lamb shift measurement proposed here (solid line) and sensi-
tivity if a relative accuracy as for the matter counterpart could be
achieved (dotted line). This figure was adapted from [20].

Ps+p—H+e, (2)
Ps+H-—H" +e. (3)

Production of normal hydrogen in its ground state via
charge exchange of protons with positronium has been
demonstrated by Charlton et al. [25]. The same mechanism
has already been proven to produce H in Rydberg states
(H*) by the ATRAP Collaboration using a two-step charge
exchange, i.e. formation of Rydberg positronium with
positrons on Cs atoms and subsequent formation of H*
[26,27]. The cross sections for the charge exchange
reactions were calculated by different authors [28-32]
and good agreement has been found with the available
experimental data. Recently, new improved calculations
were performed [33].

II. PROPOSED SCHEME

In the scheme proposed here, a metastable 2S H beam is
produced via charge exchange reaction between the anti-
protons and a dense positronium target (see Fig. 2). The 2S
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FIG. 2. Scheme for the production of the metastable 2S H
beam.
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atoms will pass through two microwave (MW) field regions
where unwanted hyperfine states are removed by a state
selector and the 2S — 2P transitions are subsequently
induced (see Fig. 3). After this region, a static electric
field quenches the remaining 2S atoms in the 2P states that
deexcite in 1.6 ns to the ground state via emission of the
Lyman-alpha photon. The detection of these photons
allows one to measure the quenched fraction as a function
of the MW frequency and thus to determine the H Lamb
shift as was done for its matter counterpart [34].
Positronium is formed implanting keV positrons in a thin
SiO, porous film [35]. At 3 keV positron implantation
energy, the conversion efficiency for Ps emitted into
vacuum with an energy of about 80 meV is 35%
[36,37]. The electrons from the 10 MeV LINAC (under
installation in the AD by the GBAR Collaboration)
impinging on a tungsten target will produce positron-
electron pairs [38]. The positrons are moderated with
tungsten meshes resulting in a slow positron beam flux
of 3 x 10% e* /s that will be injected in a buffer gas trap
(typical efficiency of 20% [39]) and subsequently trans-
ferred to a 5 T accumulator [40]. In 100 s (the AD cycle),
3 x 10° positrons can be stacked and cooled via cyclotron
radiation in the accumulator. Note that accumulation of
4 x 10 positrons has recently been demonstrated [41]. By
lowering the last electrode of the 5 T trap the positrons are
released in bunches of 30 ns that will be synchronized with
the p pulse. The diameter of the positron beam at the exit of
the trap is around 60 um [39]. The positrons will be guided
in a decreasing magnetic field until this reaches 100 G. The

beam diameter will be of the order of 71006 = rs7\/ o= 7
1 mm [39]. At this point they can be injected in a drift tube
to accelerate them to 3 keV by applying a high-voltage
(HV) pulse when the positrons are inside the tube [42].
From a 100 G field the positrons will be extracted to an
electromagnetic field-free region, as demonstrated with
90% efficiency [42], and refocused to a 1 mm beam spot.
This method has the advantage that the target is at ground
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FIG. 3. Scheme of the proposed experimental setup for the
measurement of the H Lamb shift.
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potential and thus electric fields can be avoided when
extracting the 2S H beam which ensures that no quenching
to the 2P state will occur, and magnetic fields perpendicular
to antiproton propagation are avoided.

The 3 keV positrons will enter the target passing through
a thin (30 nm) SiN window coated with a 3 nm gold layer
(to avoid charging) with an efficiency close to 100% [43].
At this energy, the Ps formed in the silica film takes about
1 ns to be emitted into the tube [44]. The mean implantation
depth is 100 nm resulting in an instantaneous Ps density of
4 x 10" Ps/cm?. Using the measured cross sections for
spin-spin quenching between Ps with m = 1 and m = —1
and for Ps, formation [45], one can estimate that the losses
through this mechanism are negligible.

