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Abstract
Antiprotonic and pionic helium atoms are three-body metastable systems bound by the
Coulomb force, so-called exotic atoms, where one of the electrons of a ground state helium
atom is replaced by an antiproton or a negative pion orbiting on a Rydberg state. The
remaining ground-state electron protects the antiproton or pion during collisions, such that
these Rydberg exotic atoms can retain long enough lifetimes for laser spectroscopy. Comparing 3-body relativistic QED predictions with the measured transition frequencies, the
antiproton-to-electron and pion-to-electron mass ratios can be deduced with high precision
(Chapter 1).
For this reason, antiprotonic helium (pHe+ ) has been subjected to precision laser spectroscopy measurements in the last 15 years by our collaboration at CERN. Our latest
results on the antiproton-to-electron mass ratio was obtained by Doppler-suppressed two+
photon spectroscopy [1], and single photon spectroscopy on p4 He thermalized in ultracold
buffer gas [2] achieving a fractional precision of 8 × 10−10 (Chapter 2).
Besides being a simple three-body bound system with an antimatter constituent, another remarkable feature of antiprotonic helium is its small atomic radius, which is predicted to be about the same size as the ground state helium atom. We found that this
makes antiprotonic helium a unique tool for probing the microscopic structure of superfluid
helium. We measured a strong narrowing of the antiprotonic helium spectral lines with the
decreasing liquid temperature, while the spectral lines of other atoms implanted in liquid
+
helium suffered significant broadening and shift. A sudden decrease of the p4 He linewidth
marked the superfluid phase transition. The linewidth reached a minimum at T ≈ 1.8 K
and increased again when further cooling the target [3]. No theoretical explanation exist
on these phenomena so far. (Chapter 3).
In 2013 we proposed an experiment to measure the first laser-induced atomic transition
in pionic helium (π − He+ ) at PSI, and to deduce the pion-to-electron mass ratio to a
10−6 − 10−8 precision [4]. In the last two years the liquid helium target, detectors and
lasers were developed. During the beamtime in 2015 the first laser transition in metastable
+
π −4 He was discovered. Analysis of the data is in progress (Chapter 4).
The author of this thesis has been the main investigator of the experiment on superfluid helium, and contributed to the precision experiments by carrying out Monte Carlo
simulations and analysis, developing cryogenic targets, detectors, and lasers. A technical
development of a ∼ 500-channel, position sensitive detector system [5] for future experiments not discussed here is described in Appendix A.

x

Abstract

Zusammenfassung
Antiprotonisches und pionisches Helium sind durch die Coulombkraft gebundene metastabile Dreikörpersysteme, sogenannte exotische Atome, bei denen eines der Elektronen im
Grundzustand des Helium Atoms durch ein Antiproton oder Pion in einem Rydbergzustand
ersetzt wird. Das Antiproton oder Pion besetzt dabei nahezu kreisförmige Zustände und
wird durch das verbleibende Elektron während Kollisionen geschützt. Aus diesem Grund
bewahrt dieses exotische Rydbergatom eine Lebenszeit die ausreichend lang um laserspektroskopische Messungen durch zu führen. Durch den Vergleich relativistischer 3-Körper
QED mit den gemessenen Übergangsfrequenzen ist es möglich das Antiproton-zu-Elektron
bzw. des Pion-zu-Elektron Massenverhältnis mit hoher Präzision zu bestimmen (Kapitel
1).
Aus diesen Gründen betreibt unsere Kollaboration am CERN seit 15 Jahren hochgenaue
laserspektroskopische Messungen am antiprotonischen Helium (pHe+ ). Unsere jüngsten
Resultate bzgl. des Antiproton-zu-Elektron Massenverhältnisses gewannen wir dabei durch
Doppler-unterdrückte zwei-Photonen sowie ein-Photon Laserspektroskopie wobei das pHe+
in ultrakaltem Buffergas thermalisiert war. Die erreichte Präzision betrug dabei 8 × 10−10
(Kapitel 2).
Neben seinem Bestandteil aus Antimaterie, zeichnet sich antiprotonisches Helium durch
seinen kleinen atomaren Radius aus. Dieser ist, laut Vorhersage, ähnlich groß wie der von
atomarem Helium. Unsere Arbeit ergab, dass diese Tatsache antiprotonisches Helium
zu einem einzigartigen Mittel macht, um die mikroskopische Struktur von suprafluidem
Helium zu erforschen. Unsere Messungen zeigten eine starke Verengung der Spektrallinien
vom antiprotonischen Helium mit sinkender Temperatur wenn implantiert in flüssigem
Helium, während Spektrallinien anderer Atome eine Verbreiterung erfahren. Dabei wurde
+
der suprafluide Phasenübergang von einer plötzlichen Abnahme der p4 He Linienbreite
markiert. Zudem zeigte die Linienbreite einen Minimum bei T ≈ 1.8 K bevor sie wieder
mit sinkender Targettemperatur anstieg. Für dieses Phänomen existiert bis heute keine
Erklärung (Kapitel 3).
Im Jahr 2013 haben wir ein Experiment vorgeschlagen, um den ersten laserinduzierte
atomaren Übergang im pionischen Helium (π − He+ ) am PSI zu messen und das Pion-zuElektron Massenverhältnis mit einer Präzision von 10−6 − 10−8 zu bestimmen. In den
letzten beiden Jahren wurden das flüssig-Heliumtarget, die Detektoren und die Laser entwickelt. Während der Strahlzeit im Jahr 2015 wurde der erste Laserübergang im meta+
stabilen π −4 He entdeckt. Die Analyse dieser Daten ist in Bearbeitung.

xii

Zusammenfassung

Die Autorin dieser Arbeit war die hauptverantwortliche Person für das Experiment zum
suprafluiden Helium. Darüber hinaus lieferte sie Beiträge zu den Präzisonsexperimenten im
Sinne von Monte Carlo Simulationen und Analyse, Entwicklung der kryogenischen Targets,
Detektoren und Laser. Die technische Entwicklung eines ∼ 500−Kanal positionssensitiven
Detektorsystems für zukünftige, nicht in dieser Arbeit diskutierte, Experimente ist in Appendix A beschrieben.

Chapter 1
Introduction and Overview
1.1

Exotic atoms

A system bound by the Coulomb potential is called an exotic atom when it contains a
subatomic particle other than electrons, protons or neutrons. This exotic constituent
can be for example a negatively charged particle, assuming some orbits around a normal
nucleus. Such systems are for example the muonic, pionic, kaonic and antiprotonic atoms.
Other systems include positively charged exotic subatomic particles as well, like muonium
and positronium, or antihydrogen (Fig. 1.1).
The energy levels of the 2-body or 3-body exotic atoms can be calculated generally with
high accuracy, and investigated with laser- or X-ray-spectroscopy. The comparison between
predicted and measured energy levels provides a precise tool to test bound-state QED,
extract fundamental constants, or to learn about symmetries of fundamental interactions.
In this thesis, we investigate 3-body metastable antiprotonic and pionic helium
atoms, where the negative hadrons are orbiting in Rydberg states around a He+ ion.
These neutral atoms are protected by the remaining electron against collisions and nuclear
absorption for sufficiently long time to carry out laser spectroscopy, and to determine the
hadron mass to electron mass ratio. Before we start discussing our main topic, a few
selected other exotic atoms used as precision probes are listed below.
QED tests and fundamental constants using leptonic atoms
Muonium (Mu= µ+ e− ) and positronium (Ps= e+ e− ) are purely leptonic systems free from
the uncertainty related with the finite size and complex structure of the nucleus. The
precision of the laser spectroscopy is limited ultimately by lifetime of these systems - for
Mu against muon decay, for Ps due to annihilation processes. Despite the limited lifetimes,
these atoms are ideal systems to test bound-state QED [6].
The spectroscopy of Mu moreover leads to the best verification of charge equality in
the first two generations of particles, to a test of the gravitation interaction of antimatter,
an improved determination of the muon mass, and the most precise value of the muon-toelectron magnetic moment ratio [7].
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(a) Muonium

(e) Hadronic atoms

(c) Muonic atoms

ZA

p

µ+
e-

µMuonic hydrogen

(d) Antihydrogen

(b) Positronium

e+

(f) Metastable exotic helium

e-

p

e-

π-

X

e+

He++
p
Antiprotonic helium

Figure 1.1: A selected few exotic atoms (a) Muonium µ+ e− and (b) positronium e+ e−
are leptonic systems suited for bound-state QED tests and determination of fundamental
constants. (c) Muonic atoms like muonic hydrogen µ− p are sensitive to the finite size
of the nucleus and have been used to determine charge radii. (d) Antihydrogen p̄e+ can
be used to test fundamental symmetries and antimatter gravity. (e) X-rays emitted from
e.g. pionic and kaonic systems have been used to determine the masses of the intruding
particle, and pion-nucleon and kaon-nucleon scattering lengths. (f) In helium, antiprotons
and pions can be trapped in metastable states forming pHe+ . Other particle-antiparticle
bound states, like pionium (π + π − ) or protonium (p̄p) are also known to exist but only for
very short (∼ 10−15 s) time scales.
High-precision spectroscopy of Ps [8] also allows a determination of the positron-toelectron mass ratio, while Ps could be used also for searches of ‘invisible’ decays, which
may indicate a hidden mirror particle sector.
Nuclear charge radii from muonic atoms
Spectroscopy of muonic atoms has been used to determine precise values of the root-meansquare charge radii of the nuclei. In these atoms, one or more electrons are substituted by
a muon, which is a fundamental particle having the same electromagnetic properties as the
electron but a ∼200 times larger mass. Because of its larger mass, the muon wave function
overlaps so strongly with the nucleus that the muonic energy levels are considerably affected
by the finite size of the nucleus itself.
Recently the 2S-2P energy splitting in muonic hydrogen (µ− p) was measured, which

1.1 Exotic atoms
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lead to the most precise determination of the proton charge radius [9, 10]. The new value
revealed a large discrepancy compared to other determinations based on high-precision
laser spectroscopy in hydrogen and electron-proton scattering. This discrepancy prompted
a lot of discussions concerning bound-state QED, the low energy structure of the proton,
fundamental constants, reanalysis of scattering data, and physics beyond the standard
model.
X-ray cascade spectroscopy of hadronic atoms
Negative intruding particles in high-lying atomic states emit characteristic X-rays during
their rapid deexcitation towards the ground state. Analyzing this X-ray emission with
spectrometers gives the most precise method determining the mass of light particles with
short lifetimes (like π − , K − ) [11,12]. When we ignore the screening effects of the remaining
electrons (which may be still present during the emission of the X-rays, depending on the
configuration), we can use the Bohr model to estimate the ∆E transition energies:
∆En→n0

MX∗ 2
Z
= Rhc
me



1
1
− 2
02
n
n


(1.1)

where MX∗ is the reduced mass of the X negative hadron and the nucleus (R– Rydberg
constant, h – Planck constant, c – speed of light). These results sometimes show ambiguities
when electrons are still present, depending on the number and configuration of the electrons
assumed (see Chapter 4).
Deeply bound states
The lower lying states of pionic and kaonic atoms (especially the S-state) are affected
by the strong interaction between orbiting particle and nucleus. The low energy (keV)
intrinsic in these atomic systems offer the possibility to perform experiments to measure the
strong interaction equivalent to scattering experiments at vanishing momentum exchange.
Precision X-ray spectroscopy has been used to deduce the hadronic width and shift of the
1S level in heavy nuclei [13,14], pionic hydrogen [15] and deuterium [16], which leads to the
determination of pion-nucleon s-wave scattering lengths. Similarly the antikaon-nucleon
scattering lengths has been obtained by X-ray spectroscopy of light kaonic atoms [17].
Antihydrogen
Antihydrogen is the bound system of an antiproton and a positron, and the only stable
exotic atom we know. As it is the antimatter counterpart of hydrogen, according to fundamental symmetries they are indistinguishable in terms of e.g. mass or atomic transitions.
Several experiments at CERN [18–20] are searching for possible signs of CPT and Lorentz
violations [21], or to test matter-antimatter gravitational interactions related to the equivalence principle by investigating this atom. A CPT test can be obtained by comparing

4
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the 1S-2S and ground state HFS transition frequencies in antihydrogen with the corresponding transitions in hydrogen. Lorentz violating effects can be exposed by considering
day-and-night or yearly variations of the observed transition frequencies.

1.2

Antiprotonic and pionic helium

Using a naive approach, a negative subatomic particle can form an exotic atom by replacing
one of the atomic electrons via a charge-exchange process [22]. As a result of this, the
negative particle will end up in an atomic orbit with approximately the same binding energy
as the electron before. These considerations would suggest that right after formation, a
heavy negatively charged particle occupies an atomic orbit with a high principal quantum
number:
r ∗
MX
,
(1.2)
n≈
me
where MX∗ denotes the reduced mass of the atomic nucleus and the foreign particle, and me
is the mass of the electron. Although kinematic constrains would allow several other configurations with higher lying states, this simple picture is surprisingly accurate in predicting
the initially populated levels of exotic atoms, as we will see in later chapters.
This newly formed high-n states usually deexcite in a rapid cascade via radiative decays,
internal and external Auger-emission and Coulomb deexcitations. At the end of the cascade
the negative particle end up in the vicinity of the nucleus where the nuclear interaction
between orbiting particle and nucleus is significant, and will be absorbed by the nucleus.
The timescale of such atomic cascades were found to be on the scale of some picoseconds,
being much too short for any laser spectroscopy measurements. One reason for this short
lifetime is the interactions with the surrounding atoms, which increased the probability
of Auger-ionization of the electrons and the Stark mixing of the different `-states, and
destroyed the atom more rapidly than radiative decays.
When the host atom was helium, the outcome was found different. First hint towards
an anomalous behavior was found in the 1960s in bubble chamber experiments: negative
kaons and pions were decaying at rest in helium [23, 24]. The large number of free decays
from seemingly stationary vertices hinted that some of these negative particles are being
trapped in matter, and were protected against nuclear processes for a long enough time
for the free decay to occur. As an explanation of this anomaly, Condo proposed that
the negative hadrons are being preserved in metastable atomic states around the helium
nucleus [25], and Russell carried out detailed calculations [26].
In their explanation the following points can lead to the metastability of near-circular
Rydberg states:
• The remaining 1s ground state electron protects the negative hadron during collisions,
as the latter is expected to orbit well within the Bohr radius of the atom (see Fig. 1.1
(f)). This protection and the fact that the atomic system remains neutral reduce
collisional Stark effects.

1.3 Experiments presented in this thesis
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• The electron removes the `-degeneracy of the states with same n. This effect is large
enough to suppress Stark mixing with low ` states during thermal collisions with
other atoms in the experimental target.
• The spontaneous Auger-decay of the remaining electron is suppressed, since its binding energy is large (∼ 25 eV) compared to the level spacings (n → n − 1) of the
radiative decay processes (∼ 2 − 3 eV), and Auger decay associated with a large
angular momentum change (∆` > 3) is highly hindered.
Under these conditions, the dominating decay process for some nearly circular states
(where n ' ` + 1) is a relatively slow radiative decay. The typical time scale of the main
cascade processes in case of antiprotonic helium is ∼ 1.5 µs, while with pionic helium it is
expected to be in the order of a few tens of ns.
More indications of long-lived states where gathered in 1989, where a small fraction of
kaons (K − ) stopped in liquid helium showed orders of magnitude smaller annihilation rate
than expected [27]. Later in 1991 in KEK Japan it was measured [28] that about ∼2.7%
of the stopped antiprotons would not annihilate promptly, but survive in the vicinity of
matter for a few microseconds. Similar results of anomalous longevity of negative pions in
helium [29] was observed a year later, when it was shown that fraction of pions can avoid
nuclear absorption for several nanoseconds.
Condo’s and Russell’s proposals of metastable atomic states were proven not much
later at the Low Energy Antiproton Ring at CERN, when the first laser-induced atomic
transitions of this new exotic atom called antiprotonic helium (pHe+ ) were observed [30].
The long lifetimes and the favorable transition frequencies make these atoms amenable
to laser spectroscopy. Despite the fact that these are Rydberg states, the larger mass
of the negative orbiting particle will bring the interesting transitions into the visible or
near-visible optical regions.

1.3

Experiments presented in this thesis

The center of our investigations in this thesis is precision laser spectroscopy of Rydberg
states in metastable antiprotonic (pHe+ ) and pionic (π − He+ ) helium atoms. These investigations can be divided into three main topics:
1. Precision spectroscopy on pHe+ atoms
In Chapter 2 we present the latest results of the one-photon and two-photon precision
+
+
laser spectroscopy experiments of p3 He and p4 He . By comparing the measured
transition frequencies with the 3-body QED calculations we obtained the antiprotonto-electron mass ratio to a fractional precision of 8×10−10 . In this thesis the emphasis
will be on the recent progress on two-photon spectroscopy, and the use of ultracold
buffer gas cooling.
2. Probing superfluid helium with pHe+ atoms
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1. Introduction and Overview
Chapter 3 is devoted to a small “detour” in condensed matter physics, where we carried out laser spectroscopy of pHe+ atoms placed in liquid and superfluid helium, and
measured the lineshift and broadening caused by the liquid environment. Antiprotonic helium showed a drastically different behavior than any of the atomic probes
placed before in bulk liquid helium, presumably due to its small size and general
likeliness to helium atoms. To to our knowledge, this measurement revealed for the
fist time the signs of the superfluid phase transition using an atom thermalized to
the liquid environment. Theoretical understanding of these effects is still ongoing.
3. First laser spectroscopy on π − He+ atoms
In 2013 we proposed a new experiment at the Paul Scherrer Institute (PSI), to carry
out laser spectroscopy for the first time on metastable pionic helium (π − He+ ) atoms
with the aim to deduce the the pion-to-electron mass ratio. Until now, the only
indirect evidence for the existence of such metastable states were the above mentioned
longevity experiments, predicting short ∼ 7.3 ns metastable lifetimes. The motivation
for this new experiment, the setup, and the present status which ended with the
discovery of the first metastable pionic helium state is discussed in Chapter 4.

Chapter 2
Precision laser spectroscopy
+
4
experiments on p He atoms
2.1

Introduction

The ASACUSA (Atomic Spectroscopy And Collisions Using Slow Antiprotons) collaboration at CERN carried out laser spectroscopy experiments on antiprotonic helium (pHe+ )
atoms since fifteen years in order to determine the antiproton-to-electron mass ratio with
high precision (mp̄ /me ).
Antiprotonic helium atoms are metastable three-body systems consisting of a helium
nucleus (He++ ), an electron on the 1s ground state (e− ), and an antiproton (p̄) in a
Rydberg-state. It is formed spontaneously from normal helium atoms, when a beam of
antiprotons are allowed to stop in a helium target. While the majority of the antiprotons
are rapidly removing both the atomic electrons of the target helium atoms and annihilating
in the nuclei, about ∼ 3% of them will cause only single ionization by replacing one atomic
electron and occupying near-circular orbits (` ' n − 1) around the nucleus. These orbits
have a high (n ≈ 38) principle quantum number, but lye within the Bohr-radius of the
atom with similar binding energy than the replaced electron due to the large mass of the
antiproton.
Such states of the three-body exotic atom were found to sustain µs-scale lifetimes
against electromagnetic cascade, and, eventually, antiproton annihilations. This metastability is caused by the remaining single 1s–state electron. The electron effectively removes
the `-degeneracy of the states, such that Stark-mixing of different ` states during collisions
is highly suppressed. Internal Auger-decay from the metastable states will be therefore associated with large change in the angular momentum (∆` > 3). Additionally, such process
must remove the ≈25 eV binding energy of the remaining electron, which will be highly
hindered compared to the radiative deexcitation of a few eV between the metastable levels.
The electron cloud assures that the antiproton remains relatively undisturbed during
collisions; in fact, the antiproton is orbiting well within the Bohr radius of a He+ with a
main distance between the nucleus and the antiproton typically being ∼ 0.7 a.u.

+
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As a result the dominant decay process for such metastable states is slow radiative
decay along the cascade chain (n, `) → (n − 1, ` − 1), with a typical lifetime of ∼ 1.2 µs.
+
The main level structure of the p4 He atoms is shown in Figure 2.1, indicating the n
and ` quantum numbers, and the numerical values of the level energies along the vertical
axis. The metastable states with microsecond lifetimes are shown with red solid lines. Blue
wavy lines towards the smaller ` values are indicating the levels which are dominated by
the Auger-decay, typically with ns-scaled lifetimes.
The long-lived Rydberg states are therefore grouped in an “island of (meta)stability”,
with n = 31 being the lowest metastable state. The main radiative cascade shown by
the straight arrows are the ones which are keeping the vibrational quantum number (v =
n − ` − 1) constant. During the “natural” life cycle of this atom, it will proceed from the
metastable states, cascading down by slow radiative transitions, emitting visible photons
until it reaches a state dominated by Auger-decay. With the electron removed, the ion
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pHe2+ is degenerate in ` and unprotected against collisions: Stark mixing will force the
antiproton towards low ` states within picoseconds. As soon as the wave function of
the antiproton gets a large enough overlap with the nucleus, annihilation will occur. All
cascades will terminate at n = 32 in both He isotopes.
10-5
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Figure 2.2: Progress of the antiprotonic helium experiment over the years
This experiment evolved over the years since the discovery of the first laser induced
transition in antiprotonic helium, achieving higher precisions both in the experimental and
theoretical side. The developements from the experimental side can be summarized in the
following milestones (see Fig. 2.2):
• Reducing the kinetic energy (5.3 MeV) of p-beam using the Antiproton Decelerator
(Section 2.4.1)
• Further decelerating the antiproton beam to ∼70 keV kinetic energies using the RFQ
decelerator, which allowed us to use low pressure targets (Section 2.4.2)
• Measuring optical frequencies of the laser beam more accurately with a frequency
comb instead of a molecular frequency reference.
• Using two-photon spectroscopy methods to partially cancel the Doppler broadening
(Section 2.5)
• Applying ultracold (∼1.3 K) buffer gas cooling on the pHe+ atoms, to further reduce
Doppler broadening (Section 2.6).

+
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Most of the past efforts are summarized in Reviews [22, 31]. In this thesis only the two
latest developments are discussed for which the author actively contributed to: the twophoton spectroscopy and the following one-photon measurements in the 1.3 K target,
after a very short introduction to the theoretical considerations and general measurement
methods.

2.2

Principles of pHe+ spectroscopy

The majority of the atomic E1 transitions in antiprotonic helium are in the optical regime,
accessible with lasers. However, the detection of such a resonance proved to be especially
challenging.
Conventional laser spectroscopy methods, which rely on the observation of laser-induced
fluorescence, absorption, or ionization are not feasible in this case: the pHe+ atoms are
very few in number (∼ 105 − 106 in one event), and the population is distributed among
many states. They have a short lifetime, and they are surrounded by a large amount of
normal helium atoms. Any measurement based on the observation of photons suffers from
a small signal-to-background ratio, where the background is caused by photons emerging
from charged particles interacting with the surrounding atoms, sometimes causing a long
afterglow.
(2) Resonant laser beam for
spectroscopy

(1) Antiproton capture

+

epHe++
0
-

p

pHe+

(3) Auger
emission

(4) Antiproton annihilation

Figure 2.3: The laser spectroscopy method of the antiprotonic helium experiments
What is clearly resolvable, however, are the number of antiprotons annihilating in the
experimental target as a function of elapsed time. A resonance condition can therefore
be revealed if we influence the time evaluation of these annihilations by manipulating
the population of the metastable levels with a resonant laser beam, such that the change
becomes visible on the time spectra of delayed annihilations. Figure 2.3 shows the main
principles of our spectroscopy method:
1. Antiprotons slow down in a cryogenic helium target, and ∼3% of them are captured in
metastable atomic states. These atoms spontaneously undergo slow radiative decays
on the timescale of τ ∼ 3 − 4µs, until they reach states dominated by Auger decay.

2.2 Principles of pHe+ spectroscopy

11

2. We modify the natural cascade of the atoms by exciting a dipole transition with a
pulsed a 20 − 50 ns long resonant laser pulse between a metastable state to a lower-`
Auger-dominated state such as (n, `) → (n ± 1, ` − 1). Such a transition will transfer
a significant population promptly to a state where Auger-decay of the remaining
electron will occur within a few ns.
3. After the Auger-decay, the different `-states of the 2-body ion pHe2+ are degenerate
in energy. Stark mixing will force the antiproton to an orbit with a low `, where the
large overlap with the nucleus will cause immediate annihilation in a ps-timescale.
4. When an antiproton annihilates on a He nucleus, in average ∼ 3.3 charged pions
(π + , π − ) are emerging from the vertex, with kinetic energies of Ekin ≈ 200 − 700
MeV. At such energies the pions are nearly relativistic, and they are in the so-called
minimum ionizing regime where the energy loss per unit distance (dE/dx) is the
smallest. We use typically Cherenkov- and scintillation detectors to count these
particles as a function of the elapsed time. 1
The cascading atoms cause a τ ∼ 4µs long, decaying tale in the annihilations, while
the effect of a laser-induced transition appears as a sudden elevation in annihilations
(a peak) in coincidence with the laser pulse as seen in Fig. 2.4.

Averaged PMT signal [V]

laser off-resonance

background of
dissociating pHe+
(annihilations)

laser on-resonance

background
annihilations

laser induced
annihilations

Elapsed time [µs]

Figure 2.4: Averaged signal on the Cherenkov detector, with the laser on and off-resonance
The above summarized method is contains the main principles we use for carrying
out high precision measurements using one and two-photon transitions, but modifying the
natural cascade of the atoms and exciting a resonance can be realized out in other ways
too, as described shortly in the next section.
1

A more detailed description can be found in Appendix A, where we discuss the development of a
particle detector, created for such a purpose.

12

+

2. Precision laser spectroscopy experiments on p4 He atoms

Exciting atomic E1 transitions in antiprotonic helium requires MW-scale laser intensities due to the large mass of the antiproton. Such power requirements, and the abovementioned method of observing the resonances leads us to the use of pulsed lasers. The
pulsed laser setups for these experiments continuously evolved, from excimer lasers to dye–
and solid state lasers, as described in later sections.

2.3

Theoretical considerations

In the past, this three-body pHe+ was either treated theoretically as a molecule-like twocenter problem, where one of the centers is the negative antiproton, or as an atom-like
system, containing a “heavy” electron. The latter method applied by Korobov was the
successful approach in reaching the highest theoretical precisions [32].
Using a non-relativistic treatment, the transition frequencies can be expressed in terms
of a one-center Coulomb problem:


m∗p 2
1
1
0 0
−
νn,`→n0 ,`0 = Rc Zeff (n, `, n , ` )
(2.1)
me
n02 n2
where mp∗ is the reduced mass of the p − He++ system. The additional effects coming from
the relativistic nature of the constituents, QED, and spin effects are treated perturbatively.
The largest deviation from the simple hydrogenic picture comes from the fact that Zeff
denotes the effective nuclear charge in a one-center problem, which is clearly smaller than
2 due to the screening effects of the ground state electron.
The precise treatment of this system is quite challenging; the states in question are highn-states (n ∼ 40) of pHe+ . They are are not true bound states, but Feshbach-resonances,
lying in the continuum of the three-body Hamiltonian.
The metastable states with microsecond-scaled lifetimes can be described quite precisely
by closed-channel Feshbach-type solutions and standard perturbation theory can have high
accuracy. The Auger-dominated states however (states with Auger-transition multipolarity
∆` ≥ 3), exhibit short, ns-scaled lifetimes, which results in limited (∼ 10−5 ) accuracy when
using closed-channel solutions.
To overcome this problem, the complex coordinate rotation (CCR) method [33] was
used most recently by Korobov [32]. This method ,,reveals” the poles (resonances) in the
scattering matrix (where our antiprotonic helium states lie), by rotating the coordinates
of the Hamiltonian to the complex plane.
Just to illustrate this method, we take the three-body non-relativistic Hamiltonian, and
apply it to pHe+ , with the center of the coordinate system attached to the He nucleus:
H0 = T + V = −

2
1
1 2
1 2 me
2
∇R −
∇r −
∇R ∇r − − +
2µp̄
2µe
mα
R r |R − r|

(2.2)

where R and r are the position vectors of the antiproton and electron respectively, µp̄ and
µe are the reduced masses in the antiproton-nucleus electron-nucleus two-body problem
respectively, mα is the mass of the He nucleus (alpha-particle).
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In practice, as the general solution of this central-potential problem we assume the
wavefunctions take the form of
X
ΨLλ
(R,
r)
=
R` r`e {Y` ⊗ Y`e }LM GLλ
(2.3)
M
``e (R, r, θ)
`+`e =L

where M is the z component of L, ` is the orbital angular momentum of the antiproton,
while `e is the angular momentum of the electron. The tensor product constitutes the
spherical harmonics {Y` }LM and {Y`e }LM corresponding to the antiproton and electron orbitals in the two-body Coulomb-problem. The part which is dependent on the internal
degrees of freedom can be expanded in the following way:
GLλ
``e (R, r, θ) =

∞
X

Ci e−αi R−βi r−γi |R−r|

(2.4)

i=1

where the parameters αi , βi and γi are complex parameters which are varied in a quasirandom manner when seeking for the solution [32]. When applying the complex coordinate
rotation method the Hamiltonian is transformed analytically using a complex operator
U (α, ϕ) such as:
H(α, ϕ) = U (α, ϕ)HU (α, ϕ)−1 ,
Ψ(α, ϕ) = U (α, ϕ)Ψ.

(2.5)
(2.6)

The operator U (α, ϕ) is in fact causing a complex scaling to the coordinates r → αeiϕ r,
where α and ϕ are real and positive parameters.
The resonance energies and are then determined by solving the eigenvalue problem of
the rotated complex Hamiltonian (H(α, ϕ) − E)Ψ(α, ϕ) = 0. The eigenfunctions Ψ(α, ϕ)
still have the quality of being square-integrable, and the real and imaginary parts of the
complex eigenvalues, E = Er − iΓ/2, defining the energy (Er ) and width (Γ) of the corresponding resonance for the given scaling parameters α and ϕ. When shown on the complex
plane, the eigenvalues corresponding to a given α will follow trajectories running with the ϕ
rotational angles. The trajectories are crossing at the same point, revealing the resonance.
Analytically the constraint for the position of such a resonance is that the trajectories are
stationary:
∂E
∂E
=
= 0.
∂ϕ
∂α

(2.7)

Typically the solutions of Korobov converge with variational basis set of N ≈ 7000 functions in the numerical calculations.