The Ps formed in the target will then be confined in a
tube allowing to keep a high Ps density. This geometry was
used in the 1S-2S Ps experiment at ETH Zurich to observe
2S annihilations [46] and it is planned to be implemented in
the GBAR experiment [24].

The extra low energy antiprotons (ELENA) ring is
expected to deliver 4.5 x 10° p with 100 keV momentum
in 75 ns bunches every 100 s [47]. Since the maximum of
the cross section for H production in the 28 state is at 6 keV
[33] a lower momentum of the antiprotons is preferable.
This could be achieved using the scheme proposed by
Lunney for the GBAR experiment [48]. A drift tube kept at
—94 kV is pulsed down to ground while the p bunch is
inside it. The antiprotons will thus find themselves at the
exit of the buncher tube at the potential given by the
difference of their initial energy with the HV pulsed
on to the tube, i.e. 6 kV. Such a technique is routinely
used in ISOLDE to decelerate ions [49]. The deceleration
results in an increase of the beam emittance which
can be estimated from the input and output energies as

€OkeV — l0keV. /100/6 = 167 mradmm where e'%0keV =

47 mradmm is the expected emittance of ELENA. SIMION
simulations confirm that this estimate is a good approxi-
mation. Focusing the antiprotons to optimally fit through
the 20 mm long 1 x 1 mm? Ps formation tube results in a
~50% geometrical transmission factor with a beam spot of
0.8 mm diameter.

To provide a realistic estimate of the H(2S) flux, a
Monte Carlo simulation in GEANT4 [50], validated by our
experiments with Ps (see e.g. [36,46,51]), is used to
calculate the time evolution of the Ps density in the tube.
A positron pulse width of 30 ns and an initial time
distribution of the Ps atoms which reflects that of the
positrons were assumed [44]. Ps was modeled as under-
going diffuse reflections from the walls of the formation
tube with no losses arising from annihilation on the walls
[43]. Antiproton trajectories (assumed to be straight lines)
were traced through the Ps cloud in order to generate Ps
density curves as a function of time, as experienced by a
transitory antiproton. The spatial distribution of antiprotons
perpendicular to the tube axis was assumed to follow a
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FIG. 4. Calculated H(2S) atom yield per number of Ps and
antiprotons.

Gaussian profile. From these, knowledge of the antihy-
drogen formation cross section in various 7 states [33], and
the radiative transition rates between the states [52],
the resulting population of 2S antihydrogen atoms was
calculated. In Fig. 4, the predicted H(2S) atom yield per
number of Ps(1S) and 6 keV antiprotons is shown. The
energy and direction of the H atoms is defined by the initial
antiproton momentum; thus, a beam with an emittance of
16z mrad mm can be formed resulting in a beam size of the
order of 4 cm at a 0.5 m distance. The expected number of
H(2S) atoms per AD cycle is given by

NH(ZS):ece'edt'Nﬁ'Eem'Edt'Ne+’ (4)

where €., = 107" is the charge exchange yield taken from
Fig. 4, ¢, = 0.5 is the expected transmission of decelerated
antiproton pulse (N = 4.5 x 10°) through the Ps forma-
tion tube, ep, = 0.35 is the conversion efficiency of
positrons to Ps emitted into vacuum and N, = 3 x 10°
is the number of accumulated positrons extracted to a field-
free magnetic region with an efficiency of e,, = 0.9.
A flux of about Np,5) =2 per AD cycle is anticipated
of which 25% will be in the F = O state.

The simplified scheme of the 2S and 2P hyperfine levels
is shown in Fig. 5. In order to isolate the 28, ,, F = 0 states,
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FIG. 5. Sketch of the 2S and 2P hyperfine levels.
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a hyperfine state selector can be employed. Newton,
Andrews, and Unsworth [34] used a single frequency to
drive down all the 2S,,, F =1 states to the short lived
2P, ), retaining 20% of the F* = 0 population. With a higher
Q cavity (loaded Q of 2500) tuned at 1139 MHz, we
estimated that the F = 1 population can be quenched below
1% while 60% of the F =0 population in the 2S is
retained.