+
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Figure 2.5: Transition wavelengths in nanometers showing the single-photon transitions
observed with laser spectroscopy (black) including metastable-to-metastable double resonances, inverse resonances observed with quenching the higher lying state with H2 admixtures (orange), the single-photon transitions used for the latest precision results (red), and
the measured two-photon transitions (green). Grey arrows show the theoretical (not yet
observed) transitions.
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Metastable level structure and hyperfine structures

From the calculations we can deduce the level structure shown in Figure 2.5, for the isotopes
+
+
p4 He and p3 He . Each arrow indicates a transition with a corresponding wavelength in
nm, and a color-coding depending on whether the resonance was observed or not, and
whether it was used for the latest precision spectroscopy results. We can categorize the
investigated transitions into the following types:
1. favored single-photon transitions of the type (n, `) → (n − 1, ` − 1) where the vibrational quantum number (v = n − l − 1 = 0) is kept constant, and the dipole moment
of the transition is relatively large, ∼ 0.2 − 0.8 Debye.
2. unfavored single-photon transitions (n, `) → (n + 1, ` − 1) with v = 2, and typically
an order of magnitude smaller dipole moments (∼ 0.02 − 0.1 Debye).
3. two-photon transitions of the type (n, `) → (n − 2, ` − 2), where the frequency of
the intermediate virtual state is tuned close to the (n − 1, ` − 1) level to increase the
amplitude of the transition.
4. metastable-to-metastable state transitions. The transition was made visible by depleting the daughter metastable state to an Auger-dominated state before and after
the laser pulse driving the metastable-to-metastable transition.
5. “inverse resonances” based on the observation that H2 gas admixtures effect the
higher-n states much stronger than the lower ones by shortening their lifetimes via
quenching collisions. With a correct admixture the lifetime of a higher lying (n+1, `+
1) state can be shortened such that a transition from a now longer-lived lower-n-state
(n, `) → (n + 1, ` + 1) becomes visible as an increase of annihilations in coincidence
with the driving laser pulse.
Among these transitions we use only the types 1-3 for our high precision results, but
several other resonances were observed with the other two methods as well (see Fig. 2.5)
Transitions with relatively high polarizability and long Auger-lifetime of the daughter-state
were preferred for the latest single-photon spectroscopy result.
Each state labeled with the principal quantum number and the total angular momentum
quantum number (n, `) exhibits splittings due to the interactions of the spin of the electron
(Se ), the orbital angular momentum of the antiproton (Lp ), and the spin of the antiproton
(Sp ).
The electron is in the ground state, so the total orbital angular momentum is equal
to ` = Lp . The antiproton has substantial orbital angular momentum and spin angular
momentum too, hence their magnetic moments can be expressed as:
gse µB Se
~
p
g Lp + gsp Sp
µp = − `
µN
~
µe = −

(2.8)
(2.9)
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where gs and g` are the spin and orbital g-factors respectively, µB = e~/2me is the Bohrmagneton of the electron, and µN = e~/2mp is the nuclear magneton, used to estimate
this value for the antiproton. The first splitting in the eigenenergies of a state is originating therefore from the coupling between the electron spin and the antiproton angular
momentum:
F = Lp + Se

(2.10)

And the total angular momentum is obtained by taking into account additional interactions
with the antiproton spin:
J = F + Sp = Lp + Se + Sp

(2.11)

The largest splitting is historically called the hyperfine splitting (HF, see in Fig. 2.6) since
it is caused by the magnetic interaction of two different particles. This splitting is of a
size of typically νHF ≈ 5 − 15 GHz. The coupling to the antiproton spin results in a
further “super-hyperfine” (SHF) structure, in the order of νSHF ≈ 0.1 − 0.3 GHz. Further
interactions between the two spins (with no nuclear spin playing role) effectively cancel
each other due to the opposite signs for a certain spin configuration.
+
As it is seen in Fig. 2.6, the isotope p3 He bares another level splitting (νSSH ) due to
the coupling to the fermionic nuclear spin of 3 He (S3He ). The spin magnetic moment of
the nucleus is smaller than that of the antiproton, but it has a much larger overlap with
the 1s electron, therefore the coupling follows the scheme:

(a)

(b)

Figure 2.6: “Hyperfine”(HF) and “superhyperfine” (SHF) structure of the two antiprotonic
+
+
helium isotopes (a) p4 He and (b) p3 He . The first split (F + , F − ) arises from the coupling
between the electron spin and antiproton orbital momentum. Second split occurs from
+
the spin-orbit interaction of the antiproton. The isotope p3 He with a fermionic nucleus
exhibits another splitting due to the coupling to the nuclear spin. Based on [31].
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J = Lp + Se +S3He +Sp
| {z }
| F {z
}

(2.12)

G

The measured resonance lineshape will have a visible splitting which is the difference in
the splittings between the initial and final states of the resonance. In case of the unfavored
(n, `) → (n + 1, ` − 1) transitions the main splitting is significantly larger (∼ 1.5 GHz)
and resolvable by lasers, but in case of the favored (n, `) → (n − 1, ` − 1) transitions it
is typically below 0.5 GHz, which was only recently resolved by lasers after applying the
recently developed target cooling techniques.
The hyperfine structure of antiprotonic helium was resolved by our experiment earlier
using microwave and laser transitions, and from the result we determined 2 the (spin)
magnetic moment of the antiproton with a relative accuracy of ∼ 3 × 10−5 [34].

2.3.2

Determination of the antiproton-to-electron mass ratio

The quantities we can extract from the measured resonances are the transition frequencies,
more precisely the center of the measured resonances, and the associated uncertainties
(νexp ± σexp ). Obtaining these values from the experimental data needs a careful lineshape
analysis by calculating the nonlinear rate equations including all the sublevels participating
in the transitions, the measurement and analytic compensation of the frequency chirp, the
temporal and spatial laser profile, an estimation of the AC Stark effect and collisional
(density) effects in the target, an accurate measurement of the laser frequency using the
frequency comb, and good estimates for the remaining systematic uncertainties.3
Comparing the experimental transition frequencies with the theoretical calculations,
the mass and charge of the (anti)proton can be deduced with the propagated experimental
uncertainties. During these calculations we assume that CPT is a valid symmetry, therefore
the charge of the proton and antiproton obeys Qp + Qp = 0 and the proton-to-electron
mass ratio mp /me equals to mp /me .
Deduction of this mass ratio is done by introducing a small variation of the antiproton
mass (δmp ) in the theoretical model. After this, we evaluate the resulting energy change
∂E/∂δmp for each (n, `) state in the theory (the “sensitivity coefficient”).
The variation in antiproton mass influences both the antiproton-to-electron mass ratio
(by changing it ∆(mp /me )) and the antiproton-to-alpha mass ratio (∆(mp /mα )). We
can keep the latter fixed to the proton-to-alpha mass ratio (with the uncertainties from
CODATA propagated), as it is known with a higher precision than the electron mass.
With the help of the sensitivity coefficients the theoretical eigenenergies and transition frequencies can be calculated for each ∆(mp /me ) value. Deviations from theory are
2

We do not discuss this experiment in this thesis, where the author contributed with maintaining and
operating the lasers, further information can be found in [31, 34]
3
As the author did not carry out actual analysis for the high precision data, we only discuss here the
principles
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expressed by the χ2 value:
χ2 =

X (νth (∆(mp /me )) − νexp )2
2 + σ2
σexp
th

.

(2.13)

where the uncertainties of the theory come from higher order corrections and numerical
uncertainties, and this term with its square can be usually neglected compared to the
experimental ones. Minimizing χ2 will lead us to the best-fit values for mp /me .

2.4
2.4.1

Setup and instrumentation
The Antiproton Decelerator

Antiprotons were produced at CERN by colliding a high-energy proton beam with a stationary target. Protons were accelerated by a linear accelerator (LINAC2) and the Proton
Synchrotron (PS) facility to E = 26 GeV kinetic energies (Fig. 2.7, top), and a dedicated
bunch was sent in every ∼ 2 minutes for antiproton production. This beam was directed
into a 50-mm-long iridium target, where antiprotons of Ek ∼ 3 GeV kinetic energy were
emerging among many other particles.
The secondary antiproton beam had a too large kinetic energy, momentum spread, and
emittance; such a beam cannot be used for atomic physics experiments, which had to be
carried out with nearly stationary antiprotons.
The Antiproton Decelerator (AD) facility shown in Fig. 2.7 was built to address this
problem and supply slow and cold antiprotons for atomic physics. The 80-m-long ring
synchrotron had a large acceptance, able to collect 3.6 GeV/c antiprotons with a ∼6%
momentum spread and large emittance of ∼ 200 π mm mrad, forming a bunch of 5 × 107
antiprotons elongated in a 25 ns long pulse. These pulses were at first stretched to 150 ns
to reduce the momentum spread to 1.5%.
After this, two stages of stochastic cooling and deceleration followed. During stochastic
cooling, high sensitivity pickup antennas detected the size and orbit of the antiproton beam,
and the deviations of certain subgroups of the longer beam structure could be corrected
using fast steering electrodes at the other side of the ring.
With the longitudinal deceleration of the beam, the transverse physical momentum
(and emittance) is increased. Large emittance leads to severe beam losses; in order to have
a high flux of decelerated antiprotons, the particles had to be cooled with some dissipative
method to decrease the phasespace volume.
For this purpose electron cooling was applied in the AD ring, where electrons emerging
from a hot cathode were accelerated to match their velocity with the antiproton beam.
The transverse motions of the electrons were cooled by a strong longitudinal (solenoid)
magnetic field by forcing them to emit bremsstrahlung. The cold electron beam was then
allowed to merge with the circulating antiprotons, where they cooled the transverse motion
and also the longitudinal momentum dispersion of the p beam with a series of collisions.

2.4 Setup and instrumentation
ANTIPROTON
DECELERATOR
(AD)
10 m

p
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Figure 2.7: The to-scale layout of the Antiproton decelerator and the ASACUSA zone, with
a (not-to-scale) sketch of the antiproton production in the CERN accelerator complex using
the 26 GeV proton beam (top)
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After some propagation together, the (now hot) electron beam is collected and dumped in
the anode end of the cooler.
Several such circulation for electron cooling at p = 300 MeV/c and 100 MeV/c beam
momenta resulted in an antiproton beam of ∼ 0.3 mm mrad emittance, and ∆p/p = 0.01%.
This beam was then distributed between the AD experiments using five ejection lines.
Figure 2.7 shows the facilities of the ASACUSA experiment with the colored areas.
Antiprotons of kinetic energy Ek ≈ 5.3 MeV entered the radiation zone at the second
ejection line, where several experiments took place using the original beam, or further
decelerating it using a radiofrequency quadrupole decelerator.

2.4.2

Slow antiprotons at Ek = 70 keV

In dense targets, the pHe+ atoms are exposed to collisional effects, which limited the experimental precision due to the shift and broadening of the resonance lines. The transition
frequencies in vacuo had to be deduced by measuring the resonance at different target
densities, and extrapolating to zero by assuming a linear connection. Decreasing the pressure and the temperature of the helium gas target was therefore essential in increasing
precision.
The kinetic energy of the antiproton beam supplied by the AD (Ek = 5.3 MeV) put a
limit on the target density, as stopping the energetic antiprotons in a reasonably sized target
of such densities was not feasible. To overcome this problem, the ASACUSA collaboration
together with the CERN PS division developed a radiofrequency quadrupole decelerator
(RFQD) to reduce the 5.3 MeV mean energy of the antiprotons to energies Ek = 10–120
keV. This allowed us to use low target densities, in the latest precision experiments typically
ρ ≈ 1017 cm−3 , using p ∼1 mbar target gas at 1.4 K temperature.
The RFQD and the consecutive low-energy beam transport line is shown in Fig. 2.8.
The decelerator consisted of four 3.4 m long rod electrodes arranged in a quadrupole
configuration. They were excited by an RF field generator of f ∼202.5 MHz, keeping a
constant ϕ = π phase delay between the neighboring electrodes.
The physical transverse emittance of the beam increased during deceleration since no
cooling was applied. To avoid losses due to the beam size, the antiprotons were confined
to orbits near the RFQ axis with the large alternating gradient focusing effect of the RFQ,
using a maximum electric field strength of ∼30 MVm−1 .
The deceleration was achieved by introducing an effective longitudinal component of
the RF field by alternating the geometry of the quadrupole rods, e.g. by machining a
series of peaks on top of the rods. As the electric field will be always perpendicular to the
surface of the metals, with a suitable geometry and RF phase one can achieve longitudinal
acceleration or deceleration. The distance between this undulations was decreasing gradually along the rod to respond to the flight distance of the decelerating antiproton during a
single RF cycle.
The high fields necessary for confining and decelerating the antiprotons meant peak
voltages of ∼170 kV on the electrodes to ground. This was achieved by constructing a
resonant cavity around the rods, which was designed to resonate at the required transverse
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Figure 2.8: The to-scale layout of the latest ASACUSA laser spectroscopy setup with
2-photon-spectroscopy, (the zoomed area from Fig. 2.7).
electric quadrupole mode. The energy of the exiting antiproton beam could be varied
between 10 and 120 keV, by biasing the RFQD electrodes with a DC potential, and using
an energy corrector RF cavity to compensate for the changes in the antiproton beam.
An RF bunching cavity upstream of the RFQ ensured that a large amount of antiprotons
were injected into it with the correct timing relative to the RF phase. This was done by
shaping the antiproton beam into a synchronized train of ∆t = 300 ps-long micro-pulses.
The achieved deceleration efficiency was about 30%, while the remaining antiprotons either
missed the acceptance of the RFQ and annihilated at the entrance, or emerged downstream
of the RFQ with little or no deceleration.
This potentially large fraction of beam that did not fully decelerate caused a serious
background, partially because these high-energy p could not be transported in the same
trajectories as the slow antiprotons, hitting the beampipe and the experimental target
walls, and because they were unable to stop in the low density target helium gas.
To be able to separate the slow components only, and dump the high energy beam more
upstream at a well localized position, the fully decelerated part of the beam was guided by
a momentum selector beamline called the dogleg (Figure 2.8). The dogleg consisted of two
bending magnets with a focusing triplet and energy correctors in between for horizontal
and vertical corrections. This achromatic beam transport line established a point-to-point
focus, imaging the beam from the RFQD exit to the target.
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Figure 2.9: New electrostatic quadrupole lens triplet focusing the beam to the target
chamber. This quadrupole was also used as a test or demonstration of the upcoming
electrostatic beamlines after the AD upgrade by the construction of another decelerator
(ELENA), in which our group is involved.

For the latest high-precision experiment a new electrostatic focusing element was
constructed to make an even stronger focus at the target entry foil, shown in Fig. 2.9.
It consisted of three sets of 4-electrodes in a quadrupole configuration, with the middle
section being 200 mm long, and the outer triplets 100 mm. The electrodes were machined
and polished to the final cross section of a half-circle, following the required shape of the
quadrupole field. At the focal point, the decelerated beam came to rest in the cryogenic
target shown in Figure 2.8.
The beam transport line featured three microwire monitors to measure the beam profile in a non-destructive way. A large-area Cherenkov detector measured the rate of annihilations in the cryogenic target, placed directly underneath, while a smaller Cherenkov
detector monitored the timing of the incoming photons. The final detector readout and
equipment control was placed in a barack next to the radiation zone (Counting room)
where the DAQ and analyzer PCs of all the signals took place, the trigger signals were
generated and distributed, and the magnets were controlled.
Lasers were assembled on several optical tables placed in a temperature-controlled
room outside the radiation zone (“Laser hut”). The pulsed laser beams were transported
in ∼ 20 m long fireproof pipes to an enclosed corridor (“Laser corridor”) and a small hut in
the radiation zone, where the ∼25 mm diameter parallel beams (L1 and L2) were prepared
for two-photon spectroscopy, and sent to the target in a counter-propagating setup. It was
possible to direct the laser (L3) to a superfluid helium target which was placed right after
the RFQD, making use of the undecelerated 5.3 MeV beam. This setup and the superfluid
experiment will be described in Chapter 3 in details.
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Two-photon spectroscopy of p4He

Precision experiments carried out until 2010 used a cryogenic helium target of T ∼ 12−15 K
temperature. Fractional precisions with the RFQD and frequency comb operating were
limited to 10−7 − 10−8 , and this uncertainty was originating mainly from the density- and
temperature-effects of the target. Antiprotonic helium atoms are supposed to thermalize to
the temperature of the surrounding buffer gas, and undergo thermal motions and collisions.
The moving atoms in the presence of the laser field experience its frequency being shifted
to the red or blue depending on the propagation direction, as a result of the relativistic
Doppler effect.
(n, ℓ)

ν1 laser
virtual state
(n-1, ℓ-1)

ν2 laser

Δ νd

(n-2, ℓ-2)

Figure 2.10: The two-photon transition (n, `) → (n − 2, ` − 2) scheme of the experiment,
using two different laser frequencies, where the intermediate state is tuned close to the real
state (n − 1, ` − 1)
The broadening caused by this can be expressed analytically as a function of temperature in case of ideal gases with the following Gaussian FWHM [35]:
r
√
kB T
.
(2.14)
∆νfwhm = 2 2ln2 ν0
M c2
where ν0 denotes the transition frequency, kB the Boltzmann constant, M the atom’s
mass and c the speed of light. One can apply target cooling techniques and spectroscopy
methods to decrease or reach beyond this Doppler limit. One method to partially or fully
cancel the first order Doppler effect is two-photon spectroscopy, where a transition is made
possible only by the absorption of two photons, such that the transition frequency adds up
ν0 = ν1 + ν2 .
Using two counter-propagating photons of the same energy (ν1 = ν2 ) can completely
cancel the first order Doppler effect; however, calculations showed that exciting such a
nonlinear transition using the massive antiproton would require GW-scaled laser powers
within a microsecond-timescale, which is close to the atom’s lifetime. The transition probabilities could be however greatly increased (×105 ) by tuning the intermediate virtual level
about ∆νd ≈ 10 GHz to the level (n − 1, ` − 1), as it is shown in Fig. 2.10.
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This ∆νd value is much larger than the linewidth of the single photon transitions
involving this intermediate state. The population of this state will be therefore unaffected,
as it was confirmed by keeping the second laser on-resonance (n − 1, ` − 1) → (n − 2, ` − 2)
single photon measurements. Using such a setup the Doppler effect cancels only partially,
being reduced by a factor of
|ν1 − ν2 |
ν1 + ν2

(2.15)

Even with the enhanced transition probability, megawatt-scale (but short) laser pulses
were needed with high spectral purity and low phase noise to excite these two-photon
transitions and avoid rapid dephasing of the transition amplitude. Our group developed
a laser system for this purpose [36], where a narrow 6 MHz linewidth was achieved in a
50−100 mJ energy, 30−100 ns long laser pulse using chirp-compensated pulse amplification.
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cw Nd:YVO4
532 nm, 10 W
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Wavemeter
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Frequency
comb

PD

30-50 ns
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Ti:S amp

CHIRP

Heterodyne
spectrometer

Q-sw.
Nd:YAG

728-940 nm
15 mJ

LBO/
BBO

264-417 nm
~2 mJ, 30-50 ns

Experiment

Figure 2.11: Principles of the laser setup for the two-photon experiments, capable of covering a wide spectral range using second and third harmonics. Two such identical setups
provided the two photons of different frequency for the experiment.
A sketch of our general laser setup used for the two-photon transitions is shown in
Fig. 2.11, and a more detailed example showing the 597 nm and 726 nm laser setups are
explained in Chapter 3.
For the two photon experiment we used only Ti:S continuous-wave (cw) lasers of
wavelength 728–940 nm as seeds for pulse amplification. The cw lasers were stabilized
against high-finesse ULE (ultra-low expansion glass) cavities, suspended in vacuum chambers. The laser frequencies were measured to a fractional precision of 10−10 using a
femtosecond optical comb, locked to a Global-Positioning-System-disciplined quartz oscil-
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lator. The linewidth of the cw systems was less than 100 kHz, and the frequency drift in
one hour about the same.

Two-photon signal
intensity (a.u.)

This continuous-wave seed beam was pulse-amplified to the necessary 1-MW peak power
using a triangular, ∼ 60−80 cm long Ti:S ring oscillator and a subsequent amplification by
making multiple passes trough a Ti:S crystal. The frequency chirp induced during pulse
amplification was measured with a heterodyne spectrometer. The analyzed heterodyne
spectrum was used to correct for the chirp using and EOM inside the resonator for the
next pulse. The remaining chirp was measured and corrected for during the analysis. The
absolute precision of the laser system was verfied to be < 1.4 × 10−9 by measuring some
transitions in rubidium and caesium [36].
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Figure 2.12: Lineshapes of the measured 2-photon resonances, two in p4 He (a) (n, `) =
+
(36, 34) → (34, 32), (b) (33, 32) → (31, 30) and one resonance in p3 He (c) (35, 33) →
(33, 31). Red arrows indicate the hyperfine structure of the transition between the sublevels
which was partially revealed

+

Using this laser setup, we measured two 2-photon resonances in p4 He and another res+
onance in p3 He . The resonances are shown in Fig. 2.12, and the transition frequencies are
summarized in Table 2.1. The transition (n, `) = (36, 34) → (34, 32) was realized by setting
the two Ti:S seed laser and resonators to 834 nm and 744 nm fundamental wavelengths,
and after pulse amplification generating the second harmonics using a β−barium-borate
(BBO) nonlinear crystal, and sending about ∼ 1 mJ/cm2 on the target. The resulting
frequency ν1 of the c/ν1 = 417 nm photon was shifted from the (36, 34) → (35, 33) singlephoton transition by ∆νd = 6 GHz, and we were scanning the other laser so that ν1 + ν2
matched the two-photon resonance condition.
The measured linewidth (∼ 200 MHz) was almost an order of magnitude smaller than
the linewidth of the corresponding one-photon resonance (35, 33) → (34, 32), and the
+
narrowest antiprotonic helium linewidth we measured at that time. The p4 He transitions
exhibit a hyperfine structure depending on the relative orientation of the electron and
antiproton spins (the 140 MHz split) was partially resolved for the first time.
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35

Atom

p4 He

p3 He

+

+

Transition
(n, `)
→
(n − 2, ` − 2)

c/ν1
[nm]

c/ν2
[nm]

Transition frequency [MHz]
νexp (σtot )(σstat )(σsyst ) νth (σth )(σnum )

(36, 34) →
(34, 32)
(33, 32) →
(31, 30)

417

372

1,522,107,062(4)(3)(2)

1,522,107,058.9(2.1)(0.3)

296

264

2,145,054,858(5)(5)(2)

2,145,054,857.9(1.6)(0.3)

(35, 33) →
(33, 31)

410

364

1,553,643,100(7)(7)(3)

1,553,643,100.7(2.2)(0.2)
+

+

Table 2.1: The numerical results of the transition frequencies in p4 He and p3 He (blue
circles in fig.), compared with the theory (red squares in fig.). The values agreeing within
(2 − 5) × 10−9 fractional precisions. From [1]
The transition (n, `) = (33, 32) → (31, 30) had a much smaller transition probability
and required higher laser powers of ∼ 2 mJ/cm2 at ∼296 and ∼264 nm. These wavelengths
were produced by taking the third harmonic of the corresponding Ti:S fundamental ∼888
and ∼792 nm using a lithium-triborate (LBO) crystal. The detuning was also smaller,
(∼ 3 GHz) to further increase the transition probability.
+

The (35, 33) → (33, 31) transition in p3 He using 410 nm and 364 nm photons were
+
carried out with a very similar setup as the first resonance in p4 He , as the wavelengths
and power requirements were close to each other.
Lineshapes were fitted after solving the nonlinear rate equations for the two-photon
processes, involving all 2` + 1 ≈ 70 substates in the calculations, and the above mentioned
systematic effects, like the temporal and spatial profile of the lasers, the frequency chirp,
the AC stark shift, and the collisional effects. The experimental frequencies agreed with
theoretical calculations within fractional precisions of 2 − 5−9 , using the proton-to-electron
mass ratio in the calculations published by CODATA.
When varying the antiproton-to-electron mass ratio in the theory, and minimizing the
χ2 as described above to reach the best agreement with the experiment, the antiproton-toelectron mass ratio can be deduced from our measurements and compared to earlier results
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Figure 2.13: Proton to electron mass ratios, compared to the antiproton-to-electron mass
ratio from this work. From [1]
on the proton-to-electron mass from several independent experiments and the CODATA
2002 recommended values to average them (Figure 2.13). It was found that they agree
within 1.3−9 fractional precisions.

2.6

Cryogenic buffer gas cooling to 1.3 K

The target for the first two-photon experiments was thermalized to temperatures ∼ 12 −
15 K using a liquid helium bath. Doppler-broadening and collisional shift and broadening
can be reduced in the most simple way by decreasing the target temperature. We designed
for this purpose a new cryocooler and cryogenic target made out of a single piece of oxygenfree high conductivity (OFHC) copper, and achieved a helium buffer gas temperature of
T = 1.3 − 1.5 K, with cooling powers of nearly 1 W at the operational temperature.
The main parts of the new cryogenic setup is shown in Figure 2.14, and the assembled
setup in the radiation zone in Fig. D.1 (a). A concentric set of two, ∼500 and ∼300
mm diameter vacuum-insulated barrels (tanks) made by A.S. Scientific Ltd. functioned as
reservoirs for liquid nitrogen and helium. In their center a ∼100-mm-diameter, ∼ 1.5 m
tall vessel (called the ,,chimney”) was positioned (Fig 2.15). Liquid helium could enter
into the chimney via the 3 mm O.D. capillary from the helium tank, passing a feedthrough
sealed by indium-coated annealed copper gaskets and a kenol connector. The flow on this
capillary was controlled by a needle valve on the bottom of the He tank (N1).
Inside the chimney, liquid helium was transported into the heat exchanger of a Joule-
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Figure 2.14: The new cryogenic target with the new electrostatic quadrupole triplet
Thomson cryocooler 4 , which could be optionally bypassed by opening a needle valve (N2)
and letting 4.2 K helium drop directly to the bottom of the chimney.
The heat exchanger was part of a long pumping line of a ∼44-mm-diameter stainless
steel pipe, reaching to the very bottom of the chimney. The lower section of this pumping
line bulged into a pipe of 85 mm diameter, and the flow on this section was obstructed and
guided around a 75-mm-diameter aerodynamic block (latter is seen in Fig. 2.14), forcing
a rapid gas flow at this part.
The stainless steel capillary transporting the 4.2 K liquid helium entered the pumping
line near the top part of this block, where it was brazed to a copper-nickel piping (Cu:
70% Ni: 30%) of ∼2 mm outer diameter and ∼0.2 mm wall thickness. This large thermal
conductivity pipe was winding around the obstruction block ∼35-times. The transported
liquid was precooled by the cold helium gas to ∼2.2 K temperature before it exited at the
bottom through a nozzle.
The flow rate on this heat exchanger section was controlled at the exit position by the
last needle valve (N3), acting as a Joule-Thompson throttle. The sudden pressure drop
caused rapid evaporation and cooling to 1.3 − 1.5 K temperatures. The superfluid liquid
dropped to the bottom of the chimney where the target chamber was attached to, and it
accumulated forming a bath (“cold pot”). A long flexible bellow (NW16) placed inside
the chimney supplied high-purity 4 He or 3 He gas for the target from room-temperature
4

See detailed operation and cooldown procedure in next Section 2.6.2
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Figure 2.15: Details of the superfluid 4 He cryocooler, description in text

bottles.
The pressure in the chimney was kept low with continuous pumping on the chimney
volume through the pumping line. The top portion of the chimney contained a stack of five
OFHC copper disks (heat baffles) to shield the superfluid coolant from room temperature
thermal radiation. The baffles were thermalized on the pumping line transporting the
cold gas. Liquid flows were controlled by the mentioned small needle valves inside of the
chimney, where the 2.5-mm-diameter stainless steel needles exited the top flange ∼1.5 m
above at near room temperature.
On the room temperature side the rigid pumping line was connected to a pumping station via an insulated “bayonette” connection, which was a mechanically rigid, double-walled
vacuum-insulated socket and pipe connection, sealed by a viton O-ring at room temperature. The male part of the connector was welded to 8-meter-long, vacuum-insulated bellows
of 50 mm diameter and stainless steel pipes. The pumps (Oerlikon Ruvac roots pump and
Sogevac rotary vane pump) were placed outside the concrete walls of the radiation zone
to isolate the experiment from the 80-dB acoustic noise. They had a pumping capacity of
2000 and 800 m3 /h respectively at the recommended inlet pressure.
Calibrated carbon ceramic temperature sensors [37] with a claimed accuracy of a few
mK were placed at two opposite corners of the target chamber. They were seated in OFHC
copper enclosures using cryogenic glue of high thermal conductivity (Stycast 2850FT and
24LV), and bolted on the chamber with indium foil connection.

+

2. Precision laser spectroscopy experiments on p4 He atoms

30

2.6.1

OFHC copper target chamber and shielding

A new target chamber was developed to fulfill the requirements of the one and two-photon
experiments. It was designed to be large enough to ensure good stopping distribution of
the antiproton beam in the low-pressure (∼ 1 mbar) gas. To minimize the temperature
gradient in the target gas, the chamber was machined out of a single piece of oxygen-free,
high conductivity (OFHC) copper block.
The bottom of the chimney volume connected to the top of the target chamber via a
zero-length reducer flange, made out of copper-beryllium. These connection flanges were
machined following DN63CF and DN150CF standards, and knife edges were hard-coated
with sputtering some alloy metals - nickel and tin - to the surface. Annealed, indium-coated
soft copper gaskets ensured UHV and superleaktight connections between the stainless steel
and copper flanges.

Target gas
filling tube

Conversion flange

Superfluid
helium cold pot

Indium coated
annealed Cu gasket

Brewser
window

3-mm-thin flat
chamber bottom

Indium
sealing

Brewster window

Antiproton
entrance foil

0
50 mm

OFHC Cu chamber

Figure 2.16: Cut-out model of the target chamber assembly, description in text.
The target chamber attached to the zero-length reducer with a DN150CF flange interface, which was machined out from the top of the single piece rectangular block, similarly
to the rest of the chamber. On the top of the chamber, a pocket was machined to hold the
superfluid helium dropping from the heat exchanger (the ,,cold pot”). A small, DN16CF
interface was machined at the bottom of the cold pot, and connected to the target filling
tube using an indium coated soft Cu gasket similarly to the top flanges.
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The chamber had four side flanges, all designed for indium wire sealing. 1.8-mm-wide
U-shaped grooves were machined to host the indium wire; the outer and the opposite
surfaces were finished to be flat, and indium was allowed to flow between the flat surface
and the U-shaped groove.
From the front where the antiprotons entered the chamber, an OFHC Cu windows
socket was attached to the chamber such way, where a 1.4 µm thick, 28 mm diameter
biaxially oriented PET (polyethylene terephthalate) window was suspended on a grid of
tungsten wires. The 20-30 mm diameter laser beam entered through a fused silica cryogenic window with a major diameter of 70 mm, which was brazed to a titanium socket at
Brewster’s angle. The thin titanium socket ensured high strength and small mechanical
tension on the fused silica glass at cryogenic temperatures. The laser beam intersected the
antiproton beam at a 90 degree angle, covering the area where the antiprotons stopped,
and exited through a second window in Brewster’s angle on the opposite side. A second
laser beam traveled the same path trough the chamber from the opposite direction. The titanium window sockets attached to the chamber using indium wire sealing too, just like the
last viewport in the back of the chamber which was assembled mostly for visual observation
of the target foil, to make sure its intact and no ice developed on the surface.
Two layers of OFHC copper heat shields were attached to the LN and LHe reservoirs,
suspending from a the bottom flanges of the tanks. They kept the inside of the cryostat
shielded from the thermal radiation. In the direction of the three optical viewports, ∼1m-long, horizontal cylindrical shields were installed around the optical axis, which were
decreasing the solid angle of the room temperature heat radiation seen by the target. The
outer walls of these shields were polished and cleaned, the inner walls were oxidized and
blackened to reduce reflected light reaching the cold chamber inside.

2.6.2

Operation of the Joule-Thomson cryocooler

The operatonal principles of the cryostat are shown on the not-to-scale flow diagram in
Figure 2.17. For initial cooldown first liquid nitrogen was filled in the outer nitrogen tank
periodically, which cooled down all the heat shields that were mechanically attached to it.
Then, liquid helium was transferred into the helium tank; the initial evaporations cooled
down the tank inner helium shields.
A large flow of cold helium was then enforced through the capillary from the He reservoir
to the chimney, and flow rates were monitored at the He exhaust. Helium was allowed to
flow into the center of chimney while N1 and N2 needle valves were fully opened, bypassing
the heat exchanger.
When the cryostat cooled down sufficiently, and 4.2 K liquid collected at the bottom of
the chimney, the pumps were turned on, which decreased the pressure of the helium vapor,
resulting in the drop of the temperature to ∼2 K. After this precooling, the entire helium
flow was forced trough the recuperative heat exchanger, with fully closing the N2 bypass
needle valve and opening N3.
The 4.2 K liquid entered the spiraling Cu-Ni capillaries inside the pumping line, winding
around the flow-restricting block. The cold gas was efficiently pre-cooling the liquid in
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Figure 2.17: Flow diagram of the new cryogenic target, and the position of the temperature
sensors. Description in text.
the capillary to T∼2.2 K before it exited the heat exchanger throught the Joule-Thomson
throttle. Here the liquid temperature rapidly dropped to T∼1.3 K and reached equilibrium
with the vapor pressure which was kept low by the pumps.
During normal operation, we kept ∼ 5 − 10 cm superfluid helium in this cold pot. The
liquid level was measured with a superconductive level meter suitable for this temperature
(American Magnetics). The sufficient level was ensured by controlling N3 remotely with a
stepping motor (SimStep) and a LabView application. Temperatures and pressures were
also monitored and recorded with LabView.
High purity target gas (4 He or 3 He) was filled using the metal tube and bellow which run
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through the chimney volume. The tube exited at the top in a VCR-to-CF interface, and
connected to a high purity ,,mixing chamber”. This buffer gas volume at room temperature
had several all-metal valves that opened to gas bottles. The target gas volume had its own
turbomolecular pumping system to ensure high purity.
The cryostat operated in free run, at the lowest possible temperature around ∼ 1.3 K.
Operation here was very stable without active control, fluctuations were within ∼ 0.05 K.
Temperature gradient from the top to the bottom of the chamber was estimated to be
below 0.3 K.

2.7

Results with the new 1.3 K target
+

+

Signal intensity (arb.u.)

We measured 13 single-photon transition frequencies in p4 He and p3 He using the new
cryostat [2]. Earlier measurements on most of these transitions [38] were carried our using
a target chamber which was cooled to ∼ 15 K only and featured a single viewport, which
aligned the laser antiparallel to the p beam. This configuration might have been causing
some systematic effects due to the retro-reflected laser beam from the other end of the
chamber, but this problem was not present in the new target.
4
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Figure 2.18: Some of the single-photon resonances measured with the 1.3 K target, revealing the hyperfine and in some cases (D) the super-hyperfine structure.
√
The Doppler width is scaling with the target temperature as T . By using the 1.3 K
target, the Doppler broadening was expected to decrease by a factor of ∼ 3. The other
advantage is that at this low temperature we could increase the gas density more without
harming the entrance foil (pressures 40−170 Pa, number densities 2−9×1018 / cm3 ), limited
by the saturated vapor pressure at that temperature. This provided higher signal-to-noise
ratio and better calibration on the collisional effects.
The laser systems providing the λ = 264 − 841 nm wavelength laser pulses for these
transitions were described in Ref. [36]. The laser linewidths of Γ = 6 − 20 MHz were factor
of 4-10 narrower than in the previous experiments. Two different laser systems were used
to generate laser pulses in this wide spectral range5 :
5

Both basic setups (Ti:S and dye lasers) will be introduced in more details in Chapter 3, via the
examples of generating pulse-amplified laser light at 726 nm and 597 nm.
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Figure 2.19: Comparison of the measured single-photon transition frequencies (black
circles) to theory (orange squares and errors)
• The first setup was based on a Ti:S cw laser pumped by a Nd:YVO4 laser, described
already for the two-photon experiment and shown in Fig. 2.11. The generated cw
laser light of P = 1 W, λ = 723 − 941 nm, and Γ < 0.1 MHz were seeded into a
Ti:S cavity pumped by a Q-switched Nd:YAG which produced 40 − 100 ns long laser
pulses of E = 7 − 13 mJ. For measuring the blue and UV resonances, the beam
was further amplified to E = 20 − 40 mJ in a Ti:S multipass amplifier, before being
frequency-doubled or tripled in lithium triborate (LBO) and beta-barium borate
(BBO) crystals.
• Wavelengths not accessible by Ti:S or its higher harmonics were generated using a
ring dye laser (modified Sirah Matisse) pumped by an Ar-ion laser (Coherent Innova
310). This produced cw beams of P = 1 W, λ = 593 − 672 nm, and Γ < 0.1 MHz.
It was frequency-stabilized using the Pound-Drever-Hall method to a 75-mm-long
Fabry-Perot cavity that was suspended in a temperature-stabilized vacuum chamber.
This seed beam was amplified to a pulse energy E = 2−4 mJ in two dye cells pumped
by a home-made Q-switched, single-longitudinal-mode Nd:YAG laser of E = 180 mJ
at the second harmonic λ = 532 nm6 .
Some of the measured antiprotonic helium lineshapes are shown in Fig. 2.18, where,
in some cases, the second hyperfine linesplitting (caused by the antiproton spin) became
also visible. The measured transition frequencies (Fig. 2.19) had a fractional precision
of (2.5 − 16) × 10−9 . The antiproton-to-electron mass ratio deduced from the experiment
(mp̄ /me = 1836.1526734(15)) agreed with the recent proton-to-electron mass within a
8 × 10−10 fractional precision.
6

The description of this new pump laser will be shown in Chapter 3
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During the 2015 beamtime we set up the experiment data on the two-photon transition
(n, `) = (36, 34) → (34, 32) as well, realized in the 1.3 K-target. The preliminary results
(Fig. 2.20) are so far limited by statistics and the target conditions were not ideal because
of a cryogenic leak problem we experienced at that time, but the preliminary results are
promising to further increase the precision.

Two-photon signal intensity (a.u.)

(a) High statistics data,
M. Hori et al, 2011
Nature, 475(7357), 484–488.
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Figure 2.20: Preliminary results with the new supercold target, achieved just in a few shifts
(statistics-limited) compared to the results published in 2011 [1], which was the result of
several weeks of data taking over two years of beamtime
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Chapter 3
+
4
Laser spectroscopy of p He atoms in

liquid and superfluid helium
3.1

Introduction

An intriguing aspect of antiprotonic helium is its small size, and general likeness to normal helium atoms at the distances and timescales of atomic interactions. This becomes
important when the exotic atom is placed inside liquid- or superfluid helium, where the
helium atoms are tightly packed with ∼ 3 Å mean distance between the closest neighbours.
In liquid helium, lineshift and broadening of the antiprotonic helium spectral lines
were expected to reflect the changes in the microscopic structure and interactions in liquid
helium, especially when crossing the superfluid phase transition. Previously implanted
atomic probes were not sensitive to such effects, presumably because they significantly
altered their environment by forming defects (vacancies) in the liquid, which resulted in
strongly shifted and broadened atomic spectral lines [39].
+
We carried out laser spectroscopy on p4 He atoms created in liquid and superfluid
helium in the temperature ranges of 1.45 − 4 K at saturated vapor pressure. Unlike in
the case of other implanted atoms, we observed narrow linewidths and small shifts, with a
clear change at the superfluid phase transition.

3.1.1

Measurements of the internal structure of superfluid He

The microscopic structure of liquid and superfluid helium was studied extensively since
many decades. Charged and neutral particles and atoms were injected or implanted in
liquid helium to measure their scattering angle and intensity, their transport properties,
or changes in their spectral profile.
Most of the quantitative data about the internal structure and collective dynamics are
originating from neutron and X-ray scattering measurements. The scattered particle
waves provided information about the static atomic structure, and several collective dynamic properties, like the dispersion relation of the excitations in the liquid (quasiparticles

+
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called phonons and rotons), or the momentum distribution of the atoms. The actual motion
of the atoms in liquid helium is however still not well understood [39–41].
Charged particles were easy to introduce into the liquid as they could be injected
as projectiles. The earliest experiments with charged impurities were aiming mostly for
measuring their mobility in liquid helium under the effects of external electric field. These
studies lead e.g. to the observation of the critical velocity - the friction-free propagation
below the Landau-velocity near ∼58 m/s - in microscopic levels [42]. It was found that
electrons tend to collect themselves in vacancies (bubbles) of 34 Å-diameter, while positive
ions collect a large number (ca. 40) of He atoms around themselves by electrostriction,
forming an assumed solid core (“snow ball”).
Using 160-keV electrons as projectiles, metastable excited states (He*) and excimer
molecules (He2 *) were formed. The deexcitation from excimer bands was measured in
the form of VUV photons, and, among others, atomic transitions of 23 P → 23 S and
23 P → 23 S were observed in the near infrared regime. In general, the atomic and molecular
absorption lines were broadened and blue shifted, which agreed with the hypothesis of a
bubble surrounding the metastable states [39]. With increasing pressure, further blueshift
and broadending was observed. The amount of these agreed with a bubble model, assuming
a bubble diameter of 5–5.5 Å.
Implantation of foreign neutral atoms in superfluid or liquid helium was carried out
usually by injecting atomic ions into the liquid (emerging from a hot filament or a metallic
surface by laser ablation) and neutralizing them again with electrons from a field emission
tip. Nearly all metals and several other atoms from the first four period of the periodic
system were implanted in LHe in such ways, and the atomic absorption and emission lines
were investigated via laser induced fluorescence spectroscopy.
The general outcome of these experiments were that the absorption lines suffered a large
blueshift of ∆λ ∼ 50−20 nm compared to atoms in vacuo, and an even more significant and
asymmetric broadening of ∆Γ ∼ 2 − 10 nm. Meanwhile, emission lines suffered smaller,
but still significant shifts (∆λ ≈ ± 1 nm) and broadenings (∆Γ ∼ 1 nm). The trend
with increasing pressure shifted the lines even closer towards the blue, and increased the
linewidths. In solid helium the shape of the observed lines were also very similar to the
liquid case. The lineshapes moreover were not very sensitive to the temperature, and
showed no sudden changes at the phase transition [39]. The observations were consistent
with the hypothesis of a surrounding vacancy (bubble), typically 2-5 times the radius of
the interatomic distances. The electronic transitions of the foreign atoms were coupled to
the mechanical vibrations of this bubble wall.
These measurements raised much interest in many-body quantum mechanics and quantum
chemistry. For example, the bubble model predicted that any deviation from a spherical
bubble shape would lead to some unusually strong coupling of He atoms to the core, which
would lead to the creation of large molecule-like aggregates of He and the impurity atoms,
and this was experimentally observed in multiple occasions (e.g. [43]). Lately ultracold superfluid He droplets are used to pick up foreign substances like organic molecules in-flight1 .
1

See e.g. latest results in this subject [44], or a comprehensive report in [39]
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The droplets were found to be a perfect supercold environment for studying molecular rotations due to the long relaxation times caused by the high rotational symmetry in the
liquid, or studying many-body quantum mechanics and microscopic manifestations of superfluidity.
To summarize the aspects important for the present study, the neutral atomic probes
strongly altered their environment with the formation of the defects. The measured atomic
spectral lines were too broad and shifted due to these, and did not show any changes at
the phase transition. As all implanted atoms were larger than the ground-state helium2 ,
and laser excitation of ground state helium is still a challenge, atoms that cause no defect
formation were not studied before.

3.1.2

Antiprotonic helium as a microscopic probe
+

The three-body antiprotonic helium (p4 He ) is very similar in size to a ground-state helium
atom, and, as we saw in the previous chapter, can be studied with laser spectroscopy. To
have an intuitive idea about its dimensions and the charge distributions, the outlines of
the expected probability distributions of the electron are shown in Fig. 3.1 (a), with (solid
line) and without (dashed line) the polarizing effect of the revolving antiproton. The z axis
fixed to the “molecular axis” defined by the p and He++ . Fig. 3.1 (b) shows the contour
+
plot of the p4 He atom [45].
The electron remains on the ground state, while the Rydberg antiproton is orbiting well
within the Bohr-radius (∼ 0.6 a.u. at n = 38). As it is seen on this image, the electron
cloud is polarized by the revolving antiproton, but on the time scale of classical atomic
2

We refer to radii calculated from the electronic states, and not the ones based on chemical bounds
(like the covalent radii)
1.5
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Figure 3.1: Probability distributions of the e− and p in the antiprotonic helium atom,
from [45].
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Figure 3.2: (a) Precise pairwise potential in between two helium atoms using a semiempirical model (so-called Iziz potential, solid line) and a close fitting Lennard-Jones 6-12
potential (dashed line), from [47]. Overlayed is a sketch comparing this with the next
smallest attraction between two neon atoms [48]. The minimum of ca. −10 K attraction
potential equals to about −0.86 eV; the distance r and depth is comparable to (b), the
+
state-dependent pair potential between a p4 He and He atom [49].
collisions this effect is expected to average out as the collision times are more than an order
of magnitude longer than the revolution times of the antiproton [46].
This averaging will result in a spherically symmetric Lennard-Jones pair potential
between a pHe+ atom and a He atom, which is very similar to the pairwise potential
between helium atoms (Fig. 3.2). Both have the minimum around ∼ 2.8 − 3 Å radial
distance, and about the same depth of ∼0.85 meV. In defining the shape of this pairwise
potential the electron has a dominant role, the state of the antiproton expected to change
it only slightly (Fig. 3.2 (b)). For comparison, the next weakest Lennard-Jones potential is
corresponding to neon, with ca. 4 times the depth in the attractive potential. Using such
pairwise potentials resulted in satisfactory results when calculating collisional shift of the
pHe+ atoms in He gas [46].
Besides this unique similarity of pHe+ atoms to normal He atoms, we had the advantage
that they can be created in relatively large numbers in situ a helium target, therefore
troublesome implantation (like in case of any other atoms) is not needed.
Some transitions of pHe+ are known to diminish in a high pressure target, due to
collisional quenching of the states. One example to this is the (n, l) = (38, 35) → (37, 34)
transition, which is a metastable-to-metastable transition, but it becomes visible in high
density media due to the lifetime-shortening of the daughter metastable state.
The overall lifetime of the metastable states of antiprotonic helium (the half-life of the
delayed annihilation spectra) are known to be slightly shorter in liquid and high pressure
gas, this is due the accumulated effect of the lifetime shortening in several states. The
density dependance of the population of metastable states, and the lifetime of the daughter
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Figure 3.4: A detail of p4 He states significant to this measurement. (Metastable: red
solid line, and Auger-dominated: blue winding line). Arrows indicate the transitions of
the present study in liquid helium media together with the transition wavelength. Solid
arrow: observed transitions, dashed arrow: probed, but not observed.
states were measured only with a few transitions in gas densities comparable to liquid
helium (Fig. 3.3, Ref. [50]), but no laser spectroscopy experiment was carried out in this
phase before. The precise density shift of most of the antiprotonic lines are known only in
the low density regime (1.7 mbar and the corresponding density of 6 × 1013 1/cm3 ), as this
is the region of interest in the high precision experiments.
For this experiment in liquid helium we choose transitions that are known to have
relatively little sensitivity to the density change (Figure 3.4). Two of them are sharing the
same daughter state (n, `) = (39, 35) → (38, 34) and (37, 35) → (38, 34) were observed in
liquid and superfluid helium. The third (n, `) = (38, 35) → (39, 34) was not observed.
Since we make a measurements on the spectral linewidth, it is useful to know the
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natural linewidth (Γn ) of these antiprotonic helium transitions, which are dominated by
the lifetime of the daughter state against Auger decay:
Γn = ~/τA ≈ ~RA

(3.1)

where RA is the experimentally measured Auger decay rate [1/s] of the given daughter
state, determined from the temporal profile of the induced annihilations, and the width of
the resonances, measured in low pressure gas targets [51]. Most rates agree with theoretical
values.
Both observed resonances (the favored (n, `) = (39, 35) → (38, 34) at 501948753 MHz,
and the unfavored (37, 35) → (38, 34) resonance at 412885133 MHz in vacuum) have the
final state (n, `) = (38, 34) for which RA = 1.11 × 108 s−1 , giving Γn ≈ 1.17 × 10−26 J →
7.3 × 10−8 eV. This uncertainity in energy corresponds to a natural linewidth of
Γn ≈ 17.7 MHz

(3.2)

for both of the resonances. This natural linewidth may not stay unchanged during the
transitions, as in certain other cases the lifetime of the Auger-dominated daughter state was
shortened because of density effects, which caused the coupling with near-lying electronexcited states to get suddenly stronger. We know from earlier experiments for the Auger
rate [51], and other experiments in high density gas [50], that the daughter state (n, `) =
(38, 34) in question is not sensitive to these effects in a broad range of temperatures and
pressures, which is our assumption in the later discussions.
The experiment was carried out in a parasitic beamline next to the high precision setup.
A new beamline outlet was built for this parasitic operation after the RFQ decelerator of
the ASACUSA zone to accommodate a target for 5.3 MeV antiprotons (Sec. 3.2). A
compact cryogenic target was constructed to fit in the tight space next to the precision
beamline; it was designed to reach temperatures down to 1.45 K and pressures up to ∼10
bar. (Sec. 3.3) A new long-pulse Q-switched Nd:YAG laser was designed to achieve small
spectral linewidths, and to make rapid switches possible between the high precision and
high density experiments. The results of these experiments are described in Section 3.9,
and being discussed in Section 3.11.

3.2

Beamline modifications

The Antiproton Decelerator at CERN provides ∼ 107 antiprotons in each cycle with Ekin =
5.3 MeV kinetic energy. The p beam used during the precision experiments was decelerated
further by the RFQ decelerator to ∼100 keV kinetic energies with a ∼30% efficiency.
The low energy beam was selected for the precision experiment by a momentum selector
beamline with two bending magnets and a point-to point focus, while the non-decelerated
part of the beam was dumped after the RFQD (see Chapter 2 and Fig. 2.8).
Experiments in high density targets, however, must use the original 5.3 MeV beam,
because such targets need walls with reasonable thickness for structural integrity to hold

3.2 Beamline modifications

43

Figure 3.5: Cross section of the new beamline outlet, top view. The beam envelopes
estimated by the simulation are highlighted with red (5.3 MeV) and blue (100 keV). The
p beam transversed the magnet with the increased aperture in the Y-shaped vacuum pipe,
which separated the two beamlines.
high pressure gas or cryogenic liquids. For such experiments requiring the high energy
beam, the beamline upstream of the RFQ was cut and some magnetic elements were
removed to fit an experiment there, which required a long intervention and dedicated
beamtime. We wanted to carry out these solid state physics studies parasitically next to
the precision experiment on pHe+ atoms, or with fast switching between the two.
Even with the RFQ at peak efficiency almost 70% of the beam would not decelerate,
being off-phase from the RFQD. Some ∼ 35% of this beam is being lost already at the RF
buncher while preparing the microbunches for the RFQ or via the focusing into the RFQ
entrance. Some part of the non-decelerated or partially decelerated beam is simply guided
by the quadrupole field.
To make use of this undecelerated beam instead of dumping it in the first bending magnet, and to provide an access to the high-energy beam downstream of the RFQ we decided
to modify our setup, and prepare another beamline guiding the high-energy components.
The amount of antiprotons in the low and high energy parts could be controlled by the
phase and amplitude of the RF bunching, which allowed fully parasitic running of two
experiments, or a “turnkey” switchover.
The high energy beam was simulated by the PS beamline group, using multiparticle
simulations (TraceWin). After exiting the RFQ, it was simulated to expand to a ∼ 35 mm
diameter (5-σ envelope) at the closest position where we can possibly place a target, about
1.9 m downstream. To allow the separation of the Ekin ≈ 5.3 MeV antiprotons, the
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Figure 3.6: Superfluid helium beamline, side. The new setup had to fit into a small space
next to the low-energy beamline. Most of the parts were supported from a modified bottom
place, standing on threaded rods which allowed finetuning of the positions of the different
parts.

beamline and certain magnetic elements had to be modified.
The magnet yokes of the two bending magnet of the momentum selector were replaced
to allow splitting of the two beams by the increased aperture. In Fig. 3.5 the cross section
of the modified beamline is shown from top view, with the new (BHZ10) bending magnet
with the 200 mm wide and 145 high aperture. The new ”good field region” was 60% of
the free aperture width, and the magnets provided a bending force in a ∼452 mm effective
magnetic length, with normal magnetic field of ∼0.043 T at 10 A operation current. The
modification therefore increased the field quality of these magnets, and the larger aperture
ensured we can insert a forking Y-shaped chamber in this space, allowing the hight energy
beam to exit.
The undecelerated antiprotons followed an almost straight trajectory when exiting the
bending magnet in a DN63CF pipe. They transversed an optional retractable degrader
foil (only for lower density experiments) before they came to rest in the superfluid target.
The laser beam was guided to the target next to the high precision setup (see L3 in Fig.
2.8) to ensure the parasitic/quick change operation.
Due to its unique position the new beamline outlet can be used for future small scale
experiments in dense targets, and it already hosted another measurement besides the superfluid setup [52].
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Figure 3.7: Cross sectional image of the modified cryocooler with the external nitrogen
tank, the modified double shielding, the OFHC chamber and the degrader foil. The original
company parts are shown in green.

3.3

Design of the cryogenic target

The cryogenic heat exchanger of both the superfluid and high pressure target was based
on an Oxford Instruments Optistat CF constant flow cryostat, but it featured several
modifications. Significantly larger target volumes had to be developed to be able to stop
the divergent antiproton beam, and a new target and filling system had to be designed for
10-bar cryogenic endurance. Operating temperature was lowered by the new design too.
Figure 3.7 shows the cross sectional image of the modified cryostat. The original cryocooler with its compact (∼ 30 × 30 × 350 mm3 ) dimensions is highlighted with green.
The constant flow cryostat had a unibody copper enclosure which consisted of two main
volumes: a heat exchanger equipped with a heater and a pumping line, and a sample tube
in the center filled with an exchange gas. During the intended operation a sample was usually lowered to the very bottom of this tube, to reach the ’optical tail’, where it could be
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observed through five small (d ≈ 8 mm clear view) windows, located on the four sides and
the bottom of the tail. In the sample tube, cryogenic exchange gas supplied the contact
between the sample and the heat exchanger. Coolant liquid was provided from an external
dewar at 4.2 K to the heat exchanger only, where its temperature dropped to a minimum
of 1.6 K (with a single-shot mode). A single silver-coated Al heat shield was thermalized
to the gas part of heat exchanger.
The original target chamber and the provided viewports were much to small to stop the
antiprotonic helium beam of ∼30 mm transverse diameter. The side viewports were therefore sealed with blank flanges, the bottom flange was removed, and much larger, custom
target chambers were attached to this position to achieve high stopping efficiency. The
distance of the new target from the heat exchanger therefore drastically increased, just
like the surface area which is exposed to heat radiation. High conductivity materials and
advanced shielding was necessary to react low temperatures and stabilize them correctly.
Instead of the suggested pumps, a more powerful pumping station of a Ruvac 501 mechanical booster pump (505 m3 /h) and a Sogevac SV200 (200 m3 /h) rotary vane pump was
used to reach the lowest temperatures. The control of the cryostat was changed too, based
on either pumping speed control by opening and closing a butterfly valve, or, at higher
temperatures, a heater installed on the heat exchanger.
The cryostat was operated in different modes when using low temperature (<4.2 K) or
high pressure targets. Two targets chambers were built to optimize on these two features
independently. The two setup shared the heat exchanger part itself; the detailed working
principles of the cooling procedure are shown in Fig. 3.8.
The basic of the operation was ensuring a constant flow of liquid helium from an external
dewar, and evaporating this liquid in the heat exchanger. The constant liquid flow was
ensured by a double walled transfer line, with liquid flow in the center, and backflow of cold
He gas in an insulated pipe around it. Liquid helium from the transfer capillary dropped
into the helium buffer volume (the entry arm of the cryostat). The pressure difference
initiating this flow is maintained by a small membrane pump.
The amount of liquid dropping from the entry arm into the heat exchanger was regulated
by a needle valve, connected to a stepping motor which was controlled via an RS-232 port
using Labview. This valve was used only to roughly set up the temperature while the
cryostat was free running, and ensure there is always a sufficient amount of liquid in
the heat exchanger, but not for fine regulation, which was done by either controlling the
pumping speed, or the heater wires installed on the heat exchanger.
Pressure and temperature was recorded and the cryostat temperature was regulated using one representative sensor for a PID control, carried out by a Lakeshore 335 temperature
controller.
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Figure 3.8: Flow diagram for the (a) liquid/superfluid operation, (b) high pressure and 6 K
setups. The high pressure setup had a separate target volume from the sample (coolant)
volume, while the low temperature setup the coolant LHe dropped freely to the target
chamber.The superfluid coolant pressure was kept low by a mechanical booster pump,
while at 6 K a membrane pump was sufficient. At the lowest temperatures a butterfly
valve controlled the pumping speed (and temperature), while at 6 K a heater.

3.3.1

Low temperature operation

During low temperature operation the target chamber was in direct contact with the sample
volume of the cryostat (aee Fig. 3.8 a). Helium was liquefied in the sample volume in
contact with the heat exchanger, and the liquid was allowed drop to the target chamber.
A chamber made of oxygen-free high conductivity (OFHC) copper was designed primarily
to host this superfluid helium target, but it was also designed to be long enough to stop
the antiprotons above ∼ 3 MeV in a relatively low-pressure (∼ 50 mbar at 6 K) target
with larger than 90% efficiency when the retractable degrader foil of 50–75 µm Ti is moved
into the beamline.
The cross section of the chamber is shown in Figure 3.9 (a). The chamber body was
machined out of one solid piece of OFHC copper. The top flange complied to the standards
of the Optistat CF cryostat flanges: it featured a near-flat (α = 20◦ ) slanted sealing
surface where an indium wire could flow under the mechanical pressure of the six M3 bolts
tightening the flange.
From the side of the p beam, a 50 µm thick annealed Ti foil (Goodfellow) was attached
to the chamber, via a stainless steel transition ring. The foil surface was first chemically
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Figure 3.9: Cross sectional drawings of the (a) low temperature target chamber, (b) high
pressure target chamber
cleaned and coated with gold at the connection surface against oxidization. It was then
vacuum brazed at a relatively high flow temperature (∼ 860◦ ) to a 2-mm-thick, 7-mmwide stainless steel ring with a flat connection surface, and a silver-based braze alloy sheet
(Ag82 Pd9 Ga9 , see Brazing Side B). To the other side of the chamber (Brazing side A) a
stainless steel support ring was brazed with BAg13 (Ag54 Cu40 Zn5 Ni1 ) wire braze alloy at
820◦ temperature. After this, the chamber was turned around (Brazing Side B on the
top) and the foil support ring was brazed using a low-temperature braze alloy wire BAg1
(Ag45 Cu15 Zn16 Cd24 ) to join the copper chamber to the Ti foil support ring.
The cryogenic window was purchased from Ceramtec (Type 9600-01-W) and had a
clear aperture of d = 35 mm. It was verified up to ∼ 1.8 bar internal pressure, and it
had a 5-mm-thick fused silica viewport that was brazed into a kovar socket with a bend to
reduce stress on the glass during cooldown. This window was the last piece to attach to
the chamber by electron beam welding, after the brazing of the foil and the front transition
ring was carried out.
The target was prepared by filling helium gas inside the target chamber, simply from
the liquid helium dewar, and liquefying it. After liquefaction the heat conductivity of the
chamber increased significantly, allowing the placement of very precise sensors in the liquid
volume.
The PID control of the temperature was carried out by the Lakeshore 335 controller,
using the a sensor immersed in the target liquid as reference, and regulating a the pumping
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speed of the Ruvac-Sogevac pumping station by opening and closing a throttling butterfly
valve in the NW50 KF bellow pumping line (Nor-Cal IntelliSys). Regulation at higher
liquid temperatures (above ∼3 K) was more stable when a relatively large pumping speed
was set, and the heater was regulated by the PID control.

3.3.2

High pressure operation

The chamber optimized for high pressure had a stainless steel body and UV grade sapphire
viewports. The heat expansion of sapphire is similar to stainless steel, and fractures less
likely than in case of fused silica under extreme temperature conditions.
The foil on the p side was a thicker as the low temperature chamber d = 75 µm. This
foil was brazed to a stainless steell (304-SS) transition ring similarly to the copper chamber
case. The transition ring featured a 1 × 1.5mm cross sectioned weld lip on the outer side,
and this edge was TIG-welded to an interface ring on the stainless steel chamber.
As it is shown in Fig. 3.9 (b), the chamber itself was TIG-welded from several parts.
When welding the window or the ring with the Ti foil, a copper heatsink was used to dump
the heat caused by the welding. This preserved the integrity of the organic adhesive at
the window side and the foil brazing on the other side that would have been damaged by
excessive heat.
As the target gas had to be pressurized up to ∼ 10 bar, the target chamber could not
be opened together with the sample volume of the cryostat. As it is seen in Fig. 3.9 (b),
a long and thin pipe was welded to this chamber, with a Kenol 1/4 male connector end.
The pipe was leading through the sample volume (See the flow diagram, Fig. 3.8 b for
the concept) where the flexibility of the bellow segment made it possible to tighten it to
a transition piece. This piece was essentially a KF flange, with Kenol connector on the
inner side and VCR on the outer side. The KF flange was just closing the sample volume
which was independent now from the target volume, and was filled with helium gas from
the dewar, while the high pressure target was filled with high purity helium from a bottle.
The temperature was controlled using the sensor bolted on the chamber from the outside.

3.3.3

Heat shields

We designed two layers of heat shielding surrounding the cryostat body and the chambers
(orange and brown tubes in Figure 3.7). Both inner and outer shields made out of 0.5
mm OFHC Cu sheet metal that was waterjet-cut, bent, then soft-soldered or conduction
welded. They were thermalized to cryogenic helium and nitrogen respectively, not touching
other parts of the setup. The outside of the shields were polished clean to reflect infrared
radiation, but the inside was blackened by an oxide layer to prevent light scattering towards
the cryogenic chamber. This double shielding allowed us to decrease the target temperature
to a single-shot operation of ∼1.35 K.
The inner layer of heat shield was thermalized to the gas part of the heat exchanger
as the only support point, and consisted of three pieces, a vertical part to protect the
cryostat, and a horizontal arm to decrease heat radiation trough the laser entrance, and a
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transition piece over the chamber to interface them. They were aligned and bolted precisely
leaving the closest gap between inside and outside of 3 mm. During normal operation of
the cryostat, this shield maintained a temperature of ∼ 15 − 20 K, measured close to the
target volume.
The additional outer layer of heat shield enclosed completely the inner layer, and it
was made out of two parts, one vertical pipe surrounding the cryostat and a chamber, one
horizontal pipe attaching to it, with a circularly cut interface. It was thermalized to an
external nitrogen reservoir because of the strict space constraints (Chamber on the right
in Figure 3.7). The reservoir was a vacuum-insulated vessel made of aluminium, with an
aluminium platform to attach a cold finger to the bottom. It was placed over the beamline,
supported by threaded rods, due to the lack of space, and connected to the cryostat vacuum
chamber via a small, ∼ 32 mm inner diameter DN35CF vacuum port. The outer shield
was hanging on a 25 mm diameter OFHC copper cold finger reaching from the nitrogen
reservoir towards the cryostat, as its only support point.

3.3.4

Temperature sensors and baratron gauges

Both setups were equipped with carbon ceramic temperature sensors (Temati [37]), which
were small chips of dimensions ∼ 1.2×2.2×6 mm3 . The sensor’s body was glued to a small
OFHC copper block using Stycast cryogenic two-component glue (2850FT + catalyst 24LV,
enhanced heat conductivity), which enabled to bolt the sensor on the chambers, using an
indium foil as a thermal tcontact. The most important sensor in case of the superfluid
setup was placed in the target liquid itself to ensure the best thermal conductivity and
shielding. Other sensors were bolted in the chamber and the shields (See Fig. 3.8).
The leads of the resistor were connected in a 4-wire connection scheme to two twisted
pairs of phosphor-bronze cryogenic wires (Lakeshore QT-32, 32 AWG). The first twisted
pair supplied the excitation current, while the voltage was measured on the other two wire
ends by the Lakeshore 335 temperature controller / readout units. The sensor leads and
the soldering points were electronically insulated with heat shrinking sleeves, and the wires
were thermalized to the chamber and cryostat body using cryogenic silver tapes.
For measuring the target pressure, MKS-121-A and MKS-627-D type capacitance manometers were used. For the superfluid experiment they operated in the 100 mbar and 1 bar
ranges (B1 and B2 in Fig. 3.8, respectively) They were attached to the target volume and
the gas part of the transfer line for diagnostics. The high pressure setup had two gauges in
the 10-bar range on the chamber volume (B1 and B2), while a third gauge measured the
room temperature buffer gas volume after the gas bottle.

3.4

Cherenkov detector

The annihilation products were detected by a Cherenkov counter [53] made of UV-transparent acrylic (Mitsubishi Rayon, Acrylite000). The detector had a size of 300 × 100 × 20
mm3 , and it was placed directly over the outer vacuum chamber of the target, ca. ∼ 6
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cm from its center. Some of the charged pions that emerged from antiproton annihilations
in the target transversed the detector material, and prompted Cherenkov radiation. The
light was then measured by a gateable fine-mesh photomultiplier (Hamamatsu R5505GXASSYII) custom-made for this experiment, connected to the Cherenkov detector’s smallest
face via a fishtail.
This photomultiplier had a photocathode of diameter 17.5 mm, and operated at a gain
of 5×104 . It featured a bialkali cathode and 15 stages of fine-mesh dinodes. The tube
was gated off during the strong flash of ∼97% antiprotons annihilating upon stopping
promptly, by reversing the voltage on four dynodes using high voltage switches. The laser
was always fired at least ∼1 µs after gate switching, to give enough time for gain recovery.
The exact formation time (position of the prompt) was determined by lowering the gain
of the PMT, and detecting the prompt withing the dynamic range, without gating. The
analog waveform of the photomultiplier was recorded using a digital oscilloscope.