Note that for 6 keV energy of the antiprotons and for
ground state Ps the probability to form H in higher states is
very suppressed [33]. We calculated that the number of
atoms cascading down to the 2S state after the HFS state
selector is at negligible level.

The 2S, F = 0 atoms will pass through a single microwave
region where the 2S , — 2P, ), transitions between mp = 0
states [see red (solid) arrow in Fig. 5] can be induced with
high efficiency by tailoring the MW power to time of flight of
the atoms in the MW field in order to achieve a z pulse. This
can be produced by using a cavity with a loaded Q value as
low as 400 for reasonably low MW input powers.

Even though the SOF technique would allow for a
reduction of the natural line width by a factor 3-5, it has
the drawback of greatly reducing the signal rate. Therefore,
due to the small number of H(2S) atoms available, a single
MW region is preferable (at least as a first step).

An electric field will be used to quench the surviving 2S
to the 2P states. The emitted Lyman-alpha photons will be
detected in a cylindrical CS, gas photoionization detector
[53,54]. Efficiencies higher than 50% including the losses
on the LiF window were reported for this kind of detector
which can be arranged in such a way to achieve a solid
angle coverage close to 4z. Pulsed beam operation com-
bined with time of flight will result in an excellent signal-
to-noise ratio (SNR). The width of the signal window will
be about 1 us for which the accidental rate is estimated to
be at a level of 1073.

III. EXPECTED ACCURACY

The estimated signal on resonance per bunch is given by
Nyg=¢€,-€ €5 Ngps) (5)

where €, = 0.6 is the surviving fraction of Ny with
F = 0in the hyperfine state selector, ¢, = 1 is the transition
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probability 2S — 2P, ¢, = 0.5 is the probability for the
detection of the Lyman-alpha photon, and Ny, are the
number of atoms produced in 2S,/, state with F' = 0.

The number of events detected per day on resonance
assuming a duty cycle of ELENA of 80% will be around
110 events. Simulation of the expected line shape predicts
that with the expected SNR for four months of data taking
the line center can be determined with an uncertainty of
100 ppm.

The main source of systematic is the ac Stark shift which
will be below 100 kHz. By measuring the line shape at
different MW powers this could be corrected for extrapo-
lating to zero intensity. Other sources of systematic are the
first- and second-order Doppler shift which for the given
momentum and spread after the decelerator of the H(2S)
are at a level of 10 kHz. Other shifts such as motional Stark
shift and Zeeman at a level of few kilohertz, assuming the
magnetic field in the excitation region will not exceed the
field of Earth.

IV. CONCLUSIONS

A scheme to measure the antihydrogen Lamb shift at a
level of 100 ppm has been proposed. Such a measurement
might be feasible in the near future thanks to the ELENA
ring, the ongoing upgrade of the AD, and the installation of
an intense positron source based on a 10 MeV LINAC at
CERN. This experiment would result in a stringent test of
CPT and the first determination of the antiproton charge
radius at a level of 10%. The accuracy in the experiment
will limited by statistics. If improvements in the production
rate of metastable 2S antihydrogen atoms could be
achieved, it would be conceivable to reach a precision of
few parts per million close to the one reached for its matter
counterpart.

ACKNOWLEDGMENTS

The authors gratefully acknowledge P. Comini for the
very useful discussions on the charge exchange process and
A. Antognini and F. Nez for their very valuable comments
and suggestions. This work has been supported by the
Swiss National Science Foundation under Grant
No. 200020_166286.

[11] W. Lamb and R. Retherford, Phys. Rev. 72, 241 (1947).

[2] P. A. M. Dirac, Proc. R. Soc. A 117, 610 (1928).