3.5

Laser setup

We used narrowband pulsed lasers of energies ∼1–10 mJ in ∼ 30 − 100 ns pulse length to
excite the antiprotonic helium transitions in the wavelength range of 264–841 nm.
For most of these transitions we used tunable cw Ti:S lasers to produce a seed beam,
which was then pulse amplified in Ti:S resonators by the second harmonics of Q-switched
Nd:YAG lasers, and the frequency was doubled or tripled in nonlinear crystals when necessary. Wavelengths not accessible by Ti:S or its higher harmonics were usually generated
using cw dye lasers, which were then pulse amplified in dye cells by the second or third
harmonics of the Q-switched Nd:YAG pulse lasers.
Figure 3.10 shows the two cw laser setup used to generate the transitions for the superfluid experiment, (a) (37, 35) → (38, 34) at 726 nm, and (b) (39, 35) → (38, 34) at 597
nm. The description of these laser systems can be found in details in References [36, 38],
here we introduce them briefly.
The Ti:S continuous-wave (cw) laser for the transition at 726 nm was a Coherent MBR110, pumped by a Nd:YVO4 laser (Verdi). It generated seed beams of P = 1 W power and
Γ < 0.1MHz. The laser’s reference cavity was stabilized against a frequency comb. This
beam was injection-seeded into a triangular Ti:S cavity of ∼ 80 cm circumference, which
produced 40-50 ns long laser pulses of E ∼ 10 mJ by pumping it with a Coherent InfinityC Q-switched Nd:YAG laser. The Infinity was based on a ring diode-pumped solid state
laser which was injection-seeded with a phase-conjugated mirror to compensate for thermal
lensing, and flashlamp powered Nd:YAG rod amplifiers. It was producing in the second
harmonic (532 nm) 3-ns-long, ∼ 200 mJ pulses which were normally stretched to 10-20
ns by splitting and recombining the beam. For measuring the blue and UV resonances,
the pulse amplified beam from the resonator was further amplified to E = 20 − 30 mJ by
passing a Ti:S crystal 2-3 times3 .
3

The multipass alignment remained in the 726-nm setup only for practical reasons, to enable fast switch
to other resonances; the excess pulse energy was not needed for this transition
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Figure 3.10: Sketch of the two laser setups, to create (a) 726 nm pulses with a Ti:S laser
and ring resonator, and (b) 597 nm with a dye laser and amplifiers. Both amplifiers were
pumped by the second harmonics of Q-switched Nd:YAG lasers
The ring dye laser was a modified Sirah Matisse, operating with Rhodamine 6G dye
dissolved in ethylene glycol, and pumped by an Ar-ion laser (Coherent Innova 310). It
produced a cw beam of 1 W power at λ = 597 nm, and a spectral width of Γ ∼ 0.1 MHz.
The latter was achieved by stabilizing the frequency using the Pound-Drever-Hall technique
against a temperature-stabilized, 75-mm-long high-finesse Fabry-Perot cavity (Toptica).
This seed beam was then amplified to a pulse energy E = 2 − 3 mJ in two dye cells, filled
with Rhodamine B dissolved in methanol.
The cells were pumped transversally by a home-made Q-switched, single-longitudinalmode Nd:YAG laser of E=180 mJ and λ = 532 nm. This laser was built specifically for
this experiment, partially to achieve quick switching between the different laser setups
by introducing another pump laser, and to reduce the spectral broadening during pulse
amplification in the dye cells4 by the relatively long (∆t = 30−50 ns) and smooth temporal
profile.
This long-pulse Nd:YAG laser was based on a design described in Ref. [54], and shown
in Fig. 3.12 and 3.11. Pumping was provided by 808-nm, 4W laser diode (JDSU 2495-L4)
coupled to a d =105 µm fiber. It was operated during the superfluid beamtime in cw mode
with a relatively low (∼1 A) current. Later we found that a pulsed operation of these
diodes (750 µs pulse length, 4 A flat top) avoids thermal lensing effects.
This had importance only in the precision experiment, as the pHe+ atoms featured GHz-scaled
linewidths in the high-density experiments
4
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Figure 3.11: Sketch of the home-made Nd:YAG laser used for pulse amplification. The
initial pulse from the Q-switching resonator is amplified by passing through four Nd:YAG
rods, which were transversely pumped by flashlamps. The resulting amplified pulse is
frequency-doubled using a BBO crystal.
The fiber was guided into a 285×285 mm2 hermetically sealed aluminium box with a
10 mm wall thickness, where the rest of the optical components were placed, all bolted to
a 20-mm-thick invar optical plate. The box was temperature stabilized by a copper plate
below with water circulation.
The fiber was mounted on a 3-axis stage (MBT-602). The emerging laser beam was
collimated by a f = 18-mm aspheric lens. A small 3-axis linear motion stage (three
Newport M-SDS25) was holding the focusing lens, f = 40 mm and pair of dichroic mirrors
placed in a 45◦ angle preventing the 1064-nm-light to propagate backwards to the pump,
and refleted this backward propagating component to a photodiode.
The ring resonator itself, together with the tilt aligner of the AOM, was placed on an
invar block machined out of a solid piece. After the beam transversed the two dichroic
mirrors and the lens, it entered the cavity through its high reflector (HR @1064 nm, HT
@808 nm), and it was focused on the d = 5 mm, l = 5 mm Nd:YAG (0.15%) crystal with
an approximate beam waist of 200 µm.
The crystal was placed in a copper holder, which was independently temperaturestabilized by a thermistor and a small heater. The copper holder was designed such that it
allowed a slight tilt (±3 deg) of the crystal around the vertical axis, using the slit clearance
around one of the fixing screws.
The small, l ≈ 85 mm long triangular cavity had an outcoupling mirror with a 95%
reflectivity and R = 100 mm radius of curvature. Both the HR and outcoupling mirrors
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were placed in the Thorlabs Polaris stainless steel mirror mounts. The resonator loop was
closed by a prism, obstructing the beam in Brewster’s angle. The prism was glued on a
small, 5 × 5 × 2 mm3 piezo actuator block, which was glued then to the single-body invar
block of the cavity.
The Q-switching was done by a miniature intra-cavity acousto-optic modulator (Gooch
& Housego I-QS080-1C2G-E-3D1) with a small tellurium dioxide active element (1.4 × 4 ×
10 mm3 ). It was operated at 80 MHz and ∼4 V, achieving better than 85% loss modulation
when turned on.
The AOM was not only responsible to switch the Q of the cavity, but also worked as
an optical diode. When the propagating acoustic waves are present, the medium behaves
essentially as a ”moving optical grating” [55]. In case of light reflecting off such a moving
grating, the angle of incidence and reflection will be no longer identical. When the incident
and reflected beams meet the Bragg condition for a beam propagating in a certain direction,
(therefore the losses are maximized) the same is not true counter-propagating beam.
This offset between the two Bragg angles are small (typically ∼ 10µrad) however the
diffraction losses in this cavity have a finite (typically few mrad) angular bandwidth in this
angle. The interesting factor in separation is the difference of the losses for the counterpropagating beams in function of the AOM angle, which is largely influenced by the above
mentioned angular bandwidth of the diffraction. The difference in losses can be maximized
to typically ∼3.6% as shown in [55] by tuning the AOM away from the Bragg angle by
θ ≈ 1.1 mrad in one direction, and applying the same but negative detuning (θ ≈ −1.1
mrad) in the other direction.
Very small changes in the angle could therefore result in the change of the lasing
direction, or just influence the stability of the laser. The AOM was therefore placed on a
stable invar holder, which was fixed to a 3-axis tilt aligner, bolted to the main invar block
holding the cavity.
The triangular cavity was aligned first without the AOM using a 1064-nm single-mode
diode laser, coupled in through the 95% output coupling mirror. The piezo was modulated
with f = 250 Hz, 5 V peak-to-peak sinusoidal signal, and we aligned it by optimizing on
the resonant fringes. The AOM was inserted after this initial alignment, and its angle was
adjusted to produce a stable high power output measured on a photodiode, using a weak
transmission emerging from the pump mirror.
After this step 4 V bias voltage was applied on the AOM between pulses to deflect ∼85%
of the beam, and reduce the cavity Q. By switching the AOM off, the Q was switched too,
and a pulse of 30-40 ns was produced. The AOM angle was optimized on the pulse height
and stability of this pulse. Feedback loops regulated the AOM and diode laser to stabilize
the oscillator output energy of E = 5 − 10 µJ and pulse length.
Outside the cavity, three stages of Faraday isolators followed to avoid back reflections
into the cavity. The beam passed trough a Pockels cell, which was biased to ∼1.65 kV
in coincidence with the laser pulses. It acted like an optical switch, and ensured that
no laser light prior to mean pulse (some prelasing that could not be avoided) got on the
amplifiers. This 1064-nm beam was then amplified to E = 450 mJ in six Nd:YAG crystal
rods pumped by either diode laser arrays of 4 kW power (first two stages) or Xe flashlamps
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Figure 3.12: Layout of the Q-switched Nd:YAG resonator. (Description in text.)
(last 4 stages) from EKSPLA with two d = 6.3 mm and two 10-mm-diameter Nd:YAG
rods. The second harmonic (532 nm at 180-200 mJ) was generated by frequency-doubling
the amplified beam in a potassium titanyl phosphate (KTP) crystal.

3.6

Data acquisition and analysis methods

The data acquisition of this setup (see Figure 3.13) was essentially the same as for the
high precision experiment, except for the cryostat and its relating controls. A trigger
signal from the AD ring that was synchronized to the ejection kickers were sent to the
experiment ∼ 100 µs before the actual p arrival. With appropriate delays introduced by a
Stanford Research OG535 delay generator, the Q-switch of the pulse laser(s), the gate time
of the Cherenkov detector, and the oscilloscope trigger were synchronized to this signal.
The bandwidth demands of data collection in this experiment were very low compared
to usual particle physics experiments, considering the low rate of antiprotons and their well
timed arrival, as well as the few number of detector channels. The data exchanges therefore
could be carried out with the means of GPIB and RS232 protocols between devices and
a computer, and using TCP/IP protocols between computers. The data collection and
controls were carried out using the LabView framework, with all computers running VIs
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Figure 3.13: Draft of the data acquisition setup for the superfluid experiment

and communicating with the corresponding devices (In the laser hut, zone or counting
room). A master VI was running on the main DAQ PC (PCAD308). Data written by
LabView (raw waveforms and sensor readings) were analyzed and backed up on a separate
PC (PCAD309).
Data was collected from the oscilloscope, lasers and target sensors by LabView. After
each shot from AD, data was written to a single root file by the main DAQ computer
(PCAD308), and further analysis was carried out using offline analyzer softwares running
on different PCs, using root classes [56].
The final results were obtained after carrying out the following calibrations and analysis:

1. The measured temperature and pressure of the target were calibrated in order to
gain accurate data and the corresponding errors on the target conditions (Sec.3.7).

2. The analog waveform of the Cherenkov detector was analyzed for each antiproton
pulse to obtain the number of laser induced annihilations compared to the total
number of annihilations. The frequency of the laser in each run was determined
using an optical frequency comb (Sec. 3.8).

3. The obtained transition lineshapes were then fitted with Voigt and Lorentzian profiles to determine the central frequency and the width of the transition with their
corresponding errors (Sec. 3.10).
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Calibration of the target thermodynamic properties

For both the liquid and gas measurements the HEPAK subroutine [57] [58] was used to
calculate the helium thermodynamic properties from the measured pressure and temperature values. This subroutine operates with parametrized state equations [59], which are
fit on a large collection of experimental data, and its values are presently suggested by
NIST. During this analysis they were also compared to the suggested values and raw data
from Donnelly and Barenghi [60]. The accuracy of the HEPAK curves is typically well
beyond the precision of the pressure gauges and temperature sensors used in the present
experiment, so the leading source of uncertainty in the thermodynamic parameters are to
be found in the relative precision and overall accuracy of the sensors.
Both setups for liquid and high pressure gas were equipped with carbon ceramic temperature sensors (see Sect. 3.3.4). These sensors are calibrated in 12–24 points, and a 7th
degree polynomial curve is provided for each of them to express the temperature in function of the sensor resistance. The calibration curve was deviating from the control values
typically by less than ±10 mK. In a real system, however, the accuracy is limited by the
thermalization method of the sensors, the heat radiation shielding of the sensor, moreover
the quality of the current generator supplying the 1–10 µA excitation, and the precision in
measuring the voltage drop. Therefore the readout accuracy of a sensor thermally anchored
to copper is typically limited to ±0.1 K [37] unless other safety measures applied.
The pressure was measured by two 10-bar full range baratron gauges in the high pressure
setup These gauges were capacitive probes between a flexible membrane and a fixed plate,
and claimed to work with a relative precision of 1-2 mbar.

3.7.1

Temperature calibration for the liquid/superfluid setup

The low temperature experiment was carried out in the OFHC copper chamber (see Sec.
3.3.1) where the liquid was kept all time in an equilibrium with its saturated vapor. The
parameters of the helium saturation curve are well known, therefore an accurate measure on
the temperature alone could describe unambiguously the target conditions. The HEPAK
subroutine was used to extract other necessary parameters.
The main carbon ceramic temperature sensor used for the measurement (serial Nr. 268)
was placed directly into the target liquid, and the target temperature was controlled using
the input supplied by this sensor. Due to the large heat conductivity of the liquid helium
this arrangement is very efficient in thermalizing the sensor, and protecting it from heat
radiation.
This sensor was calibrated against another similar sensor from a different production
batch (Nr. 466), which was placed in the same liquid volume, directly next to the measurement sensor, but without touching the other one. The calibration sensor was placed in this
position only after the measurement, so that we could exclude any potential interference
between the two sensors and decrease the risk of contaminations, etc. during the real runs.
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Figure 3.16: Reference calibration of the target sensor value on the superfluid phase transition, observed as a plateau in the temperature curve while applying constant heating or
cooling power.
Comparing the two sensor data at different temperatures a correction curve was obtained
to correct and define uncertainties on the target temperature. The sensor values were
measured either in a temperature-stabilized setup, or during the free run of the cryostat.
The results are shown in Fig. 3.14, with the deviation of the different sensor values
from the average temperature on the y-axis, and the average target temperature (Tt ) on
466
at each measured target
x. The latter is obtained by simple averaging, Tt = T268 +T
2
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temperatures, where T268 and T466 are the average temperatures of the same sensor with
different excitation currents. An important observation is that the excitation current barely
influenced the readout temperature value.
The temperature controlled values were obtained either with controlling the heater
current on the cryostat heat exchanger (typically above 2.5-3 K with minimum pumping
speed) or controlling the pumping speed for low temperatures, with the heater off. Some
points were measured both ways, and changing between the control methods did not cause
an abrupt change in the relative sensor values.
The free run measurement was carried out by introducing a slow pace, single-shot run
to low temperatures by manually closing up on liquid helium flow into the heat exchanger.
Even these free run results were reproducible (self-consistent), without any visible hysteresis. The largest apparent change in the sensor readings occurred when the excitation
current was changed from 1µ A to 10µ A, but this resulted in a jump less than 10 mK in
the whole temperature regime. Since the sensors were calibrated with I = 10µA excitation
by the company, the main measurement and control sensor (sensor Nr. 268) was operated
with this current.
In order to obtain correction and uncertainties for an given temperature, a third degree
polynomial fit (f corr(T 268 )) was applied on the experimental data, so that the corrected
temperature can be written in function of T 268 in the following way:
Tt (T 268 ) = T 268 + f corr(T268 ) ± f err(T268 ).

(3.3)

This fit is is demonstrated in Fig. 3.15, where Tt − T268 is shown in function of T268 . The
last part of Eq. 3.3 is the conservative sum of the known error sources,
r
1.96 2f corr2 (T268 )
+ εcurve + ε∆ + ελ
(3.4)
f err(T268 ) = √
2
2
where the first part is corresponding to the 95% confidence interval of the sensor measurements, assuming that the mean value of many different sensors would provide the actual
temperature with a Gaussian distribution. This temperature-dependent uncertainty accounts for the relatively large deviance (∼ 40mK) at low temperatures. The reason for
the large deviance can be sensor aging (incorrect calibration fit on the steep resitance–
temperature plot), the inaccuracy of the current generators and voltage readout, parasitic
heating from the excitation, or any other systematics which is emerging from the different
soldering and mounting the sensors. The remaining uncertainties are:
• The calibration curve error (εcurve ≤ 7mK), which was the largest uncertainty of the
company supplied curve from the certified calibration points
• The temperature fluctuation of the cryogenic target (ε∆ ). This was obtained from
the reminiscent low amplitude oscillation of the PID controlled setup. Typically the
amplitude of this in superfluid was ε∆ ' 0.001 − 0.003K, while in normal liquid
ε∆ ' 0.005 − 0.01K, presumably due to the poor heat conductivity of normal– vs.
superfluid.

+

3. Laser spectroscopy of p4 He atoms in liquid and superfluid helium

60

• The fluctuation in the measured lambda-point temperature (ελ ) which can be the
measure of reproducibility during the long measurement period. The theoretical
value for the transition temperature under saturated vapor pressure is Tλ =2.1758
K. The phase transition can be observed by a clear plateau in the rate of the temperature change while crossing the transition with a constant heating or cooling power
(Fig. 3.16). This plateau was checked frequently during the measurement, and the
target sensor showed systematically Tλ268 = 2.147 ± 0.001 K without hysteresis. The
calibration sensor reproduced the phase transition temperature with much better
accuracy but same precision (Tλ466 = 2.173 ± 0.001) 5 .
In Fig. 3.14 and 3.15 the red curves represent f err(T268 ), the sum of all these uncertainties,
where the otherwise measurement-dependent fluctuation of the target temperature is taken
into account by its average value ε∆ = 0.003 for demonstration purposes. For the individual
data points the actual correction is used.

3.7.2

Pressure and temperature calibration for the gas setup

Baratron gauges
We used type MKS Instruments 121 pressure readout, both outputing 0-10 V voltage
proportional to the pressure. They were attached to the same (target) volume at the
top, where the gas was near room temperature. The sensor labeled Baratron Ch1 had a
conversion ratio of 1 V = 1000 Torr, while Ch2 translated to 1 V = 1000 mbar.
They were calibrated against vacuum pressure during the experiment, and the offset
was continuously noted. This offset changed only one millibar during the total 5 days of
the gas measurements, but the sensors still disagreed by almost ∼10 mbar in measuring
the same pressure at higher vales (over 1000 mbar), as seen in Figure 3.17.
The lack of relative pecision of the pressure sensors could be partially accounted later
for the large errorbars of the data points in the gas experiment. The size of the final
errorbar on pressure was gained from the 95% confidence limit of the calibrated sensor
data, assuming the physical pressure would be given back as a mean value of a normal
distribution when using many sensors.
Temperature sensors
An even more serious source of uncertainties was originating from the difficulties in calibrating temperature in the gas setup. Due to the dimensions of the high pressure setup
it was not feasible to keep a temperature sensor inside of the target chamber during the
whole measurement, (where the thermalization properties are anyway not as good as in the
liquid), therefore the temperature control had to be carried out using the sensor bolted on
5

This more accurate sensor was freshly calibrated, while the first (Nr. 268) was almost 2 years old.
However, aging of such sensors is claimed to cause a drift less than 1 mK/year [37], therefore biasing
towards the new sensor on all temperatures is not entirely justified.
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the target chamber on the outside (T 165 ). Another sensor (T 466 ) was placed on top of the
target, inside the heat exchanger’s exchange gas volume, but provided less reliable data in
terms of reproducibility6 .
It was seen in case of the well calibrated superfluid target temperature setup that
sensors bolted to the outside of the chamber always bare some offset temperature due to
an unavoidable temperature gradient and heat radiation, but this offset is nearly constant
in the 1.5–10 K regime. We lowered an other sensor (N467) into the target chamber itself,
passing through the narrow target filling pipe, and it reached the middle of the chamber,
without touching the walls for temperature calibration. The temperature measured at
the sensor outside was regulated to 6.3 K with using the heater, and the pressure was
increased. The calibration sensor settled at a final value when there was enough gas
density to thermalize (Fig. 3.18). This sensor value was used as a reference since it was in
direct contact with the target gas. The company-claimed accuracy defined the error bar.
Before the run the sensors and gauges were tested against saturated vapor pressure
(Fig. 3.19), with some liquid in the target, in the range of 2-5 K. This was meant to carry
out a more accurate zero calibration/errorbar estimation of the gas pressures.

6
Thermalization of this sensor was dependent on the pressure of the exchange gas, which was not
controlled. Offsets therefore were changing during the measurement
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Figure 3.17: The deviations of the baratron
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chosen to be the measurement value. The
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Figure 3.18: Temperature calibration of the
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Figure 3.19: The p-T curve obtained from HEPAK vs. the different sensor readouts (T 165
attached to the target chamber, T 466 inside the sample volume, next to the heat exchanger)

3.8

Analysis of the Cherenkov detector response

The waveform of the Cherenkov detector was proportional to the number of annihilations
(see Section 3.4). Within the recorded timeframe of the oscilloscope, the strong signal
from prompt annihilations of the majority of the antiprotons were suppressed by gating
the PMT. The delayed annihilations, together with the laser induced annihilations, were
recorded within the dynamic range.
The annihilating pHe+ atoms produce a delayed annihilation time spectra with a 4µs-long lifetime. The envelope of this curve is complicated, as it is originating from the
distribution of the initial population among different metastable states, and the corresponding main cascade mechanisms running on multiple channels.
A resonant laser beam between metastable and Auger-dominated states appear as an
abrupt increase in the number of annihilations, in coincidence with the laser pulse. A
typical waveform measured by a digital oscilloscope (LeCroy) of the Cherenkov detector
with a resonant laser beam is shown in Figure 3.20.
The PMT gate switching noise can be seen at around ∼500 ns on this timescale. A
long decaying background is originating from delayed antiproton annihilations; in a shorter
section of the the curve can be estimated well with a single exponential. The laser induced
annihilations are well visible at ∼1350 ns as a (negative) peak on top of the decaying
background.
The amount of antiprotons arriving to the target is slightly changing shot by shot, just
like the position of the antiproton beam. To account for such changes the representative
value we try to obtain from such a waveform is the relative number of laser induced
annihilations, against ”all” annihilations. At this stage no other artificial normalization
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Figure 3.20: Typical signal waveforms from a single antiproton pulse in the Cherenkovdetector, where the absolute value of the signal height is proportional to the number of
annihilations. Description in text.
are carried out.
The methods used for fitting these PMT time spectra are well tested already in the
precision measurements, and essentially they worked in the same way here too (see Fig.
3.20):
1. The full timestream of delayed annihilations is digitized by the oscilloscope, and a
“valid” range is set (Tstart to Tend ) after the gain recovery of the Cherenkov. The
real antiproton arrival time (T0 ) is recorded using another Cherenkov detector with
a low gain, placed under the target.
2. The laser timing is set up after T0 such that the population of the parent state is
at maximum (lower lying states get most populated later in the cascade). In case of
the superfluid measurement all transitions had a relatively high lying parent state,
so we chose the laser timing as close as possible to Tstart .
3. A photodiode recording the arriving laser pulse, and a fit on this pulse is defining
Tlaser . We nominate a ∼ 1 − 1.5 µs long background around the laser arrival time
(not necessarily symmetrically), where a good portion of the annihilating particles
are present without the laser pulse (TB1 to TB2 ).
4. The background is fit between TB1 and TB2 , with ignoring the time region where
the laser excitation happened (TL1 to TL2 ). In Fig. 3.20 this fit is shown by a red
curve. The integrated area under the fit curve is giving Σtotal , the ”total” number
of antiprotons, which value we use for normalization to account for the different p
beam conditions.
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5. The laser induced annihilations Σpeak are defined as the area under the peak (without
fitting) and counted over the background fit (orange area in figure)
6. The ratio Σpeak /Σtotal is the amount of laser induced annihilations. First estimated
to this number come from the uncertainty of the background fit (and with this, the
integrated area) but this is s clear under-estimation, not accounting for systematic
or statistical uncertainties in the laser induced peak itself.
7. The frequency of the laser was determined from the beatnote with the frequency
comb, by locking the laser frequency 20 MHz away from a comb tooth. The laser
system is scanned by changing the repetition rate. The number of comb tooth (the
n-number) came from a wavelength meter readout, calibrated against the well known
+
p4 He lines in the gas experiment.

This is a simplified method, not accounting e.g. for the complex many-exponential
shape of the delayed annihilations [22] coming from the multichannel cascade. For the
investigated region however a simple exponential was giving a more stable fit, providing
nearly zero Σpeak /Σtotal counts off-resonance which is a very important measure of the
goodness of the analysis method.
Still, some non-zero offset was unavoidable. Some curve fits provide a small, but positive
baseline, some others a small but negative baseline, depending on the transition. Therefore
taking measurement points off-resonance is also quite important.
We did not account for systematic uncertainties at this point, only applied a scaling to
the antiproton beam. Other experimental conditions like the shot-by-shot power and time
fluctuations of the laser beam were taken into account by taking more statistics. Some of
the unaccounted systematics are:
• The pulsed laser beam profile contained many spatial components due to the complex
chain of amplifying media.
• The frequency modulation (chirp) during pulse amplification was not corrected or
measured in this experiment.
• Spatial or energy fluctuations in the antiproton beam actually can cause not only
the fluctuation in the amount of delayed annihilations (which we take into account
already in Σtotal ) but it can change the ratio between the delayed spectra caused by
the atom and background originating from π → µ → e decay, which we do not know
precisely.
• Noise in the electronics or the PMT of the Cherenkov detector can cause additional
uncertainty in the measured annihilation intensities.
Additionally, the exponential fit function used in this analysis is not a perfect model
for the delayed annihilations. From these points above it is clear that
were
P the errorbars
P
underestimated. Later when fitting lineshapes on the experimental peak / total values,
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the reduced χ2 (χ2 /N df , where Ndf is the number of degrees of freedom) was typically a
value around 2. As there was no feasible way to account for all the uncertainties, these
can be taken into account by rescaling the errorbars to give a reduced χ2 /N df = 1. Such
rescaling do not effect the fit result strongly, as it was tested with multiple fit functions
(See Section 3.10 and Fig. 3.28 later).

3.9

Results

Two transitions were observed in liquid and superfluid helium, the unfavored (n, `) =
(37, 35) → (38, 34) and the favored (39, 35) → (38, 34) transitions, sharing the same daughter state. A third transition, the unfavored (38, 35) → (39, 34) was not observed, and it
was assumed that the daughter state quenched in the high density environment.
The most detailed measurements were carried out on the (n, `) = (37, 35) → (38, 34)
transition at λ ∼726.1 nm, which has a resolvable double peak structure arising from the
fine structure, with the peaks separated by ∼ 1.8 GHz, each peak containing two of the
hyperfine lines. A few selected measurements of this transition7 measured at various temperatures and pressures with the corresponding fits are shown in Fig. 3.21, which displays
line shift and line broadening caused by the gaseous (green), liquid (blue) and superfluid
(red) environment. The fits presented here were parametrized Voigt functions with fixed
small Gaussian widths to the Doppler width coming from the zero-point oscillation, as will
be discussed in Section 3.10.
In the gas target, the lines showed shift and broadening nearly as expected from classical two-body collisions [46], with possible deviations from a linear dependence at large

Laser induced annih. [arb. u.]

7

The detailed fits of all resonances and tables of the transitions are shown in Appendix C.
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Figure 3.21: Selected data and best fit functions of the 726 nm transition (37, 35) →
(38, 34). Green denotes measurements taken in gas target at 6.15 K and different pressures,
blue in normal liquid at saturated vapor pressure and the denoted temperatures, red is the
narrowest lineshape measured in superfluid He at ∼1.85 K.
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densities, as expected with the increasing collisional rate, but the experimental uncertainity
did not allow a clear conclusion.
The behavior of the transition lines in liquid helium was more interesting: the width
of the line decreased rapidly with temperature, and very narrow (∼ 0.9 GHz) linewidths
were measured in the superfluid phase. For comparison, on the same figure the narrowest
line in gas taken with the precision target is shown on the right side, measured at 1.4 K
temperature and low pressure (∼ 0.9 mbar).
The detailed dependence of the linewidth at all measured temperatures is shown in Fig.
3.22, with logarithmic (top) and linear (bottom) scales. This figure reveals a well resolvable,
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Figure 3.22: Lorentzian FWHM width of the 726 nm (37, 35) → (38, 34) transition as a
function of the liquid helium temperature, on logarithmic (top) and linear (bottom) scales.
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sudden reduction in width at the phase transition. By lowering the temperature in the
superfluid phase, the linewidth reached a clear minimum, then increased again.
We carried out fits using the Levenberg-Marquardt method, separately in liquid and
superfluid phases. The points in the normal liquid were fit with a simple exponential
(A · ebT ), where the best fit parameters were A = 0.54 ± 0.05 GHz and b = 0.63 ± 0.03 1/K.
The points in superfluid were fit with a parabola Γ0 + µ(T − T0 )2 , where the parameters
were found to be Γ0 = 0.76 ± 0.017 GHz, µ = 6.32 ± 0.47 GHz/K2 , and the minimum at
T0 = 1.84 ± 0.01 K. In both the exponential and parabolic fits this reduced χ2 were below
1 (∼ 0.56 and ∼ 0.52, respectively).
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Figure 3.23: Shift of the 726 nm (37, 35) → (38, 34) transition as a function of the liquid
helium density, compared to the theoretical center.
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Figure 3.24: Lorentzian FWHM width of the 597 nm (39, 35) → (38, 34) transition as a
function of the liquid helium temperature, on logarithmic scale.
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Figure 3.25: Frequency shift of the 597 nm (39, 35) → (38, 34) transition as a function of
the liquid helium density, compared to the theoretical center.
Figure 3.23 shows the shift of the resonance center compared to the theoretical value in
vacuo, with data measured in gas (green) liquid helium (blue) and superfluid helium (red),
plotted as a function of the target density. A linear extrapolation of the shift measured
in gas to zero density gives back the theoretical values within ∼ 1 GHz precision. Fitting
on the points in normal liquid above 2.5 K temperature seems to give a linear dependance
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with similar slope steepness to the gas data, but with a ∼ 15 GHz offset to the blue when
extrapolated to zero density. Near the phase transition (below 2.5 K), the points visibly
deviate from linear dependency. In the superfluid the shift continues to be towards the red,
despite the slight decrease in the liquid density. In Appendix C we show further and more
detailed figures of the temperature dependance of the shift and the density dependance of
the width.
We next measured the (n, `) = (39, 35) → (38, 34) transition at 597.3 nm. In case of
this favoured transition the intervals between the hyperfine lines are much smaller, and
cannot be easily resolved. For this reason, and because of the lower statistics taken with
this transition the results show larger statistical uncertainties, but the conclusions are
remarkably similar to the previous case. Figure 3.24 shows the width as a function of
the temperature. The smallest width measured in superfluid was about the same, with
parameters of the fit T0 = 1.79±0.015 K, Γ0 = 0.89±0.08 GHz, and µ = 9.8±1.3 GHz/K2 .
The exponential fit values on data measured in normal liquid gave the parameters A =
1.49 ± 0.27 GHz and b = 0.42 ± 0.06 1/K.
The shift as a function of density showed very similar features too; shift measured in
gas showed a linear dependance on the density, giving back in extrapolation the vacuum
value. When fitting a linear curve on normal liquid measurements above 2.5 K, we get
again an offset towards the blue (∼11 GHz) in extrapolation, and a similar continuing
shift towards the red even after crossing the phase transition.
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When fitting the p4 He resonances, a sum of four parametrized Voigt functions (corresponding to the hyperfine lines of antiprotonic helium) was used to obtain the center and
width of the resonance lines.
The reason for this simplification is that there is no theoretical model at hand which
would correctly describe the lineshapes in this interacting media. All other atoms immersed in liquid helium showed lineshapes with strong distortions, shifts, and asymmetric
broadening [39]. The investigated lineshapes of antiprotonic helium however all showed
visibly symmetric profiles, close to a Lorentzian profile, very much alike lines measured in
low density, cold gas. With the lack of a precise theory, and the seemingly good match with
the well know antiprotonic helium profiles, fitting the lineshapes were carried out similarly
to the gas case.
To check the stability of the extracted widths, different fit functions and boundary
conditions were applied using least-squares method, like Levenberg-Marquardt algorithm
(implemented in blop [61]), and root TMinuit [56], the two methods giving only slightly
different error estimations. Final results were presented using the first method. The
distance of the four sublines of the measured transition were fixed to the values obtained
from theory. These values appeared to be a correct assumption when the hyperfine splitting
was revealed in the liquid measurement (see Fig. 3.26 top).
The sum of four Voigt functions we used in this fit was an analytical approximation,
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as fitting a real convoluted Voigt would have involve numerical integration in each steps
of the mimimum finding; the conversion of the fit is slow and frequently unstable. In this
analytical approximation [62] a following general Voigt profile
+∞

2

e−u
du
G2 + (F − u)2

(3.5)

4
X
ci (G − ai ) + di (F − bi )
(G − ai )2 + (F − bi )2
i=1

(3.6)

G
V (F (x), G, H) = H ·
π

Z

−∞

can be approximated with the following sum:
V (F (x), G, H) ≈ H

where ai , ...di are 16 constants described in [62], and F, G, H can be expressed with ΓG
Gaussian and ΓL Lorentzian FWHMs, the AL Lorentzian amplitude and a center value c
as:
p
2 ln(2)
ΓL p
ΓL p
(x − c), G =
ln(2), H = AL
π · ln(2)
(3.7)
F (x) =
ΓG
ΓG
ΓG
Compared to the real convoluted function, in the limit of a nearly pure Gaussian or
Lorentzian the approximated curves with unit Lorentzian amplitude and unit Gaussian
area deviate maximally by 10−4 [62], deemed to be good enough for our application.
Examples on two measured lineshapes in 1.75 K and 4 K liquid targets are shown on
Fig. 3.26. The solid lines represent different fits with the Voigt fits and the two extremes
(Gaussian and Lorentzian). The first obvious point is that a pure Gaussian does not fit
well on the measured lineshapes. Using a high statistics data, the goodness of a Gaussian
fit was around χ2 /N df ∼ 8 − 9, while for a Voigt fit with varying ΓG and ΓL around
χ2 /N df =∼ 2 − 2.5.
For Voigt fits with fixed Gaussian FWHM (ΓG ) we used the values expected from
a Maxwell-Boltzmann distribution at the effective temperature of the target (ΓG =∼
0.35 GHz). This “effective” temperature is not the calorimetric temperature of the sample,
but contains the significant zero-point energy of the condensed He atoms. At the temperatures of our interest, kinetic energies of Ek /kB ≈ 14.2−16 K were measured by high-energy
neutron scattering [63], and calculated with path-integral Monte Carlo methods [47] in liquid and superfluid helium, it is not certain however that antiprotonic helium would have
the same zero-point oscillations. To estimate the Doppler width of the antiprotonic helium
atoms, we have to assume it is thermalized in the superfluid helium, and confined to the
same volumes than He atoms. The larger mass of the antiprotonic helium is expected to
decrease somewhat the zero point energy. Details are discussed in Appendix B.2.
As the zero-point energy is somewhat ambiguous, we might try to deduce the Gaussian
widths (and from this, the measured zero-point energy) using our most narrow lineshapes.
Voigt fits on high statistics data with varying ΓG and ΓL always converged to almost zero
Gaussian widths. To demonstrate this, we plot the reduced χ2 values of Voigt fits, with
increasing fixed Gaussian FWHM on Fig. 3.27.
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Laser induced annihilations [arb. u.]

It is seen that the fit is ‘good’ until ΓG ∼ 0.2 GHz, equivalent to Tef f ≈2 K effective
temperature (our errorbars are underestimated as discussed). Increasing the Gaussian
widths over 0.5 GHz (Tef f ≈15 K) gives already visibly wrong results; but these values
are far in temperature to make a definitive deduction concerning the zero-point energy,
especially without knowing whether the antiprotonic helium lines really follow a Voigt
profile.
Upon this result we were either fitting pure Lorentzian profiles (independent from any
theories) or Voigt profiles with the calculated zero-point Gaussian width (ΓG ∼ 0.2 GHz).
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Figure 3.26: An example of a high statistics dataset (top) with narrow linewidth (1.75
K), and a low statistics dataset with broad linewidth (4 K). The different fits applied are
indicated with colored lines, see text.
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Figure 3.27: The goodness (reduced χ2 ) of the Voigt fit on the narrowest spectra at 1.75
K, against the magnitude of the fixed Gaussian width.
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Figure 3.28: The deviation of Lorentzian widths (ΓL ) acquired from different fits (color
codes), normalized to the average width from all fits (ΓL ).
The differences between such fits are shown in Fig. 3.28, where the deviation of the most
sensitive parameter (the Lorentzian width) is shown normalized to the average width deduced from all the fits.
A visible systematic deviation is seen between the Lorentzian and Voigt functions in
case of the narrow resonances due to the fixed finite Gaussian width ΓG ∼ 0.35 GHz.
In case of broad resonance profiles the difference was mostly originating from fixing the
baseline or not to a certain value. This was especially true for low statistics fits with too
few data points are taken in the background.
The baseline of the lineshape is coming from the goodness of our model when fitting
on the delayed annihilation spectra (Section 3.8); it is not necessarily zero therefore in the
absence of the laser excitation, but should be a number very close to it. By taking large
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statistics off-resonance, the average value of the baseline offset could be estimated and used
in case of low statistics fits.
Most importantly, none of these choices influenced much the main features of the result,
only giving some offsetin width, or changing the magnitude of some of the uncertainties.
Reproducibility
During the measurements we took special care in checking laser or target related systematic
effects and reproducibilities. The lineshapes at certain temperatures (e.g. 2.25 K, 3.0
K) were measured on different days (different cooldown, laser and p conditions, target
state), and were found well within the error bars. In the normal liquid, close to the
phase transition, a large amount of measurements were taken at temperatures near to each
other to account for a possible transient phenomenon (some abrupt change) which was not
observed.
Another experimental concern was the presence of bubbles. The normal liquid always
had some amount of bubbles originating from boiling, they allowed although a good visibility. Monte-Carlo simulations showed that even with the large presence of bubbles at
saturated vapor pressure the vast majority of antiprotons (> 99%) will stop in the liquid.
The amount of visible boiling near the phase transition were dependent on the method
used to stabilize the cryostat, so some measurements were carried out with heater or valve
stabilization too, but the final result did not seem dependent on this. Data points taken
at the same temperature and using the same laser power were averaged in the final data;
all fits can be found in Appendix C.
Power effects
The effects of power saturation by the resonant laser beam were simulated in case of these
pHe+ transitions for the high precision experiments; all these estimations assume a free
atom, and a well known spatial and temporal profile of the laser. None of these could be
however sufficiently ensured in a real experiment.
For this reason we made sure to eliminate any significant power-related broadening
effects by measuring the power saturation of the transition amplitude, and staying in
the linear regime with the laser power. For this purpose, the lines were measured by
using different laser intensities at different temperatures, preparing always a d=25–30 mm
diameter laser beam and same target condition:
• The full lineshape was measured for the unfavored transition (n, `) = (37, 35) →
(38, 34) at 3.5 K with high statistics, using 4±0.3 mJ/cm2 and 9±1.5 mJ/cm2 fluence
laser pulse. The Lorentzian widths of the two resonance lines were 4.82 ± 0.34GHz
and 6.08 ± 0.35 GHz respectively, suggesting that ∼20% of the linewidth using 9
mJ/cm2 power could be accounted for by power saturation effects.
• High statistics lineshape of (n, `) = (37, 35) → (38, 34) was measured at 3.25 K, at
4.5 mJ/cm2 and 6 mJ/cm2 . The resulting linewidths (4.34±0.35 GHz and 4.15±0.28
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GHz respectively) agreed within the experimental uncertainties. The amplitudes were
scaling linearly to the power, showing that this power regime is below saturation.
• Similar measurement of (n, `) = (37, 35) → (38, 34) was done at the lowest superfluid
temperature (1.45 K) too, using laser powers of 4 and 6 mJ/cm2 . Resulting widths
agreed within the errorbars, the amplitude at the peaks scaled with the power, suggesting that no significant power broadening effects took place between 4 − 6 mJ/cm2
regardless of the media.
• In case of the favored transition (n, `) = (39, 35) → (38, 34) several points were taken
at 3.5 K, top of the resonance. It was found there is a still nearly linear scaling of
the peak height between 0.15-0.3 mJ/cm2 laser energies, which was used during the
whole measurement.
Based on these saturation measurements, we carried out our experiments at 4–5 mJ/cm2
pulse energy in case of the unfavored transition, and 0.15-0.2 mJ/cm2 in case of the favored
one, and assumed later that power broadening did not play a significant role.
The only measurements where power saturation and broadening could play a role were
the measurements of the unfavored transition at 3500 and 4200 mbar gas, where we had
to increase the laser power to ∼9 mJ in order to increase the signal-to noise-ratio due to
the shortage of beamtime. We used the existing measurement at 3.5 K with 9 mJ/cm2
and 4 mJ/cm2 laser powers to estimate power broadening effects. We assumed the power
saturation scales similarly as in the liquid, and in this two measurements we reduced the
determined linewidths by ∼ 20% accordingly.
We can conclude from the points above that the measured linewidths in the liquid
are mainly Lorentzian, with a possible (< 0.4 GHz) Gaussian width (Doppler width)
connecting mainly to the zeropoint motion of the atom. With no power saturation taking
role, the width can be assumed originating from the microscopic dynamics and interactions
in the liquid media.

3.11

Discussion
+

The measured shift and width of the transition lines of p4 He atoms were significantly
different from the absorption spectra of other implanted atoms. In fact, narrowing of any
kind of spectral lines in superfluid helium were only observed when exciting rotational bands
in molecules implanted in a supercold (∼ 0.3 K) 4 He droplet, compared to a non-superfluid
3
He droplet environment [64]. The narrow rotational linewidth in that case reflected the
appearance of the strong rotational symmetry in the superfluid, but the rotation was not
“free”: the large and spherically asymmetric atoms dragged along several He atoms and
caused hydrodynamic backflow effects that resulted in the shift of the rotational lines.
Such experiments could not be repeated close to the superfluid phase transition, as the
droplet temperatures cannot be well controlled, and there are no known methods to implant
molecules in bulk liquid [39].
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Atomic spectral lines and molecular vibrational lines on the other hand, like in the case
+
of p4 He , are transitions involving the size change of the atom. These lines were strongly
shifted and broadened due to the strong coupling to the surface of the dense liquid (bubble
walls) [39], showing no visible change at the phase transition. The shifts were usually
towards the blue, as expected from a system closed in a quantum mechanical potential
well. These phenomena was caused mostly by the density of the condensed liquid; similar
bubbles, especially around free electrons, were observed in liquid and solid neon too [65,66].
The most important differences we observed in the antiprotonic helium spectral lines
can be summarized as follows:
• The pHe+ linewidths in superfluid helium (∼ 0.9 GHz) were typically by 3-4 orders
of magnitude narrower than other atomic lines measured in the bulk liquid. In both
measured transitions, the width decreased exponentially in the normal phase
with the decreasing temperature, despite the nearly 20% increase in density. All
linewidths in liquid were significantly narrower than in 6.3 K gas at similar densities
(∼ 20 GHz).
• The linewidths showed a sudden reduction at the superfluid phase transition, again
unlike in any other atomic probes. The presently available theory [49] which assumed
the pHe+ atoms interacting with the liquid by resonantly creating and absorbing
elementary excitations does not predict any visible change of the linewidth at the
phase transition (Section B.2.1).
• A clear minimum in width was measured around ∼1.82 K in both transitions, and
the width increased again as we further cooled the sample.
• The measured relatively small redshifts of the antiprotonic helium lines were close
to the expected values extrapolated from low-density gas, on the order of ∼ 70 −
90 GHz towards the red in the liquid phase. This is again much smaller than for
other implanted atoms, and not towards the blue. The shift in normal fluid against
the number density was nearly linear, with a ∼ 10 − 15 GHz offset compared to the
gas extrapolation, but with a similar slope. It deviated from the linear dependance
at T < 2.5 K, towards shifting stronger to the red.
• The measured shifts in the superfluid targets continued towards the red despite the
slight decrease in the number density. The lineshapes were symmetric, and appeared
to be Lorentzian, or Voigt profiles with small Gaussian widths.
No quantitative explanation of this measured phenomena exist so far. An important observation was that the pHe+ lineshapes did not show any distortion, neither large shift nor
broadening which could be associated with the atom being trapped in a bubble. The lines
were redshifted as in a high density gas. These observations suggest that pHe+ atoms do
not create large defects in the liquid, or that the nature of the interaction surface is
not resembling a bubble wall. This conclusion is supported by the argument concerning
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the similarity of the pairwise potentials between pHe+ -He and He-He atoms (Fig. 3.2).
+
On the scale of atomic interactions (> 2.3 Å) the near-circular states of p4 He atoms may
experience a very similar environment to a normal helium atom, nearly independently from
the orbit of the antiproton.
+
We may try to model the thermalized p4 He atoms as a ∼ 25% more heavy helium
atom, but with a different internal structure. Unfortunately, the microscopic structure
and dynamics of the atoms in superfluid helium is not well understood either, as there is
no available microscopic theory which would readily explain all the measured macroscopic
phenomena [40, 41]. Nowadays the subject is best studied with the use of supercomputers
running e.g. path-integral Monte Carlo simulations [47, 67].
A similar, but ‘invisible‘ impurity already exist naturally in superfluid helium: the
isotope 3 He. It was already modeled in quantum Monte Carlo simulations [47,68], however,
such impurities were not studied in terms of atomic collisions or any connecting dynamics.
In fact, it is not entirely clear what type of collisions would happen in this cold, strongly
interacting matrix.
With the decreasing temperature and increasing density in helium, quantum effects become important as the de Broglie wavelength of the atoms becomes larger than interatomic
distances. In the superfluid phase, a macroscopic wavefunction appears; atoms will not
travel classical trajectories anymore. The phases of each individual wavefunctions will become strongly correlated, and a small fraction of condensate appears, containing atoms
delocalized in the bulk with zero momenta [40, 67]. One can therefore safely assume that
two-atom collisions in the classical sense will not exist [69].
Collisions might be discussed however as interactions with a macroscopic number of
atoms at the same time. One formalism already exist which might account for some of
these phenomena. In crystals, local distortions can propagate in form of the creation and
annihilation of quasiparticles called phonons.
In superfluid helium the atoms are strongly correlated, but not confined in the grid
of a crystal. Making a microscopic change - like moving away atoms from their position
- still follow strict rules. A lot of excitations can only be possible with investing considerable energy and momentum; as the atoms cannot be treated as an individual anymore,
an excitation might need to “move” a macroscopic number of atoms. At low energy, the
quantum statistics allows only very small changes, like the movement of an atom within
the interatomic distances, or the permutation of a very small ring of atoms. These perturbations are mediated by elementary excitations, where the lowest energy quasiparticles
are called phonons and rotons [70]8 . The scarcity of these available low-energy excitations,
and their unique dispersion relation is the reason for a lot of non-classical behavior of
this liquid, implying that energy dissipation due to friction or heat conduction work very
differently than in normal fluids.
In this picture, a collision may be understood as an exchange of thermal phonons and
rotons: absorbing a quasiparticle might abruptly change the momentum (phase) of the
pHe+ atom, while it is interacting with the laser field. Excitations could be also absorbed
8

Details on this topics is discussed briefly in Appendix B.
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resonantly by the atomic transition, much like it was observed by studying the Mössbauer
effect. We then expect the main causes from lineshift and broadening besides from two
main processes being:
1. The pHe+ atoms are following some non-classical trajectories in the liquid. In a
simple picture they are resonating around a minimum allowed by the interatomic
potentials, in reality these should be more complicated quantum trajectories [68].
During these processes, they interact with their surroundings, e.g. they “approach”
helium atoms, moving them slightly out from their equilibrium position [47]. These
interactions must obey the statistics of the quantum liquid, and presumably mediated
by absorbing and creating elementary excitations. One might take into account these
effects in the following ways:
(a) The “static” contribution. The radial distribution of the neighboring atoms
(originating from the time-average of the presence of the atoms) are resulting
in an average potential the pHe+ atoms are placed in, which causes the shift of
the resonance lines.
(b) The “dynamic” contribution. The exact dynamics of close encounters (collisions)
will effect the broadening of the line the most, and also cause additional shift.
Making any attempt to estimate such effects would assume a working knowledge
about microscopic dynamics in the liquid.
2. In the liquid, the antiprotonic helium atom is exposed to the quantum gas of the excitations. This “gas” is filled with interacting quasiparticles - phonons and rotons with a
certain number density and dispersion relation, depending on the temperature. There
is a certain probability that the lowest energy excitations can be absorbed/created
resonantly with an electronic transiton of the atom, causing the broadening of the
given line.
The static contribution from point 1. and the collective effect of resonant phonon absorptions in point 2. were estimated by Adamczak in liquid and solid helium (App.
B.2.1, [49]), however, they underestimate both the linewidths (resulting < 1 GHz) and
the shifts (50 − 60 GHz). The missing physics is the actual microscopic dynamics (collisions) of the atoms in superfluid helium.
Basic properties like the momentum distribution of the atoms are already challenging
to measure, and hard to explain in a microscopic model (App. B.2). There are some
effective models which are able to reproduce the zero-point energy with experimentally
fit parameters, like a model of independent quantum oscillators in spherical potential well
defined by the closest neighbors. These have limited range of validity in temperature and
pressure. Path-integral Monte Carlo calculations [47, 67] succeeded in explaining many of
the macroscopic quantities in the quantum liquid. These simulations are complicated and
computational-heavy, but might be a promising method to give a quantitative explanation
about the linewidth change [68].
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3.11.1

Remarks
+

We found that p4 He atoms can be used as a small, neutral probe with a large resemblance
to normal helium atoms to investigate liquid and superfluid helium. The narrow linewidths
and small redshifts might imply that this atom is not creating large vacancies or complexes
in the liquid, but interacting nearly freely with its environment, unlike any atomic probes
before.
Appendix B is devoted to some of the known theories and experiments that might give a
useful direction in understanding the results, but so far direct experimental data or theory
does not seem to explain the measured linewidth or shift.
Superfluid helium is the only simple bosonic superfluid, the possibilities of being able
to make predictions using computational models bears great interest: besides the basic
understanding, it is used as a prototype model for fermionic superfluids, high temperature
superconductors, and magnets [47, 68]. Antiprotonic helium might provide a unique tool
for investigating some of this microscopic behavior.

Chapter 4
Pionic helium spectroscopy
Three years ago we proposed to carry out laser spectroscopy experiments for the first time
+
on pionic helium (π −4 He ) atoms at the Paul Scherrer Institut in Villigen, Switzerland
[4]. The final goal of this newly founded collaboration called PiHe1 is to provide an
independent result on the pion mass, with a fractional precision of ∼ 10−6 − 10−8 . To
achieve this we planned to measure transitions between Rydberg-states similarly to the
antiprotonic helium experiment. However, the existence of such metastable states were
hypothetical at the time of our proposal, and the lifetimes of these states were expected to
be nearly three orders of magnitude shorter than in antiprotonic helium. In this chapter we
describe the instrumentation of this experiment and the first attempts to laser spectroscopy.

4.1

Motivation

At the time of our proposal, metastable pionic helium was a hypothetical 3-body atom
[25, 26, 71] consisting of a helium nucleus, an electron occupying the 1s ground state, and
a negative pion in a Rydberg state with principal quantum number of around
n≈

p
M ∗ /me ≈ 16.2

(4.1)

+

where M ∗ denotes the reduced mass of the π −4 He system, and me is the electron mass.
The orbital (`) angular momentum quantum numbers are expected to be close to ` ' n−1.
In such states - similarly to the antiprotonic helium atom - the Rydberg orbital of the
−
π has only a very little overlap with the nucleus, which makes effects from the strong
interaction negligibly small. On the other hand, electromagnetic cascade processes like
Auger and radiative decay are relatively slow, which prevents the rapid deexcitation of the
pion. The theoretically expected lifetimes of such states are therefore on a nanosecondscale, which makes the atom amenable to laser spectroscopy.
The observation of a laser induced transition would be the first direct evidence of
the existence of these metastable atomic states, so it has an interest by itself. However
1

Besides Pionic Helium, “Pihe” also means “flake” in Hungarian, such as snowflake or a tiny feather,
something which is immensely light and perishable. In some sense a perfect analogy of a pion.
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the great advantage of this atom is its potential of becoming a precision spectroscopy tool
to determine the pion mass (mπ ). By comparing the experimentally gained transition
frequencies with the results of three-body QED calculations [4] much higher (10−6 to 10−8 )
fractional precisions are expected in measuring mπ than the presently adopted values of
10−4 to 10−5 precision.
These existing results on the negative pion mass mπ , just like many other negatively
charged particle masses, can be determined from measuring the X-ray spectra emerging
from the deexcitation of the negative particle captured in an atomic state, and comparing
these results with relativistic bound-state calculations.
These X-ray measurements are listed in the Particle Data Book [11] and shown on Fig.
4.1. The most precise values were gained from πMg atoms [72, 73], however, these results
show a bifurcation, meaning the measured pion mass groups around mπ− =139.570 and
139.568 MeV/c2 (Solution A and B). The cause is the different assumptions taken on the
number of K-shell electrons at the moment of the X-ray emission.
139.572

Pion mass [MeV/c2 ]

139.571
139.57
Sol.B

139.569
139.568

Sol.A

139.567
139.566
139.565
139.564
139.563

Present results listed by PDG

1975

1980

1985
1990
Year published

1995

2000

Figure 4.1: Pion mass measurements listed by [11] until now. The present X-ray spectroscopy results on πMg atoms show a bifurcation (Solution A and B), caused by different
assumptions on the number of K-shell electrons when the X-ray is emitted.
The Particle Data Group chooses to use in their average only Solution B, since Solution
A gives a negative mass-squared for the muon neutrino, in relation to the weak decay of the
pion, π → µ + νµ . This decay actually is the second most precise relation in restricting the
pion mass: by determining precisely the muon momentum emerging from a pion decaying
in-rest, and assuming the neutrino mass to be zero, the mass of the parent particle can be
determined from the kinematic constraints.
The conservation of the four-momentum, with taking into account the Lorentz invariant
form of the four-momentum squared (the Minkowski norm: −ηµν P µ P ν = m2 c2 ) leads to
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m2µ + p2µ = (m2π + m2µ − m2νµ )2 /4m2π

(4.2)

Here the muon mass, mµ = 105.6583668(38) MeV/c2 , was determined from microwavespectroscopy of the ground state hyperfine structure of muonium atoms. The mass and
momentum are written in units of MeV/c2 and MeV/c respectively.
This equation also shows that an independent result on the pion mass can contribute
to an estimation on the mass of the muon neutrino. According to the latest published Particle Data Book [11], the direct measurements on the muon neutrino gave an
experimental limit of mνµ < 190 keV with a 90% confidence from the pion decay. The uncertainties are originating from the mass of π and µ gained from independent experiments,
and the measurement resolution of the µ recoil (pµ ) in Eq. 4.2, but they are are presently
driven by the uncertainty of the pion mass. While cosmological observations and neutrino
beam oscillation measurements limit the sum of the neutrino masses (mνe + mνµ + mντ < 1
eV), such measurements from beta-decay remain an important, direct laboratory observation.
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Figure 4.2: Delayed absorption of pions from the TRIUMF experiment [29], suggesting a
small fractions of pions were trapped in matter for a short ∼ 7.3 ns lifetime
In summary, the presently available data on the pion mass shows a large ambiguity,
and in certain cases strong dependence on theoretical interpretations, although there is a
great interest in measuring its value more precisely.
Laser spectroscopy of pionic atoms would be next logical milestone to determine atomic
transition frequencies more accurately. As seen previously, nearly all hadronic atoms sustain a very small lifetime (τ <ps) against the absorption of the negative hadron in the
nucleus, in contrast to the ns-timescale needed to excite a dipole transition. Both isotopes
of helium however, are known to trap antiprotons for unusually long, τ ≈ 3 − 4µs times-
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cales in metastable Rydberg states, and proved to be a very precise tool in determining
the antiproton mass. Similar metastability was hoped toi be found in π − He+ .
Past experiments using bubble chambers in the early 1960s [23, 24] scanned for traces
of π − → µ− + ν̄µ decays. Such events were thought to be strongly suppressed, as the pion
should be absorbed in the nuclei within a few ps, which leaves a very short time for decay
of τ ≈ 26 ns. This so called cascade lifetime was initially estimated to be 200-400 ns long,
based on the ratio between the π − → µ− + ν̄µ and π − absorption decay events, which were
compared to a simplified model of the formation and deexcitation of the atom.
Later in the 1990s, an experiment in the TRIUMF facility in Canada [29] carried
out more precise measurements on the time distribution of pion absorption events using
secondary particle identification and counting. It was found that ∼ 2.3% of the negative
pions coming to rest in a liquid helium target will not undergo an immediate nuclear
absorption, but being trapped for a lifetime of τ = 7.3 ns (Figure 4.2). A clear exponential
slope was observed in the recorded time spectra indicating the delayed pion absorption and
decay events, which was not seen in an argon target in the same experiment. The most
probable explanation of this phenomena is, of course, the capture of the pion in metastable
atomic states around the helium nucleus, as it was already proven in case of antiprotonic
helium.
Based on the latter results and calculations of an expected lifetime of the pionic atom,
+
our new collaboration proposed to synthesize the π −4 He atoms by allowing a beam of π −
+
provided by the PSI proton facility to come to rest in a liquid helium target. The π −4 He
then irradiated within ∼10 ns after formation with a resonant laser pulse that induce π −
transitions between metastable states and states with picosecond-scale lifetimes against
Auger emission of the 1s-electron.

4.2

Theoretical considerations and methods

Three-body QED calculations are able to predict the transition frequencies of antiprotonic
helium with a theoretical uncertainty of 10−10 (see the latest results from Korobov [32]).
Our measurements could reach the fractional precision of (2.3−5)×10−9 [1] in determining
the same transition frequencies.
Pionic helium shares a lot of features with antiprotonic helium, both being hadronic
three-body atoms, and theoretical predictions of the eigenstates are expected to deal with
similar uncertainties. However, the final precision on determining the mπ pion mass is
ultimately limited by the pion lifetime (τπ ≈ 26 ns).
This can be seen from the relative scale of the natural linewidth of the observed resonance (at frequency νth ) compared to its energy (i.e. ∆E/E):
∆ν
~
∆mπ
∼θ
∼θ
mπ
νth
2νth τ

(4.3)

Here θ ≈ 1 − 3 denotes the linear dependence or sensitivity of the frequency νth on the
charged pion mass (mπ ).
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Figure 4.3: Energy level diagram of π −4 He atom. Solid red lines indicate states with
lifetime >10 ns (metastable states), while the wavy lines are dominated by Auger-decay
with a lifetime of a few ps. The green broken lines show the ionic states the pionic helium
ends up in after Auger-decay. The Auger transitions which corresponds to a minimum |∆`|
are indicated by curved arrows. The lifetimes of each states are indicated. From [4]
The π − He+ states are pseudo-states lying in the continuum of the non-relativistic threebody Hamiltonian. Its energy levels are calculated by the complex-coordinate rotation
(CCR) method [4, 33], discussed already in Chapter 2. Shortly, the coordinates of the
dynamical system are continued (i.e. rotated) into the complex plane using the transformation rij → rij eiϕ , where ϕ is the rotational angle. We solve the eigenvalue problem of this
rotated Hamiltonian:
(Hϕ − E)Ψϕ = 0

(4.4)

where the eigenfunction(Ψϕ ) remains square integrable. The real part Er of the corresponding complex eigenvalue (E = Er − iΓ/2) defines the energy of the resonance, while the
complex phase defines the width (Γ), relating here to the Auger decay rate of the daughter
state as A = Γ/~.
The same variational trial wavefunctions were used as in the antiprotonic helium case
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(Section 2.1), and the three complex parameters were varied in a quasirandom manner. A
variational basis set of N = 2000 − 3000 functions was used in the numerical calculations.
+
+
Details including tables of the eigenstates for π −3 He and π −4 He can be found in Refs. [4]
and [74].
The numerical uncertainties of these nonrelativistic calculations are actually at the
level of ∼ 10−8 precision, but the real precision was limited to ∼ 5 × 10−6 by the present
experimental uncertainty of the pion mass:
Mπ− = 139.57018(35) MeV/c2 .

(4.5)

The uncertainties of the Auger-widths are of the same order, since the precision above
reflects the uncertainty of the complex energy. Details can be found in [4] and earlier works
+
of Korobov. The eigenenergies for the π −4 He case are shown in Fig.4.3, together with
the characteristic lifetimes against Auger decay (on the state indicator line) and radiative
decays (arrow between states).
The energy levels indicating the metastable (ns-scale) lifetimes are shown as solid lines,
together with the wavy ones dominated by Auger-decay. We already see from this plot that
there is much less possible metastable states available for π − He+ than we had for pHe+ .
Some of the relevant ionic states are shown with green dashed lines, with the corresponding
n number. Curved arrows indicate the preferred channels for Auger-decay, where the |∆l|
is minimized.

4.2.1

Fine structure
+

In case of π −4 He the constituents π − and 4 He2+ are bosons; no spin-spin or spin-orbit
interactions are expected between the pair. However the coupling se · L between the spin
vector (se ) of the electron an the orbital angular momentum vector of the pion L splits all
+
the π −4 He states into two magnetic substates.
The scalar product of the two components may be expanded as:
i 1
1h 2
Ĵ − L̂2 − ŝ2 = (J(J + 1) − L(L + 1) − 3/4)
(4.6)
2
2
Numerically, the fine structure splitting calculated like this scales from ∆νF S = 16.6 to 32.6
GHz, increasing with smaller n and larger ` for individual states. The measured resonance
profile therefore shows the following features:
se · L =

• In case of favored transitions (n, `) → (n − 1, ` − 1), the fine structure splitting means
2-5 GHz
• In case of unfavored transitions (n, `) → (n + 1, ` − 1) the fine structure effects are
larger, on the order of 4-9 GHz.
These sublevels cannot be resolved individually in the experiment for transitions in+
+
volving π −4 He states with large Auger widths of > 25 GHz. In case of π −3 He a further
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splitting arises from the interaction of the nuclear spin and the electron spin, which is
about < 1/10 of the fine splitting.
During the first phase of the experiment, the accuracy of the nonrelativistic calculations
and the estimation of this splitting should be sufficient to find the resonance and carry out
the first analysis.

4.2.2

Atomic cascade

From the experimental point of view it is important to know the expected populations of
the different states, to be able to choose states with a sizable populations.
Experimentally nothing was known about the (n, `) quantum numbers of the initially
occupied states, and, as it is well known from the case of antiprotonic helium, it is difficult
to model the formation of these states from the π − in the continuum, partially due to the
large number of couplings between the initial continuum and final bound states.
We can only rely on the simple model of Eq. 4.1 for an estimation the formation
process, and of course our knowledge about the known case and measured populations of
antiprotonic helium. There the intensity of the laser induced annihilations were measured
in saturation, which is proportional to the population of the parent state.
The results on the population maximum after formation agrees with the prediction of
Eq. 4.1 for the case of the antiprotonic helium, so in our estimations we assumed the initial
populations will be distributed among the states n = 15 − 17.
By looking at Fig. 4.4 which indicates the results of the Auger-decay calculations
(showing the long lived metastable states with a solid line), we see that only two metastable
states lie in this region, (n, `) = (16, 15) and (n, `) = (17, 16).
After capture, the newly formed π − He+ recoils with approximately the same momentum
as the incoming pion. From the energy conservation in this process, the binding energy
must be equal to
EB = I0 −

Tπ Mπ
+ Te
MHe + Mπ

(4.7)

where MHe is the mass of the helium nucleus, I0 = 24.6 eV is the ionization potential,
and Tπ and Te are the laboratory energies of the incoming pion and the ionized electron
respectively. Although this equation shows that kinematically several possibilities exist like scenarios where the electron emitted with almost no kinetic energy - yet only those
close to obeying Eq. 4.1 seemed to be realized in case of the (spectroscopically studied)
antiprotonic helium. Several theoretical assumptions were made of high populations in
significantly higher n states too in case of antiprotonic helium atoms, created from slightly
more energetic antiprotons, but measurements do not support these scenarios. In fact theory predicts nearly an order of magnitude larger population initially occupying metastable
states than we can observe experimentally, some ns after the formation.
One possible explanation of the deviance is that the newly formed atom would recoil
with a high momenta, and this would cause fast quenching of high-n states with lower
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activation barrier. It was also suggested that such high-n states would have small ` values,
which would make them deexcite more rapidly.
In summary, there were different theoretical discussions in the past about antiprotonic
helium formation, but the predictions of these estimates were mostly disagreeing with
the measurements. The π − He+ atoms are expected to behave similarly, and, at the end,
only spectroscopy measurements can estimate reliably the populations. The π − He+ atoms
might behave differently in terms of collisional quenching of the high n states or other
factors, but the best assumption we can have is to scale the measured population data of
the antiprotonic helium case, and assume that n = 16 and n = 17 states of π − He+ are
initially populated.