[3] S.R. Lundeen and F. M. Pipkin, Phys. Rev. Lett. 46, 232
(1981).

[4] N. Ramsey, Rev. Mod. Phys. 62, 541 (1990).

[5] W. Aron and J. Zucchelli,
(1957).

[6] S.G. Karshenboim, Phys. Rep. 422, 1 (2005).

[71 R. Pohl et al., Nature (London) 466, 213 (2010);
A. Antognini et al., Science 339, 417 (2013).

Phys. Rev. 105, 1681

052008-4


http://dx.doi.org/10.1103/PhysRev.72.241
http://dx.doi.org/10.1098/rspa.1928.0023
http://dx.doi.org/10.1103/PhysRevLett.46.232
http://dx.doi.org/10.1103/PhysRevLett.46.232
http://dx.doi.org/10.1103/RevModPhys.62.541
http://dx.doi.org/10.1103/PhysRev.105.1681
http://dx.doi.org/10.1103/PhysRev.105.1681
http://dx.doi.org/10.1016/j.physrep.2005.08.008
http://dx.doi.org/10.1038/nature09250
http://dx.doi.org/10.1126/science.1230016

ANTIPROTON CHARGE RADIUS

[8] E. A. Hessels, Frontiers in Optics 2015, OSA Technical
Digest (Optical Society of America, Washington, 2015),
paper LTu2G.2.

[9] G. Blandford, K. Gollwitzer, M. Mandelkern, J. Schultz, G.
Takei, G. Zioulas, D. C. Christian, and C. T. Munger, Phys.
Rev. D 57, 6649 (1998).

[10] G. Baur et al., Phys. Lett. B 368, 251 (1996).

[11] M. Amoretti et al. (ATHENA Collaboration), Nature
(London) 419, 456 (2002).

[12] G. Gabrielse et al. (ATRAP Collaboration), Phys. Rev. Lett.
89, 233401 (2002).

[13] G. Gabrielse, S. L. Rolston, L. Haarsma, and W. Kells, Phys.
Lett. 129A, 38 (1988).

[14] G.B. Andresen et al. (ALPHA Collaboration), Nature
(London) 468, 673 (2010).

[15] G.B. Andresen et al. (ALPHA Collaboration), Nat. Phys. 7,
558 (2011).

[16] G. Gabrielse et al. (ATRAP Collaboration), Phys. Rev. Lett.
108, 113002 (2012).

[17] N. Kuroda et al. (ASACUSA Collaboration), Nat. Commun.
5, 3089 (2014).

[18] Y. Enomoto et al. (ASACUSA Collaboration), Phys. Rev.
Lett. 105, 243401 (2010).

[19] D. Colladay and V. A. Kostelecky, Phys. Rev. D 55, 6760
(1997); 58, 116002 (1998); R. Bluhm, V. A. Kostelecky,
and N. Russell, Phys. Rev. Lett. 82, 2254 (1999); V. A.
Kostelecky, Phys. Rev. D 69, 105009 (2004); V.A.
Kostelecky and A.J. Vargas, Phys. Rev. D 92, 056002
(2015); V. A. Kostelecky and N. Russell, Rev. Mod. Phys.
83, 11 (2011).

[20] E. Widmann, M. Diermaier, B. Juhasz, C. Malbrunot, O.
Massiczek, C. Sauerzopf, K. Suzuki, B. Wuenschek, J.
Zmeskal, S. Federmann, N. Kuroda, S. Ulmer, and Y.
Yamazaki, Hyperfine Interact. 215, 1 (2013).

[21] C. Amole et al. (ALPHA Collaboration), Nat. Commun. 4,
1785 (2013).

[22] P. Hamilton, A. Zhmoginov, F. Robicheaux, J. Fajans, J.
Waurtele, and H. Mueller, Phys. Rev. Lett. 112, 121102 (2014).

[23] G. Testera et al. (AEgIS Collaboration), Hyperfine Interact.
233, 13 (2015).

[24] P. Perez et al. (GBAR Collaboration), Hyperfine Interact.
233, 21 (2015).

[25] J. P. Merrison, H. Bluhme, J. Chevallier, B. 1. Deutch, P.
Hvelplund, L. V. Jorgensen, H. Knudsen, M. R. Poulsen,
and M. Charlton, Phys. Rev. Lett. 78, 2728 (1997).

[26] A. Speck, C.H. Storry, E. A. Hessels, and G. Gabrielse,
Phys. Lett. B 597, 257 (2004).

[27] R. McConnell, G. Gabrielse, W.S. Kolthammer, P.
Richerme, A. Mllers, J. Walz, D. Grzonka, M. Zielinski,
D. Fitzakerley, M. C. George, E. A. Hessels, C. H. Storry,
and M. Weel, J. Phys. B 49, 064002 (2016).

[28] J. Mitroy, Phys. Rev. A 52, 2859 (1995).

[29] J. W. Humberston, P.V. Reeth, M. S. T. Watts, and W.E.
Meyerhof, J. Phys. B 30, 2477 (1997).

[30] N. Yamanaka and Y. Kino, Nucl. Instrum. Methods Phys.
Res., Sect. B 214, 40 (2004).

[31] P. Comini and P.-A. Hervieux, New J. Phys. 15, 095022
(2013).

[32] J.J. Bailey, A.S. Kadyrov, and 1. Bray, Phys. Rev. A 91,
012712 (2015).

PHYSICAL REVIEW D 94, 052008 (2016)

[33] C. M. Rawlins, A. S. Kadyrov, A. T. Stelbovics, 1. Bray, and
M. Charlton, Phys. Rev. A 93, 012709 (2016).

[34] G. Newton, D. A. Andrews, and P. J. Unsworth, Phil. Trans.
R. Soc. A 290, 373 (1979).

[35] L. Liszkay, C. Corbel, P. Perez, P. Desgardin, M.-F. Barthe,
T. Ohdaira, R. Suzuki, P. Crivelli, U. Gendotti, A. Rubbia,
M. Etienne, and A. Walcarius, Appl. Phys. Lett. 92, 063114
(2008).

[36] P. Crivelli, U. Gendotti, A. Rubbia, L. Liszkay, P. Perez, and
C. Corbel, Phys. Rev. A 81, 052703 (2010).

[37] D.B. Cassidy, P. Crivelli, T. H. Hisakado, L. Liszkay, V. E.
Meligne, P. Perez, H. W. K. Tom, and A. P. Mills, Jr., Phys.
Rev. A 81, 012715 (2010).

[38] L. Liszkay, P. Comini, C. Corbel, P. Debu, P. Grandemange,
P. Perez, J.-M. Rey, J.-M. Reymond, N. Ruiz, Y. Sacquin,
and B. Vallage, J. Phys. Conf. Ser. 505, 012036 (2014).

[39] J.R. Danielson, D. H. E. Dubin, R. G. Greaves, and C. M.
Surko, Rev. Mod. Phys. 87, 247 (2015).

[40] N. Oshima, T. M. Kojima, M. Niigaki, A. Mohri, K. Komaki,
and Y. Yamazaki, Phys. Rev. Lett. 93, 195001 (2004).

[41] D. W. Fitzakerley, M. C. George, E. A. Hessels, T.D. G.
Skinner, C. H. Storry, M. Weel, G. Gabrielse, C. D. Hamley,
N. Jones, K. Marable, E. Tardiff, D. Grzonka, W. Oelert, and
M. Zielinski, J. Phys. B 49, 064001 (2016).

[42] D.A. Cooke, G. Barandun, S. Vergani, B. Brown, A.
Rubbia, and P. Crivelli, J. Phys. B 49, 014001 (2016).