4.2.3

Detection method

The laser-induced nuclear absorption of the pion should create several nuclear fragments,
which we can try to measure with particle detectors as a function of the elapsed time.
Our plans of observing the resonance were essentially the same as in case of the antiprotonic helium experiments, namely to induce prompt Auger-emission by transporting the
population from a metastable to an Auger-dominated state.
The lifetime of the metastable states are much shorter in this case, on the 10-ns-scale,
while the Auger-dominated states sustaining themselves against ionization on a timescale
of some picoseconds. After the Auger decay of the atom, the remaining Rydberg ion
(π − He2 +) undergoes numerous Stark collisions with other helium atoms in the experimental target and diminishes rapidly, within the next ∼ 1 ps.
The pion will cause nuclear cascades which results in a nuclear breakup and ejection of
several nuclear fragments, which should therefore arise from the target in elevated numbers
when in coincidence with the resonant laser pulse. By tuning the frequency of the laser
and counting these elevated laser induced absorptions, the full lineshape of the resonance
can be reconstructed.
The difficulty is arising from the detection of these secondary particles. Naturally, the
nuclear absorption of the negative pion does not create as energetic charged particles as
the antiproton annihilation. Taking the pion as a charged “excitation” in the nucleus, the
absorption process follows the features of a nuclear breakup, the emerging particles are
protons, neutrons, deuterons and tritons - the constituents of the He nuclei.
The decay processes are not as easy to handle either in a model. Their momentum
distribution and the strength of various reaction channels were measured over the years,
however the branching ratio of the individual breakup channels are somewhat ambiguous.
According to the sources [75–77] most probable reaction channels were:
π − + 4 He → 3 H + n + 118.5 MeV, (17 ± 9%)
→ 2 H + 2n + 112.2 MeV, (63 ± 19, %)
→ p + 3n + 110.0 MeV, (21 ± 16, %)
→4 He∗ + γ, (∼ 1.5%).

(4.8)
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The corresponding branching ratios shown in the parentheses are mainly the result
based on Ref. [75] which extensively studied the correlation between the emerging particles.
It is important to note, that the breakup prefers collinear processes, i.e there are usually
two fragments taking the majority of the kinetic energy. They appear from the reaction
point propagating in opposite direction, and leaving the remaining nuclear fragments nearly
recoilless.
Naturally the two-body breakup of the first equation will result in a neutron and a
triton only, emerging with the characteristic energies of Et = 30.6 MeV and En = 90 MeV.
The second and third processes are not truly two-body processes, but it was observed that
the secondary particles still tend to emerge almost exclusively in pairs leaving the rest of
the fragments at lower energies, which are not reaching the detectors.

4.2.4

Candidate transitions

Based on our knowledge about antiprotonic helium, and the simplest model of the pion
capture, the highest populated states should have a principal quantum number 16 or 17,
as described by Eq. 4.1. These we considered therefore as our primary candidates as the
parent state of a laser transition.
We have to consider next the possible transition amplitudes and wavelengths from these
states to see which ones are accessible with laser spectroscopy. Some candidate transitions
+
+
for laser spectroscopy are shown on the next Figure 4.4 for both π −3 He and π −4 He . Black
arrows show the transitions of types (n, `) → (n − 1, ` − 1) or (n, `) → (n + 1, ` − 1) with
numbers indicating the wavelength. Taking into account only the parent state populations,
the most likely candidate transitions which followed the scheme of the pHe+ experiments
+
were (n, l) = (16, 15) → (15, 14), (16, 15) → (17, 14), and (17, 16) → (18, 15) in π −4 He .
The favored transition (16, 15) → (15, 14) has the largest transition amplitude (see
Ref. [4]), but high power laser pulse at the resonant wavelength of 199.5 nm and high
repetition rate is challenging to generate. Laser beams of 383.8 nm and 588.1 nm for the
transitions (16, 15) → (17, 14) and (17, 16) → (18, 15) can be in principle produced using
Ti:S or dye lasers. For the first trial experiment to induce transitions with a laser beam,
we chose the unfavored (16, 15) → (17, 14) transition from the lower state, since larger
transition amplitude and parent state population was expected [4], and this wavelength
is accessible by Ti:S. The (17, 16) → (18, 15) transition would have need about 4-5 times
the laser power in orange (588.1 nm), which we found risky for our first proof-of-principle
experiment.
Pionic helium atoms, on the other hand, provide some different type of candidate
transitions than antiprotonic helium. Since the pion has a much lighter mass than the
antiproton, effects of the remaining electron are much stronger in general, like the degeneracy in ` is lifted to a larger energy scale. Level spacings between neighboring states of
the same principal quantum number of the type (n, `) → (n, ` − 1) are usually larger, in
the order of 0.8 eV and corresponding to photons of wavelength λ ∼ 1.5 µm, and higer
transition amplitude. In comparison such level spacings in antiprotonic helium are much
smaller, around 0.3 eV, meaning that longer wavelength (λ ≈ 4 − 5 µm) laser photons are
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Figure 4.4: Energy level diagram of π −4 He and π −3 He , showing the calculated transition
wavelengths between metastable and Auger-dominated states in nm of the types (n, `) →
(n−1, `−1) and (n, `) → (n+1, `−1), usually measured for pHe+ spectroscopy. Transitions
probed by our group are shown with green arrows, including types of (n, `) → (n, ` − 1),
which, unlike in pHe+ , have a high expected amplitude. Based on [4]
needed to excite them, and higher power.
The pionic helium transitions of this kind around λ ∼ 1.5−1.6 µm in the infrared can be
accessed with high-power, large repetition rate solid state lasers. Instead of generating the
inconvenient orange 588-nm laser to excite (17, 16) → (18, 15), we next made an attempt
to excite two of such infrared transitions starting from a (presumably) well-populated
parent state and not changing the principal quantum number. This is leaving two possible
transitions, (17, 16) → (17, 15) at ∼1632 nm, and the lower (16, 15) → (16, 14) transition
at ∼1515 nm. In Fig. 4.4 all three probed transitions are highlighted with green arrows.

4.3

Monte Carlo simulations of the PiHe experiment

We had to determine whether an experiment based on measuring laser-induced pion absorption is feasible or not under realistic conditions of the target and the pion beam. As
we discussed, the lifetime of this atom was expected to be short (τ ≈ 7 ns), leaving a time
window of ∼ 3 − 4 ns for inducing a laser transition on a significant amount of atoms. Anything on such timescales is very challenging, especially with a large expected background
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from the promptly absorbed pions and other beam constituents like electrons and muons.
For basic feasibility studies we carried out extensive Monte Carlo simulations [4] using
the Geant4 package [78]. The design of the cryogenic target and detectors were optimizing
on the detection efficiency and the signal-to-noise ratio obtained from these simulations.
Secondary particle detection
Protons, neutrons, deuterons and tritons created during the nuclear absorption of pions
have moderate kinetic energies, mainly distributed between 20 − 60 MeV. The charged
secondaries are sufficiently stopped by some millimeters of steel - or few centimeters of
the target liquid helium. On the other hand, a liquid helium target of at least d ≈
40 mm diameter and l ≈ 100 mm length seemed to be necessary to stop the beam of
p = 70 − 90 MeV/c pion beam with a realistic 15-20 mm FWHM beam profile with > 75%
efficiency, as it is shown in Fig. 4.5.
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Figure 4.5: The optimized stopping distribution (time and spatial) of the 85 MeV/c negative pions with realistic beamprofile and 8 % momentum bite in the 38-mm-diameter liquid
helium target with the necessary degraders (black frames). On the Y-Z plot, superimposed
are the projections on the Z and Y axis.
Measuring charged particles (mainly protons in this case) is usually favorable, as they
would provide a strong signal via ionization. However, most of them are not energetic
enough to leave the target liquid: their detection efficiency goes down abruptly with the
target diameter or any additional material between the target and the detectors outside
the vacuum. There were ideas to place detectors inside the cryogenic target (silicon strip
detectors), but there are technical difficulties in this scenario too. We tried several other
geometry, mainly with barrel detectors surrounding the target, outside the vacuum and on
room temperature.
Figure 4.6 illustrates the detection efficiency of protons and neutrons emerging from
the target, with a threshold for larger energies (> 5 − 10 MeV which is eliminating most of
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Figure 4.6: Detection efficiency of the most probable absorption products (protons and
neutrons) from the simulation, measured in a 4-cm-thick plastic scintillator outsdide the
40-mm-diameter target, assuming the particles are emerging from the center in 4π solid
angle.
the electrons) in the detectors. It is shown that slow neutrons can be measured too with
high efficiency in a relatively thick (40 mm) plastic scintillation detector.
The reason for this is the neutron capture and scattering processes, for which the
cross section drops rapidly over 20 MeV in H and C constituting the detector. Since the
average multiplicity of the neutrons emerging from one absorption event is around ∼ 1.5
against the ∼ 0.2 protons, they are valuable for observing the pion absorptions. On the
other hand very slow neutrons might broaden the time spectra, which makes observation
difficult. Detecting neutrons is more likely with an increasing detector thickness, but and
unnecessarily large volume counter also will suffer from counts from cosmic rays causing a
flat background.
Taking all these into account, the target was decided to be a d = 40 mm diameter and
∼100 mm length chamber containing liquid helium, with thin Al walls on the cryogenic
and vacuum sides (tolerable up to ∼0.7 mm). The detector was decided to be a barrel
design with 4 cm thick scintillator tiles surrounding the stopping volume, and a possible
extension to a silicon strip design was also studied, and sufficient space was prepared in
the design for such an extension.
Simulation of a realistic pion absorption
To know the real efficiency (count rate) of our experiment and to optimize all parameters a
detailed realistic simulation was needed. We saw in Section 4.2.3 that pion absorption will
cause the breakup of the 4 He nucleus. The absorption proceeds into one of three significant
final states shown in Eq. 4.8. The released energy mainly transfers to the kinetic energy of
only two of the nuclear fragments, and they leave the vertex nearly collinearly. Still, the
problem cannot be handled as a pure 2-body-decay because of final state interactions and
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the small momenta transferred to the remaining nuclear fragments, but there is a strong
correlation between the energies of the two collinear particles can be measured.
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Figure 4.7: a.) The strongly biased angular distribution of the emerging secondaries from
He target nucleus in the original code b.) distribution obtained from the modified code.
The original Geant4 source code2 for simulating secondary particles was found to be
inaccurate, with additional unphysical angular distributions of the emerging particles3 ,
shown in Fig. 4.7 (a). Some new classes were written therefore to handle absorption in
rest in He correctly4 , based mainly on the experimental results of Daum et al. [75]. The
physical representation of the process was to destroy the stopped pion in the simulation,
and create triton–neutron, deuteron–neutron, proton–neutron or neutron–neutron pairs
with the correct branching ratios and correlation between the kinetic energies, leaving the
vertex collinearly.
In Fig. 4.8 this correlation between the kinetic energies of the pairs are shown, given
by the new absorption class in the simulation. Only the breakdown to a neutron–triton
pair was a true 2-body process with a clear conservation of energy and momentum (Fig.
4.8 a), the rest were inputed by hand based on the experimental data from [75], and used
as probability distributions in generating particle energies.
Simulation of the exotic atom
Some new classes were written in Geant to simulate the behavior of the newly formed
exotic atom too5 . This new neutral particle replaced a stopping pion in 2.3% of the cases.
2

class G4PiMinusAbsorptionAtRest and its dependancies
only proton or neutron secondaries were produced with some nuclear fragments (violating charge
conservation), not having any channels for deuteron and triton secondaries. The generated secondaries did
not emerge in the correct number and momentum distribution, and the angular distribution was biased
towards the Y axis due to the incorrect production of a spherical distribution from flat random numbers
4
class G4PiMinusStopHe and dependancies. Not part of the Geant source code, but can be obtained
from me
5
class G4PionicHelium and dependencies, not part of the Geant source code but can be obtained from
me
3
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Figure 4.8: Correlation plots of the kinetic energy of triton–neutron (a), deutron–neutron
(b), proton–neutron (c), and neutron–neutron (d) pairs inputed to the Monte-Carlo simulations.
It had the mass of the pionic helium, and a weak decay with the same (τD ∼ 26 ns) time
constant and same decay products as the free pion, but this process was competing with
the above described nuclear absorption process with a shorter (τA = 7.3 ns) lifetime.
A laser event was simulated as a sudden enforcement of the nuclear absorption process
on some fraction of these atoms at the time of the laser pulse (t L ±∆t L simulating a realistic
jitter). The probability of such a laser event was weighted by the estimated population
fraction in the given parent state (∼ 50%, as the number of initial states were estimated
to be 2 max. 3) and some depopulation efficiency of the laser (∼ 15 − 25% depending on
the transition) estimated from our initial calculations [4].
Time resolution and beam requirements
The beam structure in PSI is defined by the slow extraction of protons from the cyclotron,
and has an RF cycle of ∼ 50 MHz. The pions are secondary particles created when the
protons transverse a graphite target; the momentum of the π − beam can be selected,
together with the ∆p/p momentum bite (See Section 4.4).
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The created pions will follow the RF time structure too, and arrive on the target with
1−3 multiplicity in every 19.75 ns. The jitter in the arrival time and the amount of pions
depends on the chosen momentum bite. The signal in our detectors will be dominated by
the immediately absorbed pions in the target, appearing as periodic prompt peaks in
each 19.75 ns. They expected to have some finite (potentially large) width due to the
momentum-bite, stopping time distribution, and time-of-flight (TOF) of the secondary
particles, which had to be simulated.
The signal interesting for us are the delayed pion absorptions, but this signal is
expected to be only a small ∼ 2% fraction of the prompt absorptions (see the TRIUMF
results, Fig. 4.2). If we want to observe population manipulation with a laser, this decaying
signal must be well distinguishable between the prompt pulses, with negligible background
from other sources.
Unfortunately the pion beam is not “clean”, the overwhelming majority of the particles
are electrons (∼ 80−90% depending on the momenta) and somewhat less muons (∼ 2−4%)
than pions (∼ 8 − 16%). These occur because particles of the same momenta and charge
are transported by the magnetic elements in similar trajectories. Their arrival time is
expected in three separate bunches in each RF cycle, caused by the different time-of-flight
of e− , µ− , and π − . The TOF calculations on the final target position are shown in Fig. 4.9,
in function of the beam momenta.
Early beam measurements and simulations (see Fig. 4.10) showed that establishing a
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Figure 4.9: Time-of-flight calculations from the production target to the final target position (14.2 m downstream of the production target) of the three particles in the beam, as
a function of their momenta. The particles arriving within a 19.75 ns-cycle are actually
emerging from different RF pulses. 85 MeV/c was chosen as a final momentum, since pions
and muons overlap at this position

94

4. Pionic helium spectroscopy
Background
Electrons

(a)

250

Nr. of events

Nr. of events

Background
Electrons

(b)

200

200

150

150
Prompt
π -He

100

100

Prompt
π -He

50

50
0

250

20

40

60
80
Elapsed time [ns]

100

0

20

40

60
Elapsed time [ns]

80

100

Figure 4.10: Timespectra of the detector signal without the separation of the electron
beam (a) Simulation, assuming 20 electrons / pion in the beam, 1 MeV threshold and some
flat background from 10% of the detector channels malfunctioning and firing in random
times. (b) Preliminary beam measurements from 2013, carried out without a separator
and limited detector channels. The signal from the large amount of electrons in the beam
is overwhelming even the prompt pion peak.
clean background, or even identifying the pion arrivals (prompt peaks) might prove very
hard due to the overwhelming signal originating from electrons. There are other ways to
identify particles more carefully (like sampling the arriving beam with a relatively thin
detector, as we later did), but at this particle count rates (∼ 1 GHz) separation with
particle identification is highly questionable.
Our a priori simulations showed that with a reasonable physical separation of the electrons (like 1 electron-to-pion number ratio on the target) a clear signature of the decaying
π − He+ atoms can be seen even with some pessimistic assumptions about our energy resolution in the detectors, or without any knowledge about the arriving particle (see Fig. 4.11).
On this figure the presence of the decaying metastable π − He+ atoms (b) in the experimental target is clearly distinguishable compared to the almost-clean background (a) when
no atoms are formed in the simulation. This decaying signal is the first we wanted to reproduce in our experiments prior to any laser spectroscopy.
Once a clear background is established, we have to carry out laser spectroscopy in this
time widow with the clear decaying background using laser pulses with a large repetition
rate, all pulses timed precisely (tL ) after the atom formation time in the RF cycle. Fig. 4.11
(b) shows the signal collected from 3M pions initially arriving in the beam, and a laser beam
driving a transition from a parent state with 50% of the population with 20% depopulation
efficiency, and ∆t L = ±1.5 ns time jitter in firing the laser, which were our (pessimistic)
preliminary expectations.

4.3 Monte Carlo simulations of the PiHe experiment
5

10

4

3

4

background
without π¯He⁺

3

10

Next
RF
cycle

2

10

2

10

decaying
backround of π¯He⁺

10

10
-10

Peak from laser
induced absorption

10

π¯
e¯

(b)

5

10

Nr. of hits

Nr. of hits

10

10

(a)

µ¯

-5

0

5
10
Elapsed time [ns]

95

15

20

25

-10

-5

0

10
5
Elapsed time [ns]

15

20

25

Figure 4.11: Simulations made in advance to any beam measurements, with pessimistic
separation efficiency, time resolution, and only threshold cut in the detectors. Figure (a)
shows the case when no pionic helium atoms are formed, while (b) is assuming 2.3% of
+
the stopped atoms are forming π −4 He . Laser induced absorption is seen assuming 50%
of the atoms are residing in the parent metastable state of the laser transition, and they
are being probed with a laser beam 20% depopulation efficiency.
After the initial simulations and measurements we requested therefore to physically
separate electrons from pions in the beam, using a Wien-filter (see in later sections).
As pions cannot be effectively separated from muons due to the similar masses, a beam
momenta of p ≈ 85 MeV was chosen at the final target position, because here pions and
muons are overlapping in time (Fig. 4.9), contributing to only one “prompt” pulse during
an RF cycle, and minimizing background in between pulses.
The final geometry of the degraders and experimental target was optimized with such
realistic beam parameters, (size, composition, time structure), assuming 1:1 separation for
electrons and pions (Fig. 4.12). While optimizing the light readout geometry and the rate
counts (avoiding pileup) we decided to divide this detector into segments.
According to the simulations, already 20 segments (“slices”) over the whole covered solid
angle would have minimized the chance for any pileup if we assume a good separation, but it
was decided not to risk and build a multi-purpose barrel by dividing each slice into 7 further
channels, having also the advantage of better time resolution. The resulting trapezoidal
scintillators constituting a barrel of 140 channels were implemented in Geant. We
assumed a FWHMx = 1.5 diameter gaussian beam profile, and different e− , µ− , and
π − constituents depending on the efficiency of the Wien filter. Different degraders, foils,
shields were simulated to finalize the materials of the cryogenic target.
The design also contained a start counter of 40 × 40 mm2 area and 4.7 mm thick
scintillator to monitor the incoming beam over the whole measurement. This scintillator
caused some non-negligible scattering of the beam, but its effect was acceptable as it was
efficiently separating the pions from electrons an muons based on the energy deposits and
TOF (see in later sections).
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Figure 4.12: The setup in the simulation, showing the relevant parts of the cryogenic target,
detector, etc. Blue traces correspond to the ∼30 pions crossing the different vacuum foils
(red), the front detector (“start counter”) before some > 70% of them come to rest in the
liquid helium. With green electrons and muons are shown, the orange traces are neutrons,
red traces are protons escaping from the pion absorption, only one of them reaching the
detectors
To irradiate the chamber effectively with coherent photons we decided to place a one
high-reflective dielectric coated broadband mirror made of 7-mm-thick fused silica inside
the target liquid at the fron of the chamber, which also acted as a degrader for the pion
beam.
The final simulation of the data in the barrel detectors are shown in Fig. 4.13. This
simulation assumes realistic beam parameters measured during the first beam tests, a beam
with an elliptic 2D Gaussian profile with FWHMs of 14 and 22 mm, and 8% momentum
bite at 85 MeV/c momentum.
A separation of at least 1:1 in the Wien filter between electrons and pions and further
separation using the timing and energy information provided by the front counter was
assumed. The simulated event was triggered when the front counters detected a pion
event. The prompt absorption of the pions occurred at ∼ 8 ns, and this prompt peak had
a < 5 ns FWHM due to the momentum bite, stopping distribution and time-of-flight of
the secondaries. Prompt pion absorptions coinciding with the first trigger are appearing
19.45 ns later too.
Decaying π − He+ atoms with τ =7 ns lifetime are formed with a 2.3% probability when
pions stopped in the target liquid. The signals originating from the lasers at t ∼ 14 ns
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Figure 4.13: Simulated signal in the detectors, counting with the measured the realistic
beam structure and realistic trigger and cuts, assuming 10% or 25% depopulation efficiency. The hits above were originating from 1 M pion in the beam. The statistics above
corresponds to an estimated ∼ 10 − 18 hours of data taking depending on the data taking
speed, momentum bite and cuts applied.
assume a 70% population in the parent state and 10% (left) or 25% (right) depopulation
efficiency. The statistics in these histograms corresponded to ∼ 12 hours of simulated
data taking with 50 Hz data taking speed, ultimately limited by the laser repetition rate.
Collecting the same amount of hits in the detectors took somewhat more time in the
experiment (×1.5 − 2) because of the different beam conditions (smaller momentum bite),
broken channels, and possibly lower efficiency in the detector system.

4.4

Experimental setup

The first phase of the PiHe experiment was designed to use the highest available intensity
low-energy pion beam line (πE5) of the proton accelerator complex in the Paul Scherrer
Institute (PSI) located in Villigen, Switzerland.
In the PSI facility protons are accelerated to 590 MeV kinetic energy in three stages,
starting with a Cockroft-Walton accelerator followed by small ring cyclotron injecting protons at 72 MeV kinetic energies into the center of the main cyclotron. This last accelerator
was a d ≈ 15 m diameter ring cyclotron, sectioned in four acceleration cavities and eight
dipole magnets, where protons reached their terminal velocity after 186 revolution. The
acceleration cavities supplied a proton beam current of 2.2 mA in bunches of 50 MHz.
This primary proton beam was converted into secondary beams of muons and pions by
striking production targets. The highest intensity secondary beam emerged from a rotating
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Figure 4.14: To-scale drawing of the πE5 zone and the PiHe experiment. The negative
pions at 85 MeV/c momenta entered the zone at the right side of the image. The spin
rotator and the concrete shielding was modified to accommodate our setup, and new power
outlets were provided by PSI. A new compact quadrupole doublet from CERN provided
the final focus, and a motorized slit afterwards was cutting away the electron beam.

carbon target (“Target E”), and was transported to the πE5 zone in some 10−14 m distance
at 85 MeV/c momenta.
The zone layout of the final experiment is shown in Fig. 4.14. A Wien-filter (used as an
energy separator) with a 167 cm effective length was modified to allow it to fit in the πE5
zone together with the PiHe apparatus. The π − beam traversed the separator between
two, opposite polarity high voltage (±275 kV) plates in a 150 mm gap. A magnetic field
perpendicular to the E field and the beam was tuned such that the orbit of the charged
pions was compensated to achieve maximum transmission (E + vπ × B = 0). Particles of
different velocities experienced a nonzero Lorentz force, the much faster electrons separated
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from the beam center significantly in the horizontal direction.
After the Wien-filter, a quadrupole doublet focused the beam to the target position.
The separation of electrons caused by Wien filter grew to a displacement of ∼ 30 mm
after the magnets, where a set of adjustable slits were placed consisting of 8-cm-thick steel
plates aligned in vertical and horizontal directions. They were moved towards the pion
beam center until the most of the electrons were cut. The separation was less significant
for muons. After the slit the beam was crossing a 195 µm mylar foil, and entered a narrow
(∼ 15 cm) airgap between the beamline and the experimental target, where we placed
detectors for diagnostic and particle identification.
Upstream of the cryogenic target foil another iris of 55 mm diameter was placed to
provide final shielding and to eliminate the beam halo. Finally, the beam came to rest in
a cryogenic target filled with liquid helium.
The PiHe apparatus was installed in a support frame constructed using aluminium
profiles with cross sections of 80 × 80 and 80 × 160 mm2 , with the approximate footprint
of 2.5 × 1.5 m2 and height of 2.5 m (Fig. 4.15). The top cage of the support (blue) could
be shifted in all directions via rails and alignments screws, ensuring a precise alignment of
the cryogenic target.
The cryostat itself (1) was hanging from the top plate of the cage. The 140-ch barrel detectors (3) were supported on rails too, and they could be positioned in the beam
direction by ±10 cm to ensure large solid angle for different pion stopping distributions,
suitable for a gas target too.
Frontend electronics (7) was placed in two custom designed 12-slot rack made out of
peraluman, each equipped with 20 pc. of (140 × 140 mm2 ) cooling fans from the bottom.
They were placed on top of each other, right behind the detectors. VME electronics, the
slow control and temperature readout of the cryostat, and the DAQ computer were placed
in 19-inch racks on both sides of the cryogenic target, on the same platform.
A vacuum-insulated pumping line (5) with a heat exchanger to room temperature at
the vertical section was connecting the cryostat to a pumping station (4) consisting of a
Oerlikon Ruvac 501 roots pump and Sogevac 200 rotary vane pump. With the pumps
disconnected, the support and all devices on it could be transported as a single piece to
the experimental zone.
The laser system was mounted on two optical tables. The cw seed lasers and wavelength
meters were placed outside the zone, in a small laser hut build for this purpose in the
corridor leading to the πE5 area. A 30-m-long photonic crystal fiber transported the cw
seed light to the second laser table in the zone (Fig. 4.14, Optical table II.)
The amplifiers relied on substantial water cooling, for this water chillers were placed
around the table. Finally, the pulse-amplified laser light used for spectroscopy was transported in a light-shielded tube to the cryogenic target, with a connection of two small
intermediate laser tables equipped with a pair of mirrors.
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Figure 4.15: Brakeout image of the experimental setup with the cryostat and pump (1,4,5),
the scintillation detectors with the electronic racks (3,7), and their support structure.

4.4.1

Superfluid helium target

The cross section of the target is shown in Fig. 4.16. The core of the 4 He cryostat was a
similar Joule-Thompson cooler with the same working principles we used for the antiprotonic helium experiments. Flow diagrams and detailed working principles are essentially
the same as for the superfluid target of the precision experiment, and can be found in
Chapter 2, Section 2.6.
Two reservoirs (barrels) were suspended concentrically in the main vacuum chamber to
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hold liquid nitrogen and liquid helium. The liquid nitrogen tank (red) was supporting and
cooling the outer layer of OFHC copper heat shields (LN shield). Liquid helium filled to
the inner tank (blue) supported and cooled the inner shield (LHe shield) and supplied 4.2 K
helium to the inside of the cryostat (violet) where the cold pot and heat exchanger took
place. The flow on the capillaries was controlled with needle valve connections (magnified
detail on right).
Liquid was allowed to drop directly in the cold pot at the center of the cryostat, or
pass into the heat exchanger (gold and white), where it entered in a Cu pipe, revolving
around a flow restricting-block inside the pumping line, where the cold gas-flow precooled
it to ∼ 2.2 K temperatures.
After the heat exchanger the precooled liquid entered the cold pot, where the pressure kept low by the pumps caused fast evaporation and cooling. A needle valve (JouleThompson throttle) operated from the room temperature side on top of the cryostat controlled the flow. The cryocooler provided an estimated cooling power of ∼1 W at 2 K.
The central part of the target chamber was made out of OFHC copper, and it was
attached to the cold pot via a DN-63-CF connection using indium coated annealed copper
gaskets, and strengthened knife edges. The coolant liquid dropped either directly into the
chamber, or collected on top of it while gas was supplied in filling tubes running across the
cold pot. This central chamber of hight conductivity copper supported the target stopping
chamber and the cryogenic viewport.
The target volume consisted of a 140-mm-long, 38-mm-diameter (inner) chamber
machined out of a single piece of aluminium (Al-6061), and with a maximum wall thickness
of ∼ 500 µm, allowing the protons, deuterons, and tritons to emerge. A flexible aluminium
frame pressed a broadband dielectric mirror from the inside to the 1.5 mm-thick welded
front flange. The chamber was filled with liquid or superfluid helium, and pions stopped
within the front ∼ 10 cm, after transversing the degraders and the mirror (see Fig. 4.16,
detail).
This Al chamber connected to the central OFHC Cu chamber via a DN-63-CF connection and indium coated annealed copper gaskets. From the other side of this central copper
piece a cryogenic fused silica window of 35 mm clear diameter housed in a 63-CF flange
was connected (Ceramtec) in a similar way. A laser beam was allowed to pass through
this viewport, propagate to the end of the chamber and reflect off from the 7-mm-thick,
35-mm-diameter broadband dielectric mirror, irradiating the atoms in the stopping volume
twice. It was also important to reflect out most of the laser power from the chamber. The
whole target chamber was rated to cryogenic temperatures and 2 bar internal, or 1 bar
external pressure.
The long target arm was surrounded by two 50 µm thick cylindrical radiation shields,
thermalized on the main LN and LHe shields, both are designed to minimize thickness in
the lateral direction. The thin foils were resistive-welded to achieve the cylindrical design,
and connected to support rings on both ends. Towards the laser window, horizontal heat
shields were attached too, but with the normal 0.5 mm thickness.
The outer vacuum chamber on the target arm was made out of aluminium (Al6061), and the thin lateral walls was machined out of a solid piece, reducing the thickness
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Figure 4.16: Cross section of the cryogenic target with the detector, with detailed views of
the cryocooler and the pion stopping volume in the liquid helium target.
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to ∼ 700 µm. This wall with some thicker end support rings was TIG-welded on both ends
to a bimetal CF flange (Atlas) where a sheet of stainless steel and a sheet of aluminium
made the knife edge side and the weld lip respectively, and they were explosion bonded
together before machining the flange. This resulted a light welded Al design with UHV
connections on both ends.
From the pion beam side a Kapton foil was sealing the cryostat vacuum, with some
75 µm thickness and 40-mm-aperture, glued to a CF flange with the same aperture using TorrSeal. From the laser beam side a larger (DN-63-CF full aperture, Kurt Lesker)
standard fused silica uncoated window was attached.
The target maintained an average temperature of 1.65 K over the whole measurement
period without the laser on. The temperature settled normally around a higher, 1.75–
1.85 K value when we used infrared pulses of ∼10 mJ energy at a rate of 50–70 Hz.

4.4.2

Detectors

The basic geometry of the barrel detectors were optimized by the simulation to consist
of 40-mm-thick plastic scintillator segments. Being very pessimistic concerning the background counts the number of segments were selected to be quite large (140) to suppress
any pileup effects.
The final design consisted of 20 modules (“slices”) shown in Fig. 4.17 (b). Each of these
modules consisted of 7 trapezoidal plastic scintillators shown in blue (Eljen Technologies
EJ-200, the BC-408-equivalent) The scintillators were diamond-machined to be 40 mm
height (radial), and 30 mm long in the lateral (beam) direction. High-transparency acrylic
fishtail lightguides were glued to each one using a clear two-component optical cement
(BC-600).
The lightguides were connecting to small PMTs (Hamamatsu-R9880U-110) with metalpackaged dynodes and super-bialkali photocathode of d = 8 mm diameter sensitive area,
which provided a gain of ∼ 1 × 106 and quantum efficiency of 20 − 30% at 400 nm and
∼ −800 kV bias voltage.
The seven scintillators with two printed circuit boards (PCBs, see next section) were
mounted on a brass baseplate. The pocket where the scintillators were seating was machined down to a 0.6 mm thick base, so that the scintillators could be stacked together
more tightly, without losing much solid angle. The rest of the baseplate was robust to
provide good electric grounding. A copper plate was mounted to the top of the brass
frame in a correct angle to cover the slice when mounted in the barrel. It shielded the slice
from RF noise and supported the outer SMA connectors transmitting the PMT signals.
These 20 individual slices were divided between the top and the bottom half of the
barrel, which could be assembled independently. The slices could be slid between two
front plates made of aluminium (Fig. 4.17 (a)). The plates were water jet cut with a set of
40-mm-diameter holes on the front and back to support ventilators for each of the modules
separately.
Before stopping in the target, the pion beam passed through the beam counter detectros, placed directly in front of the target vacuum flange. The 4 pc. of 20 × 20 mm2
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tiles of 4.7 mm plastic were transversing the beam when it was propagating in the thin
airgap between the beamline and our experiment, right in front of the kapton foil. The
scintillator tiles were glued to long acrylic fishtails, and were enclosed in a thin frame so
that in the tight airgap the setup occupied only 5 mm space. The fishtails collected the
light in four metal-packaged PMTs of the same type and readout electronics as the barrel
detectors. The four tiles gave important spatial and temporal information about the beam
contents, and were used as a particle identification and timing in the offline analysis.
We also made a small pill counter with 5 × 5 × 3 mm3 area and mounted on a
100 mm XY movable stage in front of the beam counters. The detector was glued to a
long (∼ 100 × 5 × 3 mm3 ) acrylic lightguide from the side, ensuring the pill could slid in
between the flanges of the airgap when the target is at the final position. The counter was
fixed to a rail, and fit in the airgap in between the beamline flange and the beam counters.
It could be entirely retracted from the beamline. By scanning the monitor in X and Y
b)

a)
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Figure 4.17: a) Brakeout image of one quarter of the scintillator barrel assembly, from
the direction of the beam. The 20 detector “slices” can be slid in between the front and
back support plates individually. b) Single detector slice with the high voltage and PMT
PCB-s. Each of the slices contain 7 trapezoidal scintillators.
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direction the X-Y profile of the beam was measured time to time during the data taking
to check the position and profile.
Due to the short lifetime of the exotic atom and the even shorter observation-window,
we had to set up a ns-precise laser delay time with a small jitter compared to the physical
arrival of the pions. A careful study of TOF and signal propagation times was necessary.
The laser arrival time at the target was measured by placing the blinded PMT behind the
last mirror before the target, to monitor some photons arriving from the laser pulse.
It was important to use again the same type of photomultiplier, electronics and gain as
the barrel detectors, to avoid unknown delays caused by the different propagation times of
the electrons between the PMT dinodes (transit time delay), which can be in the order of
∼ 10 ns in case of large PMTs. For IR wavelengths where the PMT photocathode did not
have a sensitivity, we used IR sensitive cards in front of it that shifted the wavelength via
upconversion, and without significant delay.

4.4.3

Electronics and DAQ

The main parts of the PiHe detector electronics are shown in Fig. 4.18. We used 21
custom-made frontend boards to read out and digitize the analog waveforms from 145
detector channels. These frontend boards were connected to 7 interface boards placed in
a VME64X (Versa Module Eurocard, 160 Gb/sec) bus for readout. Data read and write
was carried out by a VME controller (Struck SIS3104), interfacing with the frontend PC
(dax1) via a PCIe card (SIS1100e).
One critical part of the DAQ was a jitter-free trigger and timing: for each trigger a
total number of 145 waveforms had to be digitized in a synchronized way, not allowing a
time jitter or drift larger than ∼2 ns (FWHM) in any of them.
To achieve this, we used the a custom backplane bus to distribute a global clock
signal to all the printed circuit boards. The clock was generated in a dedicated PCB
(the “Master clock board”) in the VME bus. In this module a temperature-controlled,
surface-mounted 20 MHz quarz oscillator with a low phase noise (time jitter < 100 ps)
provided the frequency standard. A voltage-controlled oscillator (VCO, Texas Instruments
LMK03000) was phase-locked to this reference clock signal. Within the same chip, the
clock frequency could be then divided to arbitrary values. The chips were controlled by
and FPGA (Field Programmable Gate Array, type Cyclone V) on board, interfacing with
the VME controller. The clock was then distributed to all the other occupied VME slots
over the back plane in the form of an LVDS (Low-Voltage Differential) signal, and to reduce
noise, it was propagated to other boards downstream by phase-locking the local VCOs to
this reference signal.
The trigger for data taking came from the RF signal from the PSI cyclotron, which
was divided down to 50-75 Hz which was the limit of the laser repetition rate. The divided
signal was triggering a delay box, distributing NIM signals to the VME and differential ECL
(emitter coupled logic) signal to the laser Q-switch and amplifiers with a correct delay. The
“Master Trigger Board” in the VME crate took this NIM signal, and after discrimination
it propagated to the back plane in the form of an LVDS signal. More complicated trigger
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Figure 4.18: The detector electronics and DAQ system for PiHe experiments, with the
most important signals shown. Yellow arrows stand for analogue, blue strips and arrows
for digital signal, red for high voltage. Direction of the arrow shows the main (but not
exclusive) propagation direction of signal/data, strips indicate more strong bidirectional
communication. Green boxes are PCB boards with the most important chips shown as
white squares. See text.

logic could be set up with an onboard FPGA (Cyclone V) and optionally data written to
an SRAM, which was finally not used for this experiment.
The recording of the analog signals occured in the following way. Within one barrel
segment (slice) each of the seven PMT-s were connected to sockets placed on the same
PCB (“PMT breeder board” on Figures 4.17 (b) and on 4.18). These PCBs contained
active high-voltage breeder circuits, with FET switches opening buffer capacitors to
quickly replenish the last few dynode electrodes during a large pulse. This ensured that
the photomultipliers could sustain average anode currents of > 50 µA with relatively low
heat dissipation. The PMT signal propagated from the breeder in a 50 Ω-impedance
∼ 5 cm-long SMA cables to a I-feedtrough on the copper top plate connecting to the outer
surface of the barrel.
Inside each detector slice we also generated seven channels of ∼ −800 V high voltage,
individually for each photomultiplier. It was realized on a separate PCB from the breeder
circuits, but it was placed close, with 2-3 cm long high voltage connections to the PMT
sockets (see “HV board” on Fig. 4.17 b). These high voltages were adjusted individually
by using 12-bit digital-to-analog converters (DAC’s), and the amplitudes were read out
by analog-to-digital converters (ADC’s). These were controlled by a CPLD (complex
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programmable logic device, MAXII). The modules were shielded with copper sheets to
avoid interference with the PMT board. An FPGA (Cyclone V) provided a control interface
by which the voltage values could be adjusted or read out remotely. During the experiment,
the FPGA was powered down to reduce switching noise.
The signals from the PMT breeder boards were transmitted trough ∼2.5-m-long SMA
cables to the frontend DRS4 waveform digitizer boards, which were housed in the two
custom aluminium racks behind the detectors. Each board included 8 channels of DCcoupled RF amplifiers with an effective analog bandwidth of 400 MHz and an adjustable
gain of 2–10. The last channel was kept as an analogue input for a time synchronization
signal, which we got from the same signal that triggered the DAQ. This signal was divided
to all boards using equal-length cables and 6-way, 50-ohm-impedance RF couplers to reach
all the DRS4 boards.
The amplified analog waveforms of the detectors were continuously sampled by the
DRS4 application-specific integrated circuit developed at PSI [79]. It contained 1024
sampling cells in constituting a ring buffer. A continuously running signal called the
domino wave was propagating over the gates of each cell, with a speed that could be
adjusted by manipulating the RC time constant of the cells via a voltage offset. The
domino wave opened and closed each cell in the grid after one another. While opened, the
cells were charged by the input signal.
The propagation of the domino wave was synchronized to a local voltage-controlled
oscillator which was phase-locked to the global synchronization signal. The last cell was
connecting the first, so after 1024 samples the running domino wave restarted the sampling,
overwriting the old ones.
For reading out these samples, a trigger (STOP signal) had to be sent to the domino
wave. When the domino wave was disabled, a read shift register clocked the contents of the
cells, and sent them in serial to an external ADC, running on the same clock. This readout
and digitization process was controlled and clocked by an FPGA. As this part is the most
time consuming and data-heavy process, one could decide to have only partial digitization
(not using all cells). We selected the last 256 cells before the STOP signal, covering a
timespan of 84 ns, giving an approximate bin width (time resolution) of 0.327 ns. The
position where the domino wave stopped was also recorded by a shift register, and read
for analysis, which was essential in recovering a correct timestream6 .
The data from the frontend boards is handled by seven VME interface cards (“DRS4
to VME interface” on Fig. 4.18), which were distributed on the VME 64X bus. These
boards featured two FPGAs: Nr.2 was responsible for the data transfer and trigger of
the three DRS4 boards. It saved the recorded waveform data in a long bitstream to the
onboard, dual-port SRAM which stored the data until the rest of the DAQ was ready. The
first one handled communication with the VME controller: when the computer was ready
to read, this chip wrote the data from the SRAM to the bus. Each of these interface card
6

In our example, if the domino wave stops at cell 255 or before, it means the domino wave restarted
during the interesting timespan. The correct amount of cell samples have to be therefore collected from
the end of the buffer and attached before the zero cell
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communicated with three DRS4 boards using 3-m-long LVDS cables.
The raw data was transferred from the controller to the frontend computer using a
2 GB/s optical cable, and it was written to disk using the DAQ software MIDAS [80],
developed by Fermilab and PSI. Copies were made on two other computers. The raw
waveform was analyzed offline on a dedicated using root packages.

4.4.4

The 384-nm laser system

For the first spectroscopy experiments we targeted the transition (n, `) = (16, 15) →
(17, 14) at ∼ 384 nm. It was hoped that the parent state of this transition is populated,
and the transition amplitude was expected to be high, with ca. ∼20 GHz natural width
based on our initial knowledge of dipole polarizabilities and Auger lifetimes [4].
The laser system used is shown on Figure 4.19. The lasers were assembled in two
locations: the continuous-wave (cw) laser was placed outside the radiation zone in a small
laser hut (Laser Table I) constructed for this purpose, and pulse amplification happened
on another table inside the radiation zone, close to the target (see locations on Fig. 4.14).
The cw laser setup started with a semiconductor distributed Bragg reflector (DBR)
laser which produced a continuous-wave laser beam of wavelength λ = 767 nm, power
40 mW, and linewidth < 2 MHz. The ∼2:1 elliptic beam beam was shaped using an
anamorphic prism pair and aspheric lens, before being amplified to a power of ∼ 500 mW
using a semiconductor tapered amplifier.
Three stages of Faraday isolators placed upstream of the tapered amplifier, and two
other stages downstream prevented any retro-reflections from feeding back into the oscillator and destabilizing the laser. The laser wavelength was monitored using a Fizeau
wavelength meter. Its reading was calibrated to a precision of ∼ 1 GHz against the output
of a helium neon laser. The beam was coupled into a 30-m-long single-mode optical fiber,
which then transported the cw beam into the radiation zone to Laser Table II to seed the
pulse amplification.
On Laser Table II inside the radiation zone the cw beam was pulse-amplified to an
energy of ∼2 mJ using two dye amplifiers oriented at Brewster’s angle, which was filled
with Styryl-8 dye (0.15 g/l for resonator, 0.10 g/l for amplifier) dissolved in ethanol. The
pulse length of the output beam was around ∼1 ns. This pulsed beam was then amplified
to an energy of ∼20-25 mJ by making five passes through a 20-mm-long Ti:S crystal [36].
A BBO crystal was then used to frequency double this beam to generate 383.8-nm laser
light of energies on the target of 7-8 mJ.
For pumping this hybrid dye-solid state system we used two types of Q-switched lasers.
The dye amplifiers were pumped by an industrial Nd:YVO4 solid state laser (Coherent
Helios OEM), see Fig. 4.19, bottom. It was based on a microchip oscillator and amplifier
producing 1-ns-long laser pulses of energy ∼50-100 µJ. This beam was then allowed to
pass through three Faraday isolators which prevented back-reflected light from entering
the oscillator.
This beam was amplified to an energy of ∼3 mJ by double-passing a 50-mm-long, 1-mm
diameter Nd:YAG fiber amplifier (Taranis, FiberCryst), with a tight focus prepared near
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LASER TABLE I. (outside zone)
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Figure 4.19: Laser setup for the run in 2014, producing 1-ns-long pulses for the 384 nm
transition. Description in text.
the entrance of the rod to couple in the light. The fiber was longitudinally pumped from the
other side by a 808 nm, 300 W diode laser (Dilas) operated in long pulses. It was coupled
to a 200 µm fiber, and entered the amplifier by passing through some dichroic mirrors, with
a long beam waist prepared in the center of the cell. The final laser energy of ∼80 mJ was
achieved by a double-pass on a pair of Nd:YAG crystal rod amplifiers of diameters 3 mm
and lengths 88 mm, and another double-pass on a larger, 5-mm-diameter, 126-mm-long rod
(Northop Grumman). The rods were pumped from the transverse direction by an array of
diode lasers of wavelength ∼808 nm and power 2–6 kW.
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Double-passes were realized by manipulating the polarization on thin-film polarizers
(TFP) by λ/2 plates, or by a double-pass on λ/4 plates. A KTP crystal was used to
produce 532-nm laser pulses of energy ∼30 mJ, pulse length ∼1 ns, and repetition rate
fr = 35 Hz.
The Ti:S amplifier was pumped by a separate diode-pumped Nd:YAG laser with a
longer (∼30 ns) pulse length (Fig. 4.19, Laser Table II., top) The oscillator was homemade, the same design that was introduced in the superfluid helium experiment, see for
details in Chapter 3, Section 3.5. It consisted of a triangular resonator of circumference
∼85 mm, and included a 5-mm-long Nd:YAG crystal, a prism for mode selection, and an
acousto-optic modulator which functioned as a directional isolator and Q-switch.
The oscillator was mounted on an invar plate, and encased in a chamber made of
aluminum. The chamber was placed on a copper block with water circulation, which was
maintained at a temperature of 28◦ C. This oscillator laser was pumped by a 5-W diode
laser of output wavelength λ = 808 nm, and producing laser pulses of energy ∼ 5 µJ and
wavelength λ = 1064 nm. This beam passed a pair of Faraday isolators before it doublepassed a Pockels cell biased at 1.7 kV. The cell worked like an optical switch, ensuring
that no laser light propagated to the amplifiers before the actual Q-switching, so that the
occasional prelasing originating from the cavity had no gain.
This light was then amplified to an energy of ∼1 mJ in a similar was as for the other
pulse laser, at first double-passing the 50-mm-long, 1-mm-diamter Nd:YAG fiber amplifier.
Further amplifications in transverse-pumped Nd:YAG crystal rods increased the energy to
∼ 190 − 200 mJ. Using a LBO crystal, 532-nm laser light of energy ∼ 80 − 90 mJ was
generated. This beam was split and used to longitudinally pump the Ti:S crystal from two
ends. The beam was relay-imaged to improve the profile after the second pass.
This design using the fast dye amplification with high gain (and with this avoiding a
Ti:S resonator and time jitter problems) and the following power amplification with the
multi-pass on Ti:S ensured that the shot-by-shot timing jitter of the laser pulses arriving
at the target was efficiently small (∼ ±1 ns). This was a critical point in this experiment,
as larger jitters would have broaden the laser-induced peak in the π − He+ time spectrum
so that it would become difficult to resolve the induced absorption on the background of
the delayed π − absorption events.

4.5

Measurements with the pion beam

To carry out this experiment a sufficient amount of pions had to be transported to the
helium target, about 14-m downstream of the pion production point. One constrain was the
short pion lifetime: the beam had to be energetic enough, otherwise too many pions decay
in flight. On the other hand the pion energy should not be too large, because separation
would not work as well, and stopping is much harder in this case.
The mean momentum of the beam emerging from production Target E was set to p =
85 MeV/c by a dipole magnet, which was a good compromise between lifetime, separation,
and stopping efficiency. A following adjustable slit selected a certain momentum bite
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(∆p/p) by cutting away particles with higher or lower momenta from the two sides.
The beam was first centered by the PSI beamline group by optimizing the transmission
to the cryogenic target and the spin rotator off, and with the whole target retracted on the
movable stand such that a detector could be placed near the final target position. This
detector was a small (2 × 2 × 2 mm3 ) motorized pill counter, and particles were identified
by the measured peak height (energy deposition) and their TOF. With the momentum slit
fully opened and no separation, a pion rate of Rπ = 1.38 · 108 Hz and a beam content of
79% e− , 18% π − , 3% µ− was estimated [81].
The separator was aligned by applying first a high voltage of ±275 kV on the two
electrodes, and then tuning the separator magnetic field to maximize transmission again.
Focus on the last quadrupole doublet was set up to minimize beam diameter on the target,
which was an estimated value of ∼15 mm and ∼22 mm FWHM at the target position.
With the spin rotator on, the rate of pions were estimated to be Rπ = 3.5 · 107 , with the
a ∼ 45 mrad separation of the pion and electron beam which corresponded to a ∼ 33 mm
physical separation at the target position. The electrons that managed to pass the spin
rotator yielded approximately a Re− = 1.4 · 108 Hz intensity.
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Figure 4.20: (a) Beam profile measured ∼30 cm upstream of the target position with the
small volume 5×5×3 mm remotely controlled movable counter. (b) Count rate in function
of the beam slit opening (in steps of the motor of the slit)
After the beam alignment we installed the first version of our front counters, and the
movable pill detectors intercepting the pion beam to optimize the number of electrons
and pions on the target. This we achieved by moving the momentum slit after the target
(meant to control the momentum bite) and changing the last aperture (meant to cut away
the separated electron beam).
A typical profile after the final alignment is shown on Fig. 4.20 (a), while (b) shows
the (high level) discriminated counts of the same detector, measured with a scaler at
different openings of the upstream momentum slit. A more sophisticated discrimination
and waveform analysis was needed to identify different particles in the beam.
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Analysis and detector calibration

The data analysis of the waveforms was carried out similarly in case of all the detectors
(barrel detectors, beam counters and laser detector). We triggered the data acquisition
system at a rate of 30-80 Hz typically, synchronous to the pion arrival time. As we discussed
above, all the 21 DRS4 boards digitized a full waveform of 7 detector channels (1 “slice”),
which was in this case 256 samples (bins) over ca. 84 ns (time resolution of ∼0.327 ns).
Raw data was collected from the VME by the frontend computer, running the MIDAS data
acquisition program. Waveforms were analyzed offline on a different computer using root
packages.
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Figure 4.21: Example of the bin-by-bin pedestal correction on three detector channels
Fig. 4.21 shows the example of three raw waveforms of three detector channels superimposed on each other, all with bin values above 150. One of them (red) has an actual
(relatively low) signal coming from the target. All of these waveforms included an obvious
baseline pedestal, and additionally a digital-looking noise (1-bin-spikes). This is the
so-called “pedestal noise”, which is related to the fact that each individual cells within the
sampling chip had sightly different capacitance. By measuring a lot of background data
and subtracting the averaged values individually for each sampling cell, the bin-by-bin
pedestal was subtracted and resulted in the smooth waveforms shown in bottom.
The pedestal-corrected waveforms usually featured signals with a fast rising edge (<
4 ns) and a slow falling edge (∼ 30 − 40 ns) with occasional ringing on the top, depending
on the amplifier gains and the signal height. Peak positions were defined using leading
edge discrimination with a relatively low threshold for the rising edge, which defined the
time stamp of the signal (t). Another threshold for the falling edge was applied to ensure
the signal falls below a certain value before allowing a next trigger. This was necessary
in order to avoid multiple peak counts from a ringing signal. The peak “amplitude” (A)
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was defined as the sum of the bin contents over a certain timespan after passing the
discrimination threshold. We made sure that the length of the sum was sufficient to cover
the peak after the rising edge, but possibly none of the ringing.
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Figure 4.22: Integrated peak intensities against peak time in the beam counter, obtained
from the discrimination digitized waveforms described in text. Case a) was measured with
the momentum slit almost closed, and b) with the slit fully opened at the target position.
On Fig. 4.22 the peak height distributions measured by the first version of our beam
counter are shown as a function of the elapsed time. The plot (a) was recorded with the
momentum slit almost closed (“step 70” on the stepping motor), and (b) with a fully opened
slit (step 260). The RF time structure with τ ' 19.75 ns period is well distinguished in
both figures. Pions and muons arrived nearly in the same time, followed by the electrons
after ∼ 4−5 ns. The peak height distribution suggests that with a fully opened momentum
slit the pions from the same RF bunch almost always arrive with n > 1 multiplicity, and
the large spread in momenta causes a much worse time distribution.
The seemingly earlier time of the higher pulses is an artifact of the leading edge discrimination. The ratio of electrons vs pions was strongly dependent on the discrimination
threshold, and a lot of the electrons were not counted because of pileup effects, but certainly
the separation was very efficient.
After summing the well separated particle contents on the peak height vs. time plot of
the front counter, and measuring the prompt pulse widths, we decided to use a beam with
a relatively small momentum bite for the initial observation of the first resonance, with
slit opening of 90 − 110. This corresponded to a momentum bite of max. ∼8% which was
tolerable for the experiment according to the simulations.
The next task was setting up the correct timing of barrel detectors. They were triggered
by the same data acquisition, but the exact signal time delays are usually unknown. We
prepared therefore plots that showed the correlation between recording a hit at a certain
time in the beam counters and in the barrel detectors. We adjusted the barrel triggers
such that the first pulse in the front counters corresponded to the first peak in the barrel’s
recorded timespectra too (see Fig. 4.23)
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Figure 4.23: Correlation between recording a hit at a certain time in the beam counter
and in the barrel detectors, to identify particles in the front counter that resulted in a hit
in the barrel. Timings were adjusted to record the same 4 RF events in both detectors.

Using the actual beam and counts we had to set up individual voltage bias and optimize
the amplifier gains for all the 140 PMTs in the barrel detectors. This was done by measuring
the average pulse heights with high threshold counts and trying to equalize it in each
channels. We had to make sure that the high pulses are within the dynamic range, and we
can make a clear cut to eliminate electrons.
The pulse height distributions vs. the time distribution of the hits are shown on 10
detector channels in Fig. 4.24 as an example, after individual bias adjustment. Threshold
for hit acceptance were customized for each channel and shown by a red vertical line.
The “low” hits (constituting the ∼ 95 − 98% of the hits) are originating mainly from
electrons from π − and µ− decays, and being rejected during analysis. An example of a
malfunctioning channel is shown in the first figure in the second row (Slice 6 Channel 1).
A one-dimensional pulse height distribution in the detector channels are shown in
Fig. 4.25 (b). The energy spectrum shows a peak-like structure at an ADC count of
∼1500, followed by a decrease at higher energies, before slightly increasing at the highest
ADC counts < 10000. This behavior can be related to the Fig. 4.25 (a) energy spectrum
measured in the TRIUMF experiment of Ref. [29]. This experiment had a better energy
resolution as our present one, since it used a full calorimetric setup and a thin detector for

4.5 Measurements with the pion beam
slice1_ch1

signal amp. [arb.u.]

14000

slice2_ch1

115

slice3_ch1

slice4_ch1

slice5_ch1

5
4.5

12000

4

10000

3.5
3

8000

2.5
6000

2
1.5

4000

1

2000
0
0

0.5
10

20

40

50

time [ns]

60

70

80

0

10

20

slice6_ch1

14000

signal amp. [arb.u.]

30

30

40

50

time [ns]

60

70

80

0

10

20

slice7_ch1

30

40

50

time [ns]

60

70

80

0

10

20

slice8_ch1

30

40

50

time [ns]

60

70

80

0

10

20

slice9_ch1

30

40

50

time [ns]

60

70

80

slice10_ch1

0

4
3.5

12000

3

10000

2.5

8000

2
6000

1.5

4000

1

2000
0
0

0.5
10

20

30

40

50

time [ns]

60

70

80

0

10

20

30

40

50

time [ns]

60

70

80

0

10

20

30

40

50

time [ns]

60

70

80

0

10

20

30

40

50

time [ns]

60

70

80

0

10

20

30

40

50

time [ns]

60

70

80

0

Figure 4.24: Examples of hits in 10 detector channels of the 140, showing the signal
“amplitude” (integrated bins, see text) against the hit time. Thresholds for hit acceptance
were customized for each channel and shown by a red vertical line.
dE/dx identification and vertex reconstruction. Our barrel received particles in a much
wider angle distribution, which already smeared out the energy deposits, moreover the it
was not working always as a calorimeter due to the limited thickness. The threshold in the
barrels were set such that the peak corresponding to the electrons is fully cut, and only
the highest signals - originating from the nuclear fragments - are allowed.
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Figure 4.25: Energy distribution of hits measured in the barrel detectors in PSI, compared
to the 1992 results in TRIUMF [29]
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For the final experiment the thickness of the beam counter was reduced to 4.7 mm to
avoid significant multiple scattering, and the 40 × 40 mm2 detector area was segmented
using four 20 × 20 mm2 tiles we introduced earlier. The counter stayed permanently in the
beam, and we relied on the particle identification capabilities of this counter during offline
analysis.
A typical output of the segmented counters are shown on Fig. 4.26, showing the two
RF pulses significant for the analysis. The first pulse was the one which we choose for data
taking by shooting the laser after the arrival of these pions. Pions from the second RF
pulse was used for background measurements. The four figure positions correspond to the
detector positions (top-bottom-left-right) seen from the point of view of the beam.
The red barriers show our particle identification, what we based on our knowledge of
energy depositions, and agreed with our expectations about the TOF. The highest signal
corresponds to the pions, arriving essentially at the same time as the muons with lower
energy deposition. They are followed by the lowest signal from the electrons some 4-5 ns
later. The number of the particles shown on this plot are actually not numerically accurate
due to pileup issues in the front counter, but these numbers served as an important selfconsistency check concerning the beam status (beam size, yield, separation quality).
Our offline data analysis accepted events in one RF cycle on the barrel detectors if the
beam counter identified them as pions, and we usually rejected events where electrons were
identified too in the same RF cycle, to make sure the spectra is ”clean” in between the two
arrivals of the pions.
Another important offline correction was the timing of the different detector channels.
It is well seen already on Fig. 4.24 that the timing of the first RF pulse was not exactly
the same in the detector channels. By looking at the calibration signals sent on the 8th
channel of the DRS4 chips a lot of problems were identified concerning noise etc. on certain
channels, but there was always some stable time offset that could be accounted for trigger
time delays, propagation times and different mean TOF of the secondary particles.
In the time spectra of hits when summing all channels we achieved the most narrow
peak by identifying the stopping time corresponding to the first prompt peak individually
for each channel by fitting a Gaussian on the prompt. This defined t = 0 for all channels,
which were then added with the correct timeshift to synchronize the prompts.
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Figure 4.26: Pulse height and time distribution of hits in the four beam counter tiles
(20×20×4.7 mm3 ) adding up to a 40×40 mm2 (left-right-top-bottom) 4-segment detector.
Separation of the electron beam was in the horizontal direction, with the light particles
deviating more to the right seen from the point of view of the beam

4.6

Results of the first measurements

After establishing the ideal beam and target conditions and calibrated the detector, we
measured high statistics data both in liquid and superfluid helium, trying to observe first a
clear delayed absorption time spectra. Various cuts were applied on the front monitor data
to identify the arriving pions, restraining the arrival time to a 1 − 4 ns time window. Cuts
on low energy deposits on the barrel detectors were also varied and experimented with.
Two examples of the absorption time spectra are shown on Fig. 4.27. The target was
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Figure 4.27: Measured particle time spectra emerging from (a) liquid helium target at 4.2
K, using a strict cut in time (1-ns-window for the arriving pions), and in superfluid helium
+
(b), addition of all the data from the laser spectroscopy experiment on π −4 He , trying to
excite the transition (n, `) = (16, 15) → (17, 14) with λ ≈384 nm photons. Both spectra
show a decaying background with a lifetime of 7 − 9 ns
We observed particles with relatively high energy deposit in a decaying time distribution in between two pion arrival times. The relative amount of these hits to the
prompt hits and their time distribution were largely independent from the cuts, showing
they presumably consist of the same particles as the prompt pulse. Depending on the
threshold level in the barrel detectors, the lifetime of these delayed events assuming a
single exponential fit (A · e−t/τ ) was between τ = 7 ± 1 ns and τ = 9 ± 1.5 ns. The longer
lifetimes were systematically connected to less strict energy cuts in the barrel detectors,
which might have indicate that a flat background of particles was added to the exponential
by decreasing the threshold. By extrapolating the slope to the formation time and integrating the prompt and delayed fraction, the contribution of the delayed spectra was found
to be 2 ± 0.7% of the total number of events we identified as absorptions. These results
agree with the earlier results in TRIUMF [29], and could be attributed to a small fraction
of pions forming metastable pionic helium atoms with a 7 − 9 ns lifetime.
The time spectra in (b) was a sum of the results measured in superfluid helium at a
temperature of T ∼ 1.6 K, and it was also the addition of all the spectroscopy result we
collected in less than 1 week using the 384 nm laser to probe the (n, `) = (16, 15) → (17, 14)
transition.
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For this measurement less strict cuts were applied with the barrel detectors and the
front counter allowing a 4 ns time window for pion arrivals, but a clear decaying spectra
was seen after the prompt, which might indicate that the phase of the liquid does not
influence the atom formation.
We triggered the lasers some ∼8 ns after this stopping of the pions, the expected position
of the pulse is indicated by the arrow. This time delay was determined by calculating the
signal delays for different detectors and time-of-flight of the particles and the photons.
Delays in photon counting and digitizing were the same, since we used the same PMTs
and readout electronics. The barrel scintillators had a delay compared to the laser counter
with the bare PMT, originating from scintillator rise time (∼ 2 ns). Time of flight of
secondary particles ranged around 2 − 3 ns depending on the detector position, and the
laser beam had to propagate ∼1 m (∼ 3 ns) reach the stopping volume from the detection
point.
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Figure 4.28: Laser time and pulse height measured at the target position for the 2014 setup
of (n, `) = (16, 15) → (17, 14) at 384 nm
The time and amplitude distributions measured by this laser PMT placed behind the
last mirror shown on Fig. 4.28. These measurements indicate a time jitter of ±1 ns which
was sufficiently small according to the simulations. The amplitude distribution was not
related directly to the laser power (we used it just for a consistency check during runs), but
this pulse height distribution was recorded when jitters were measured to be in between
∼ 6 − 8 mJ/cm2 by a pyroelectric power meter. Using the optimized laser setup, the
aligned beam and the calibrated detectors (with ca. half the channels running) we spent
one week trying to find the resonance.
We scanned a region between −150 GHz and +100 GHz around the theoretical value
calculated by Korobov (∼ 781042 GHz). This corresponds to a fractional deviation of
+
3 · 10−4 . We believed that the π −4 He resonance should lie within this range despite any
possible error in the calculation or the physics constants used to derive the frequency, and
the density shift that might effect the π − He+ resonances7 .
7

Resonances of antiprotonic helium atoms experience a shift of ca. 70 GHz under similar conditions
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Figure 4.29: Summarized results of the transition (n, `) = (16, 15) → (17, 14) at different
laser frequencies, with the theoretical spectral profile [4] shown on top, together with the
scanned frequencies.
Fig. 4.29 shows each barrel time spectra measured at a different frequency setting of
the laser for finding the (n, l) = (16, 15) → (17, 14) resonance, and on the top of the figure
the indication of the scanned position, with the theoretical lineshape. The large natural
width of the resonance should ensure that it would easily be detected.
The laser arrived at around ∼10 ns on the timescale of these figures. If the π − He+
atoms would resonate with the laser with a large depopulation efficiency, and the parent
state would be also populated, a sharp peak should emerge around this position in the time
spectrum, just like it was predicted by the simulations. The data we took was limited in
almost all cases by statistics, but no visible excess was seen which would imply an induced
transition to an Auger-dominated state within the statistical uncertainty at neither of the
laser frequencies.