[43] P. Crivelli, D. A. Cooke, and S. Friedreich, Int. J. Mod.
Phys. Conf. Ser. 30, 1460257 (2014).

[44] D.B. Cassidy, T.H. Hisakado, V.E. Meligne, H. W. K.
Tom, and A.P. Mills, Jr, Phys. Rev. A 82, 052511
(2010).

[45] D.B. Cassidy, S. H. M. Deng, R. G. Greaves, T. Maruo, N.
Nishiyama, J. B. Snyder, H. K. M. Tanaka, and A. P. Mills,
Jr., Phys. Rev. Lett. 95, 195006 (2005).

[46] D. Cooke, P. Crivelli, J. Alnis, A. Antognini, B. Brown, S.
Friedreich, A. Gabard, T. W. Haensch, K. Kirch, A. Rubbia,
and V. Vrankovic, Hyperfine Interact. 233, 67 (2015).

[47] S. Maury, W. QOelert, W. Bartmann, P. Belochitskii, H.
Breuker, F. Butin, C. Carli, T. Eriksson, S. Pasinelli, and G.
Tranquille, Hyperfine Interact. 229, 105 (2014).

[48] D. Lunney et al. (GBAR Collaboration), Hyperfine Interact.
229, 1 (2014).

[49] F. Herfurth er al. ISOLDE Collaboration), Nucl. Instrum.
Methods Phys. Res., Sect. A 469, 254 (2001); M.
Rosenbusch, D. Atanasov, K. Blaum, Ch. Borgmann, S.
Kreim, D. Lunney, V. Manea, L. Schweikhard, F.
Wienholtz, and R. N. Wolf (ISOLDE Collaboration), Appl.
Phys. B 114, 147 (2014).

[50] S. Agostinelli et al. (Geant4 Collaboration), Nucl. Instrum.
Methods Phys. Res., Sect. A 506, 250 (2003).

[51] P. Crivelli, D. Cooke, B. Barbiellini, B.L. Brown, J.I.
Feldblyum, P. Guo, D. W. Gidley, L. Gerchow, and A.]J.
Matzger, Phys. Rev. B 89, 241103(R) (2014).

[52] H. A. Bethe and E.E. Salpeter, Quantum Mechanics of
One- and Two-Electron Atoms (Springer-Verlag, Berlin,
1957).

[53] A. K. Stober, R. Scolnik, and J. P. Hennes, Appl. Opt. 2, 735
(1963).

[54] J.J. Bollinger and F. M. Pipkin, Rev. Sci. Instrum. 52, 938
(1981).

052008-5


http://dx.doi.org/10.1103/PhysRevD.57.6649
http://dx.doi.org/10.1103/PhysRevD.57.6649
http://dx.doi.org/10.1016/0370-2693(96)00005-6
http://dx.doi.org/10.1038/nature01096
http://dx.doi.org/10.1038/nature01096
http://dx.doi.org/10.1103/PhysRevLett.89.233401
http://dx.doi.org/10.1103/PhysRevLett.89.233401
http://dx.doi.org/10.1016/0375-9601(88)90470-7
http://dx.doi.org/10.1016/0375-9601(88)90470-7
http://dx.doi.org/10.1038/nature09610
http://dx.doi.org/10.1038/nature09610
http://dx.doi.org/10.1038/nphys2025
http://dx.doi.org/10.1038/nphys2025
http://dx.doi.org/10.1103/PhysRevLett.108.113002
http://dx.doi.org/10.1103/PhysRevLett.108.113002
http://dx.doi.org/10.1038/ncomms4089
http://dx.doi.org/10.1038/ncomms4089
http://dx.doi.org/10.1103/PhysRevLett.105.243401
http://dx.doi.org/10.1103/PhysRevLett.105.243401
http://dx.doi.org/10.1103/PhysRevD.55.6760
http://dx.doi.org/10.1103/PhysRevD.55.6760
http://dx.doi.org/10.1103/PhysRevD.58.116002
http://dx.doi.org/10.1103/PhysRevLett.82.2254
http://dx.doi.org/10.1103/PhysRevD.69.105009
http://dx.doi.org/10.1103/PhysRevD.92.056002
http://dx.doi.org/10.1103/PhysRevD.92.056002
http://dx.doi.org/10.1103/RevModPhys.83.11
http://dx.doi.org/10.1103/RevModPhys.83.11
http://dx.doi.org/10.1007/s10751-013-0809-6
http://dx.doi.org/10.1038/ncomms2787
http://dx.doi.org/10.1038/ncomms2787
http://dx.doi.org/10.1103/PhysRevLett.112.121102
http://dx.doi.org/10.1007/s10751-015-1165-5
http://dx.doi.org/10.1007/s10751-015-1165-5
http://dx.doi.org/10.1007/s10751-015-1154-8
http://dx.doi.org/10.1007/s10751-015-1154-8
http://dx.doi.org/10.1103/PhysRevLett.78.2728
http://dx.doi.org/10.1016/j.physletb.2004.07.044
http://dx.doi.org/10.1088/0953-4075/49/6/064002
http://dx.doi.org/10.1103/PhysRevA.52.2859
http://dx.doi.org/10.1088/0953-4075/30/10/020
http://dx.doi.org/10.1016/j.nimb.2003.08.023
http://dx.doi.org/10.1016/j.nimb.2003.08.023
http://dx.doi.org/10.1088/1367-2630/15/9/095022
http://dx.doi.org/10.1088/1367-2630/15/9/095022
http://dx.doi.org/10.1103/PhysRevA.91.012712
http://dx.doi.org/10.1103/PhysRevA.91.012712
http://dx.doi.org/10.1103/PhysRevA.93.012709
http://dx.doi.org/10.1098/rsta.1979.0004
http://dx.doi.org/10.1098/rsta.1979.0004
http://dx.doi.org/10.1063/1.2844888
http://dx.doi.org/10.1063/1.2844888
http://dx.doi.org/10.1103/PhysRevA.81.052703
http://dx.doi.org/10.1103/PhysRevA.81.012715
http://dx.doi.org/10.1103/PhysRevA.81.012715
http://dx.doi.org/10.1088/1742-6596/505/1/012036
http://dx.doi.org/10.1103/RevModPhys.87.247
http://dx.doi.org/10.1103/PhysRevLett.93.195001
http://dx.doi.org/10.1088/0953-4075/49/6/064001
http://dx.doi.org/10.1088/0953-4075/49/1/014001
http://dx.doi.org/10.1142/S2010194514602579
http://dx.doi.org/10.1142/S2010194514602579
http://dx.doi.org/10.1103/PhysRevA.82.052511
http://dx.doi.org/10.1103/PhysRevA.82.052511
http://dx.doi.org/10.1103/PhysRevLett.95.195006
http://dx.doi.org/10.1007/s10751-015-1158-4
http://dx.doi.org/10.1007/s10751-014-1067-y
http://dx.doi.org/10.1007/s10751-014-1056-1
http://dx.doi.org/10.1007/s10751-014-1056-1
http://dx.doi.org/10.1016/S0168-9002(01)00168-1
http://dx.doi.org/10.1016/S0168-9002(01)00168-1
http://dx.doi.org/10.1007/s00340-013-5702-0
http://dx.doi.org/10.1007/s00340-013-5702-0
http://dx.doi.org/10.1016/S0168-9002(03)01368-8
http://dx.doi.org/10.1016/S0168-9002(03)01368-8
http://dx.doi.org/10.1103/PhysRevB.89.241103
http://dx.doi.org/10.1364/AO.2.000735
http://dx.doi.org/10.1364/AO.2.000735
http://dx.doi.org/10.1063/1.1136695
http://dx.doi.org/10.1063/1.1136695