4.6.1

Non-observation of the (n, `) = (16, 15) → (17, 14) resonance

During the search for this unfavored resonance, we were in contact with theoreticians
calculating the non-relativistic eigenstates of the tree-body pionic helium [4]. When no
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state
(15,14)
(16,15)
(17,14)
(17,16)
(18,15)

Enr
Γ/2
−3.0569481417(4) 5.14 × 10−6
−2.82854939373(4) 2.1 × 10−10
−2.70984178(2)
2.00 × 10−6
−2.65751243850171 1.0 × 10−13
−2.58002554(1)
6.53 × 10−6
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αs
αt × 103
1.0319 + i0.0575
1.9299 − i0.2280
0.6166 + i0.0049
2.0155 − i0.0171
40802. + i1240.0 −72055. − i3720.2
−0.1033 + i0.0002 3.3333 − i0.0006
−0.5937 + i0.1075 8.6596 − i0.3070
+

Table 4.1: The scalar (αs ) and tensor polarizability (αt ) results of some of the p4 He states
using the CCR method from the recent paper of Korobov [74]. The Auger widths (Γ) and
the nonrelativistic eigenenergies (Enr ) are given in units of the Hartree energy.

resonance was observed, V. I. Korobov implied a theoretical explanation, and later he
published his findings [74] connecting to the anomalously large dipole polarizability of the
daughter state of this transition (17, 14).
The π − He+ atoms are on average more sensitive on the states of the remaining electron
than pHe+ due to the smaller mass of the pion. A good measure of this sensitivity is
the electric dipole polarizability of the atom. A large dipole polarizability indicates that
the internal states of π − He+ are reacting more drastically on the external electric fields
experienced during collisions. A similar effect was observed in case of pHe+ atoms before,
causing unusually large energy shift and shorter lifetime in the anomalous states when the
surrounding He density was increased, and also the quenching of such states were observed
in sufficiently high density media. The intuitive picture is that such anomalous states lie
very close to electronic resonant states, therefore mixing with such states likely during
collisions.
+

Table 4.1 shows the scalar and tensor polarizability matrix elements of some π −4 He
states under the perturbation of an external electric field, calculated by the complex coordinate rotation method by Korobov [74]. For most states, the scalar polarizability αs
ranges between -1 to 1 atomic units, whereas the tensor polarizability αt ranges between
2 × 10−3 to 10 × 10−3 a.u. The results when using a closed-type Feshbach formalism in
case of these “stable” solutions agree within ∼10%.

For the case of state (17, 14) in π − He+ , however, the polarizabilities are 3 orders of
magnitude larger than for any other state, moreover the Feshbach and complex-coordinate
rotation calculations give results which differ by 1–2 orders of magnitude. The orbits are
actually predicted to be cigar-shaped, rather than spherical as in the case of the other
+
π −4 He states. This implies that the state (17, 14) mostly likely does not exist as a bound
state in the environment of our experimental target, so that laser transitions cannot be
driven. The calculations indicate that the other important states (15, 14), (16, 15), (17, 16),
and (18, 15) do not suffer from the same effect, and remain viable candidates for laser
spectroscopy.
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Search for (n, `) → (n, ` − 1) resonances

We redesigned the laser system in 2015 to search for two resonances of the type (n, `) →
(n, ` − 1). As we discussed earlier, due to the smaller mass of the pion these line spacings
are in the order of 0.7 − 0.8 eV unlike similar transitions in pHe+ at around 0.3 eV. These
+
π −4 He are therefore accessible by solid-state lasers in the mid-infrared: (17, 16) → (17, 15)
at ∼1632 nm, and the lower (16, 15) → (16, 14) transition at ∼1515 nm.
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Figure 4.30: Laser setup in 2015, using OPG - OPA on MgO-dopped PPLN and KTP
crystals, details to be published soon
In Fig. 4.30 the sketch of the new setup is shown. A diode laser from Toptica (DL-100
and and DL-100 Pro) provided ∼20-30 mW cw laser power with corresponding tunable
diodes operating at 1515 and 1632 nm. After some stages of isolation, and shaping on
a pair of anamorphic prisms the beam was sent to the radiation zone using a 30-m-long
IR photonic fiber where it was used as a seed beam for optical parametric generation and
amplification (OPG-OPA).
For OPG we used two MgO-doped periodically poled lithium niobate (PPLN) cystals
from Covesion (MOPO1-1.0 and MOPO1-0.5, with periodically poled gratings of 1.0 and
0.5 mm width respectively). Due to the periodically inverted (poled) crystal structure
of the nonlinear LN, a quasi-phase matching condition and high gain was achieved for
a certain laser frequency (input and generated) depending on the poling period. The
crystals were temperature stabilized to the precision of ±0.01◦ C, to tune the poling period
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and maximize gain in the correct frequency. We choose single passes instead of building
an oscillator to avoid the time jitters of the laser pulse.
The crystals were pumped by 1-ns-long, ∼ 150µJ pulses of λ = 1064 nm, generated by
the same microchip laser and the longitudinally pumped fiber Nd:YAG amplifier described
earlier, with a portion of the amplified energy selected before the diode amplification to
minimize chirp. The two input beams were mixed on the PPLNs crystal, and the photons
from the pulse laser that sufficiently split to the seed wavelength were filtered using highreflectivity mirrors. In the two high-gain PPLN stages we reached an energy of > 10µJ at
the seed frequency in 1-ns-long pulses.
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Figure 4.31: Example on the measurements of the blinded PMT with the IR sensitive card
with paints converted the light fast via upconversion.
The generated pulses were further amplified in five, 20-mm-long KTP crystals used as
OPAs, pumped by the same Nd:YAG laser but this time using the fully amplified beam
of ∼ 30µJ split into two pump pulses. Unlike the PPLN crystals, the phase-matching
condition on the KTP crystals had to be carefully matched with the selection of the incident
angles. The resulting 1-ns-long IR pulses of ∼ 10mJ energy were transported to the target
in a parallel 25 − 30-mm-diameter beam after Relay imaging.
The pulse arrivals were monitored with a covered PMT placed behind the last mirror,
and an IR conversion card placed on the photocathode that shifted the wavelength fast via
upconversion. The amplitude and pulse time output measured by this monitor is shown
on Fig. 4.31. The most obvious difference from the Ti:S setup this time is the visible timeand amplitude jitter, corresponding to multimoding in the seed beam, as it was confirmed
using a spectrum analyzer. This behavior occurred presumably due to the insufficient
temperature and vibration isolation of the setup, which was very challenging in the given
environment. Whenever this behavior was observed, we realigned the setup slightly to
reach single mode operation.
Intensive search for the 1515-nm resonance showed no excess for laser induced absorption with a larger than 3σ significance. On the other hand the (17, 16) → (17, 15) resonance
at ∼1632 nm gave very promising results, and we spent nearly three weeks to accumulate
data and scanned the laser frequency over the resonance. The results of these observations
will be published soon.
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Chapter 5
Conclusions and Outlook
The outcome of the three experiments described in this Thesis on antiprotonic and pionic
helium can be summarized as follows:
• The antiproton-to-electron mass ratio was determined to a fractional precision
of ∼ 2.2 × 10−9 by two-photon spectroscopy at CERN, which partially cancelled the
Doppler width of the resonance lines [1]. Further improvement was achieved by
ultracold buffer gas cooling, where we thermalized antiprotonic helium atoms near
1.3 K temperatures [2], which improved the precision to ∼ 8 × 10−10 . For the first
time, hyperfine structure of the antiprotonic helium spectral lines were resolved with
single photon spectroscopy.
+

• Using p4 He atoms as a microscopic probe in liquid and superfluid helium, narrowing of the antiprotonic helium spectral lines were measured using a parasitic
antiproton beamline at CERN. A sudden reduction of the linewidth was measured
while crossing the phase transition, which, to our knowledge, was the first direct
observation of any change in thermal atomic collisions when entering the superfluid
phase. The measurements may indicate that antiprotonic helium atoms are not
entrapped in bubbles like other implanted atoms, but interacting freely with the
superfluid environment.
• We proposed the first laser spectroscopy experiment on metastable pionic helium
atoms, and carried out measurements in the last two years in PSI. A small (∼ 2%)
fraction of delayed absorptions with a lifetime of τ ≈ 7 ns was observed, indicating
the existence of a metastable exotic atom. Our second attempts for laser spectroscopy
last year gave promising results in observing the first resonance.
Additionally some 500-channel, low-cost, highly segmented detectors were developed
and built to measure antiproton annihilations in a RF superconductive Paul trap, which
are briefly introduced in Appendix A, as a technological development independent from
the subjects above. Two of the largest detector units were used to measure cross sections
of antiproton annihilation in-flight [82], not described in this Thesis.
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Outlook of the precision experiments

We plan to carry out in the following two years two-photon experiments using the cold
target and a new fiber-based frequency comb, and measure again the three transitions we
published in 2011. This might improve the present accuracy of two-photon experiments
by a factor of ∼ 3.
√
Decreasing the temperature is reducing the Doppler width by a factor of ∼ T , therefore improvements below 1.3 K are not so drastic anymore. Further cooling would be
interesting when using nearly stationary antiprotons. Our group has been developing a
superconductive Paul trap and an accompanying detector system for trapping antiprotons
for various such experiments, with the main feature being antihydrogen production.
The next largest impact on the signal-to-noise ratio in our experiments is expected
by the upgrade on the antiproton beam. A new approved decelerator called ELENA
(Extra Low ENergy Antiproton ring) is being built right now to further decelerate the
antiprotons to Ek =100 keV energies, while electron cooling would provide low emittance
of ∼ 4 π mm mrad and ∆p/p ≈ 10−4 . These changes will favor strongly the trap-based
experiments, but our experiment with low pressure gas would greatly benefit too from
the expected ca. order of magnitude more atoms in the target. The new decelerator is
expected to be commissioned starting in 2017-2018, and we are contributing to this project
by providing microwire monitors for beam diagnostics.
The large number of atoms would open the possibility to implement new spectroscopy
methods as precision measurements, like reaching beyond the Doppler-limit by saturation
absorption spectroscopy or measuring narrow, metastable-to-metastable transitions with
two lasers beams.

5.1.1

Experiments with solid and low temperature superfluid helium

We are preparing a new cryogenic target able to withstand ∼ 35 bar pressures at cryogenic
temperatures, in attempt to solidify helium, and repeat the measurements we carried out in
superfluid helium. For this purpose, the antiprotonic helium beamline is further modified
to prepare a smaller beamwaist on the 5.3 MeV antiprotons by introducing two additional
quadrupole magnet after the radiofrequency quadrupole decelerator (Fig. 5.1).
The smaller beam makes it possible to decrease the diameter of the ∼ 100 µm thick Ti
entrance foil for the antiprotons, which is a necessary step to conduct experiments at high
pressures. Sapphire viewports were custom-made for this purpose, and a CuBe chamber
is under constructon to hold the high pressure liquid.
It is also encouraged by several models to go to lower temperatures with the liquid.
For this, we need to invest in 3 He-cycle based cryostats (like dilution refrigerators) in the
future.

5.1 Outlook of the precision experiments
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Figure 5.1: Beamline for the solid helium experiment, being developed at CERN.

128

5. Conclusions and Outlook

Appendix A
Position-sensitive particle detectors
for multiple purpose
The experiments on antiprotonic and pionic helium atoms relied on particle detectors to
measure the effects of a laser transition cannot be sufficiently measured by laser induced
fluorescence or absorption due to the extreme low atom numbers in the experimental
target, and several background effects. We must therefore rely on transitions which results
in the prompt annihilation of the antiproton in the nucleus, and a nuclear breakup. The
byproducts of such a breakup are mainly charged, minimum ionizing pions (π − , π + ), neutral
pions (π 0 ), and gamma radiation.
We developed some 541-channel scintillation detectors placed in 11 separate detector
modules to measure and track particles emerging from annihilations with high efficiency,

Figure A.1: Monte Carlo simuation of the detector and the Paul trap
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and tested them using minimum ionizing pions and antiprotons at CERN [5]. These segmented plastic scintillators will be used to detect annihilations that occur inside a radiofrequency Paul trap for antiprotons. They were also employed in a recent experiment which
attempted to measure the annihilation cross-sections of low-energy (130 keV) antiprotons
on various target foils [82].
Compared to conventional scintillators which are read out by photomultiplier tubes, the
SiPM-based design has important advantages which include low cost, compact size, and
insensitivity to magnetic fields. There are, however, currently numerous disadvantages such
as the comparably small active area, gain, and dynamic range of the SiPMs; their high
dark current and temperature sensitivity; and the narrow range of bias voltages in which
the SiPMs can be operated in an optimal way. We systematically studied the response
of the scintillator against individual hits of minimum-ionizing pions. It was particularly
important to achieve a sufficient photoelectron yield, above the backgrounds of dark current
and environmental noise.
A detailed publication is dedicated to the subject [5], and the material presented below
follows its structure, with some more additional figures and information included. In
Sect. A.2 of this chapter we describe the construction of the detector, with details of the
SiPMs, scintillators, and WLS fibers. In Sect. A.3, measurements carried out at using a 1GeV/c pion beam provided by the CERN PS are described. We compared the performance
of cast and extruded scintillators, fibers of various diameters, two types of SiPMs, and
various methods to optically couple the scintillator and fibers. Sect. A.4 describes the
tests carried out at the AD with a 70-keV antiproton beam.

A.1

Monte Carlo simulations

Depending on the atomic nucleus on which an antiproton annihilates, on average 3–4
charged pions emerge with a mean kinetic energy of a few hundred MeV [53], some of the
experimental branching ratios on different target are shown in Table A.1. By tracking the
trajectory of at least two charged pions, the initial vertex where the annihilation occurred
can be reconstructed. This method was not used until now in our precision experiments;
laser spectroscopy of antiprotonic helium atoms have been carried out by using acrylic
Cherenkov counters to detect only the timing of antiproton annihilations occurring in a
cryogenic helium target [1, 83].
The detection and tracking efficiencies described above are optimized values, which
were estimated using a Monte Carlo simulation based on the GEANT4 package [78] (Table
A.1). For this purpose, a computer model of the trap was created, including its electrodes
and vacuum chamber. We allowed antiprotons to annihilate on the electrodes according
to the experimental branching ratios [53], and tracked the secondary particles for ∼ 200
ns, or until all the particles left the 4×4×4 m3 area around the trap. The detection of
a ”hit” was defined as events which deposited more than ∼ 0.4 MeV of energy into the
scintillators.
In the simulation, the detector system was initially optimized to low rate detection,
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p̄+p
π + + π − + 3π 0
2π + + 2π − + π 0
2π + + 2π − + 2π 0
π + + π − + 2π 0
2π + + 2π −
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Branching rations of p̄ annihilation [%]
p̄+n
p̄+4 He
−
+
0
23.3 ± 3.0 2π + π + nπ
57.7 ± 1.2 σ(p̄n)/σ(p̄p)
42±5 [?]
(n ≥ 0)
19.6 ± 0.7 3π − + 2π + + nπ 0 23.4 ± 0.7 2π − + 2π + + nπ 0
20.9 ± 1.9
(n ≥ 1)
(n ≥ 1)
16.6 ± 1
2π − + π + + π 0
17.0 ± 2.0 2π − +2π + +pf + 3.08 ± 0.35
nπ 0 (n ≥ 1)
−
0
9.3 ± 3.0 π + nπ (n ≥ 1) 16.4 ± 0.5 2π − + 2π +
2.75 ± 0.372
−
+
0
−
+
6.9 ± 0.6 3π + 2π + π
15.1 ± 1.0 3π + 2π
1.97 ± 0.32

Table A.1: Branching ratios used in the simulation, [53]

as it is important for trap experiments. It was essential therefore to estimate the cosmic
ray background, and eliminate some os the cosmic rays with tracking. The segmentation,
area, thickness and position of the detectors were optimized for the high rate detection of
the annihilation products, and large rejection rate.
Most of the detectors were segmented in 50 mm wide, 12.6 mm thick bars. They were
optimized to detect annihilations that occur in the trap with a high efficiency (> 90%).
Two pairs of tracker detectors with 17 × 19 mm bars (latter is thickess) was constructed
to determine the position of the annihilations with > 15% efficiency, and to reject cosmic
rays.

A.2

The design of the detector system

The Paul trap is housed in a 1-m-diameter cryostat (Fig. A.2), which has vacuum ports on
its three sides comprising injection and ejection beamlines for antiprotons. The cryogenic
equipment was located above the vacuum vessel. We arranged 541 scintillation bars in 11
detector modules, which together covered a solid angle of ∼ 2π steradians seen from the
center of the trap.
Seven of the modules [Fig. A.3 (b)] ranged between sensitive areas of 0.25×0.45 m2 and
0.8×0.45 m2 , and contained cast scintillator bars with a cross section of 50×12.7 mm2 which
were arranged in a XY geometry. They were optimized for counting the annihilations with
high efficiency. The four remaining modules [Fig. A.3 (a)] had larger active areas (∼ 1×1
m2 ), and contained extruded scintillators with a smaller cross section of 17×19 mm2 which
were designed for higher spatial resolution and tracking efficiency of the pions.
Each module was housed in an aluminum box with 3-mm-thick walls, with support
beams which held the scintillator bars in place. Black adhesive sheets were lined along the
inside the boxes, and provided the light tightness. WLS fibers embedded in each scintillator
bar collected the scintillation light. The wavelength-shifted light was subsequently guided
along the fibers, and coupled to SiPMs which were connected to one end of the fibers.
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Paul trap vacuum vessel

Tracker detectors
(extruded scintillators)

Tracker detectors
(extruded scintillators)

Counter detectors
(cast scintillators)

Figure A.2: Schematic diagram of the scintillation detector modules surrounding the Paul
trap for antiprotons. Two pairs of modules (blue) consisting of 17 mm -wide extruded
scintillator bars reconstruct an estimated > 15% of the annihilations with 20–30 mm spatial
resolution. Seven additional modules (orange) containing cast scintillators are optimized
to detect the annihilations with a >90 % efficiency.

A.2.1

Cast scintillators

The cast scintillators (Saint-Gobain Crystals BC-408) with a polyvinyltoluene (PVT) base
were first milled into the desired shapes. The surfaces were then polished using a two-blade
fly-cutter. This consisted of an angled forecutter with a coating of polycrystalline diamond
(PCD) deposited on its edge, and a flat finishing cutter with a monocrystalline diamond
(DIXI Polytools type 20370 version C) edge. The two blades were positioned on a 85-mm
diameter mount which was rotated at 2000 revolutions per minute (rpm) and fed at a speed
of 250 mm/min. The depth of the cut during the final pass of the tool over the scintillator
was adjusted to ∼ 10 µm, to attain a mirror-like surface. No additional polishing of the
surfaces was carried out. A 1.2-mm-wide, 1.5-mm-deep U-shaped groove [Fig. A.3 (b)] was
next cut along the surface of each scintillator. For this a two-flute, ball-nose slot drill made
of carbide with a diamond coating applied by chemical vapor deposition (CVD) was used.
The mill was rotated at 2000 rpm and fed at a speed of 160 mm/min. Each pass cut the
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Figure A.3: (a) Layout of the extruded scintillator module. A wavelength-shifting (WLS)
fiber was placed into a hole fabricated in the center of each scintillator bar. (b) Layout of the
cast scintillator module, with fibers embedded into U-shaped grooves that were machined
on the surface of each scintillator bar. The fibers were coupled to SiPMs. Coaxial signal
cables were guided from the PCB’s along a narrow channel between the outer and inner
walls of the frame, and exited at the corner of the box.
groove in increments of 200 µm. During machining, it was essential to constantly blow
dry air on the groove to avoid immediate melting of the scintillator. No other lubricants
were used. After this machining, optical grease (Eljen Technologies EJ-550) was applied
to the groove, and the WLS fiber tightly pressed into it, to ensure that no bubbles formed
in the contact between the fiber and scintillator. The bars were then wrapped in specular
reflector foils (3M Vikuti), which have a reflectivity of > 98% at visible wavelengths.

A.2.2

Extruded scintillators

A detector module containing extruded scintillators bars manufactured by Fermilab is
shown in Fig. A.3 (a). Each bar with a cross section of 19×17 mm2 contained circular, or
slightly oval, holes of diameter d = 2 − 3.5 mm along its center. During the extrusion of
the scintillators, TiO2 diffuse reflector coatings were deposited on their surfaces [84]. The
attenuation length of the scintillators according to Ref. [85] was around ∼ 40–50 mm.
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We also tested extruded scintillators manufactured by CI-Kogyo K.K, with a larger
cross section of 10×40 mm2 and smaller hole diameter 1.5 − 2 mm. These prototype bars
were fabricated in 2010, by melting polystyrene (PS) pellets (Dow Chemicals No. 679)
mixed with two kinds of fluorescent dye (PPO and POPOP of respective concentrations
∼ 1% and ∼ 0.03%), and extruding them as in Ref. [84]. Some 0.3-mm-thick layers of TiO2
were deposited on the surfaces by co-extrusion. The ends of each bar were roughly milled;
polishing these surfaces or depositing layers of TiO2 paint on them did not significantly
increase the light yield. This may indicate the relatively short attenuation length of this
scintillator.
We attempted to increase the light yield by filling optical cement (Saint-Gobain Crystals
BC-600) into the scintillator holes before inserting the WLS fibers. It was difficult to obtain
a homogeneous filling, especially in the case of long (∼ 1 m) scintilallator bars, although
shaking the scintillator helped to reduce the forming of bubbles in the cement. We also
attempted to coat the fibers with optical grease (Eljen Technology EJ-550) before the
insertion into the hole. Due to the high viscosity of the grease, it was similarly difficult
to achieve a homogenous filling, although the viscosity could be reduced by heating the
grease to a temperature T > 35◦ C.

A.2.3

Fibers and silicon photomulipliers

The WLS fibers (Kuraray Co., Ltd. Y-11(200)M) contained round polystyrene cores of
refractive index n = 1.59, which were doped with 200 parts per million (ppm) of K27 dye.
The peak absorption and emission wavelengths were ∼ 420 and ∼ 476 nm. Each core
was surrounded by an inner cladding made of polymethylmethacrylate (n = 1.49), and an
outer core made of fluorinated polymer (n = 1.42). These fibers of diameters d = 1 or 1.2
mm had numerical apertures of ∼ 0.72 and light attenuation lengths of ∼ 3.5 m.
It was essential to position the SiPMs as close as possible to the cleaved ends of the
fibers and center them on the fiber axis, to attain high coupling efficiencies. For this we
used plastic connectors developed by the T2K experiment [86]. One of the fiber ends was
glued to the male part of the connector using optical cement (Fig. A.3). The fiber end
was then polished, using polishing paper with diamond grain sizes that were progressively
reduced from 10 µm to 1 µm. The other end of the fiber was left unpolished.
To further increase the light yield, we attempted to polish the ends of the fibers opposite the SiPMs, and apply aluminum reflector layers of a few micron thickness by vacuum
evaporation. We could not, however, attain a high-quality reflector surface that was precisely perpendicular to the fiber axis by hand-polishing. For 15–20% of the fibers treated in
this way, a substantial amount of light leaked out of the aluminized ends when the middle
sections of the fibers were illuminated.
We tested two types of SiPMs of active area 1×1 mm2 , i): Hamamatsu Photonics K.K.
multi-pixel photon counters (MPPC) type S10362-11-050C, which contained 400 pixels
of size 50×50 µm2 , ii): S10362-11-025C containing 1600 pixels of size 25×25 µm2 . The
400-pixel type had higher photon detection efficiency (∼ 50% versus ∼ 25%) and gain
(∼ 8 × 105 versus ∼ 3 × 105 ), due to the smaller dead area and higher capacitance of
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its larger pixels. These SiPMs are often used to read out, e.g., tracker scintillators which
detect individual hits of minimum-ionizing particles with a high sensitivity. The 1600pixel SiPMs, on the other hand, had lower dark current and higher dynamic range arising
from the larger number of pixels which can sustain more simultaneous photon hits. These
detectors are normally used to read out scintillators in calorimetric applications.
We employed the 1600-pixel SiPMs, since many AD experiments involve an abrupt
burst of pion hits which are superimposed on a less intense background of low-rate hits.
Such a distribution may be caused by a pulsed beam of antiprotons arriving in the trap,
followed by the slow annihilation of antiprotons spilling out of the trap. The recovery
time needed for a fired pixel to recharge was around ∼20 ns. The typical gain, dark
current rate, and Geiger breakdown voltage were respectively ∼ 3 × 106 , ∼ 5 × 105 Hz,
and V0 ∼ 70 ± 1 V, according to the specifications of the company. The V0 -value had a
temperature dependence of dV0 /dT = 60mV/◦ C. By adjusting the bias ∼ 1 V above V0 ,
the optimal tradeoff between gain and noise characteristics was attained.
The SiPMs were placed inside the 4 mm–diameter female counterparts of the plastic
connector (Fig.D.4), and soldered onto double-layered printed circuit boards made of glass
epoxy (Panasonic R-1705). Two circuit boards 16.6×28.5 mm2 and 20×33 mm2 were used
for the two module types shown in Fig. A.3 (a) and (b), respectively. They supplied the
bias, filtering, and readout decoupling according to the circuit diagram shown in Fig. A.4.
The boards were firmly grounded on the aluminum box of the detector module. The
output signals were transmitted using 1–1.5-m-long, SMC-type coaxial cable assemblies to
the outside of the module.

A.3

Pion beam measurements

The T9 beamline of CERN provided a secondary beam of pions, muons, and electrons.
It was produced by extracting protons of momentum p = 24 GeV/c from the PS, and
directing them onto a metallic target. The charge and momentum of the secondary particles
were selected by pairs of dipole magnets and slits located downstream of the production
target. For this experiment (Fig. A.4), we used negative pions and muons with p = 0.9–1.1
GeV/c, which is equivalent to the highest momenta of the pions emerging from antiproton
annihilations [53].
The secondary beam was allowed to pass through two Cherenkov counters C1 and C2
of length 2.5 and 5 m, which were filled with nitrogen gas at a pressure of P ∼ 1.2 bar.
The Cherenkov signals were used to reject the electron contamination in the beam. The
beam then traversed two plastic scintillators P1 and P2 , and a third scintillator P3 with
a 10–mm-diameter hole which defined the size of the beam. The data acquisition was
triggered by events for which C1 · C2 · P1 · P2 · P3 .
The anodes of the SiPMs were biased between −70 and −73 V, corresponding to ∼1
V above the Geiger breakdown voltage. The cathode signal was decoupled by a 4.7-nF
capacitor, before being read out by a hybrid charge-sensitive preamplifier (Clear Pulse Co.,
Ltd. CS-507) with a charge-to-voltage conversion coefficient of 0.1 V/pC and integration
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Figure A.4: Setup of the photoelectron yield measurement at the T9 beamline of CERN.
The arrival of the 1 GeV/c pions were detected by the coincidence between two scintillation
counters P 1 and P 2. Two gas Cherenkov detectors (C1 and C2) were used to reject the
electron background. The SiPM was read out by a charge-sensitive preamplifier. The
signal was amplified by a shaping amplifier with a 50-ns time constant. A peak-sensing
ADC measured the signal height.
time constant of ∼ 1 ms. A high-pass filter then differentiated the voltage signal with a
time constant of ∼ 50 µs. The preamplifier and high-pass filter were implemented on a
single four-layer printed circuit board. The signal was transmitted by coaxial cables over
a distance of ∼ 50 m. It then entered a shaping amplifier (Clear Pulse 4076 custom)
consisting of a passive first-order differentiator and active second-order integrator with a
time constant of τ = 50 ns, which produced an unipolar, semi-Gaussian output pulse.
The small shaping time in this final stage was needed to reduce the effects of integrating
over the dark current of the SiPM, which had a typical rate of 0.1–1 MHz. The pulse
amplitudes were measured by a 32-channel peak-sensing analog-to-digital converter (ADC,
CAEN S.p.A. V785) with a vertical resolution of 12 bits. For data acquisition and analysis,
the MIDAS [80] and ROOT [56] software packages were used.
The gain of the SiPM was calibrated by measuring the light pulses produced by a
light emitting diode (LED) with an emission wavelength of ∼ 420 nm, the signal height
distribution shown on Fig A.7 (a). The light intensity was adjusted so that the SiPM
detected an average of 3–10 wavelength-shifted photons (the blue histogram), which could
be well counted by the peaks corresponding to single pixels discharging. The noise was
measured at different voltages too, either by counting the crosstalk during a signal, or the
dark current on a blinded MPPC. Some of these results are shown on Fig. A.7.
In Figs. A.5 (a)–(c), the distributions of signal amplitudes of LED light pulses measured
in this way are indicated by the solid histograms. In SiPMs, secondary afterpulsing and
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Figure A.5: (a): Pulse height distribution of BC-408 cast scintillator of 12.7 mm thickness
which is struck with 1 GeV/c pions (open histogram). The response against a pulsed
LED light source (blue filled histogram) is shown superimposed. Peaks corresponding to
multiple photoelectron numbers were resolved and used to convert the ADC channels to
photoelectron numbers (see text). The solid line indicates the best fit of a convoluted
Landau-Gaussian function. Similar histograms for (b) 19-mm-thick extruded scintillators
constructed by Fermilab and (c) 10-mm-thick ones by C.I. Kogyo K.K. and embedded with
1.2-mm-diameter WLS fibers are also shown.

optical crosstalk effects can cause a spurious increase in the number of discharging pixels
λmeas , relative to the number of initial photoelectrons. These effects are strongly dependent
on gain and temperature. To estimate the true number of initial photoelectrons λreal , we
carried out a statistical analysis [87] of the pulse height distributions of Figs. A.5 (a)–(c).
Assuming that the number of photons arriving from the LED follows a Poisson distribution,
the photoelectron number can be estimated using the equation, λreal = − log(Nzero /Ntotal ).
Here Ntotal denotes the total number of LED flashes, and Nzero the number of flashes
in which no photon was detected. In this way, the combined afterpulsing and crosstalk
probability ε = 1−λreal /λmeas was found to be 15–20% at a photomultiplier gain of ∼ 5×106 ,
and the ADC channel numbers were converted to photoelectron numbers. This calibration
was carried out every ∼ 10 min during the experiment with the pion beam.
We also estimated ε using an alternative method of measuring the peak height distributions of the dark current. Most of the dark counts involved the discharge of single pixels;
in ∼ 20% of the cases, however, 1–3 additional pixels fired within the ∼ 50-ns shaping time
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Figure A.6: A typical layout of the offline data analysis of one run. (a) ADC data from the
SiPM detector. The events were triggered by the detector logic, with filtering electrons.
The best fit function of convoluted Gaussian and Landau distributions is shown with a
solid line. Pedestal events are removed from the fit. (b) The ADC counts from the first
Cherenkov detector against the second Cherekov detector. Electrons are well separated
with they low energy deposit, (c) start of the event counts shown by the red line, cutting
away possible transients from the front of the beam.
of the amplifier, due to afterpulsing and crosstalk effects. The number of counts in these
2-pixel and 3-pixel events, relative to the total number of dark current events, provide an
estimation of ε. The values estimated by the two methods agreed within the experimental
uncertainties.
The open histograms of Figs. A.5 (a)–(c) show the pulse height distributions of the
pion events measured using various scintillators. Each histogram contains typically 105
pion hits. From these data, we obtained the photon yield Γ in the following way: first, we
determined the most probable energy loss (i.e., the maximum of the distribution) by fitting
a convoluted Landau–Gaussian function on the spectra, typical to energy deposition on
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Figure A.7: ADC calibration with estimating crosstalk and afterpulsing rates of the silicon
photomultiplier. (a) The LED in this measurement was operating in two different voltages
to supply different number of photons in average. Individual pixel discharges can be
resolved up to 14-15 pixels. (b) Noise spectra without LED, using selftrigger above singlepixel discharge level. The ratio of single-pixel vs. multiple pixel discharges (from crosstalk
and afterpulsing) can be estimated.

relatively thin targets [87]. A typical spectra is shown in Fig. A.6 (a). We then corrected
this value for crosstalk and afterpulsing effects, using the probabilities determined using the
LED calibration measurements. In the examples of Fig. A.5 (a)–(c), the obtained Γ-values
were respectively 36 ± 3, 30 ± 2, and 6 ± 1 photoelectrons. We repeated the measurements
on at least 3 specimens of the same detector configurations. The experimental uncertainty
on Γ was taken as the square root of the quadratic sum of the statistical uncertainties of
the three measurements, and the systematic ones of the calibration.
The highest photoelectron yields of Γ = 35 − 39 were obtained for the cast scintillators
(Table A.2). This is presumably due to the fact that scintillators with a polyvinyltoluene
base generally have a technical light yield which is 15–25% higher than those with a polystyrene base. Moreover the long (∼2 m) light attenuation length in the BC-408 material
and the high reflectivity of the specular reflector foils should in principle allow the scintillation photons to make on average 20–30 reflections inside the bar and illuminate a larger
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Photoelectron yield

Photoelectron yield

section of the WLS fiber. As shown in Fig. A.5 (a), the signal is well-separated from the
background of dark current counts, with a signal-to-noise ratio > 7.
We next measured the spatial uniformity of Γ for the cast scintillator, by varying the
position of the pion beam along on its surface. In Fig. A.8 (a), the spatial distribution of Γ
along the horizontal (i.e, parallel to the fiber) axis of the scintillator are shown; here x = 0
corresponds to the position of the SiPM. Fig. A.8 (b) shows the distribution obtained by
scanning the beam along the 50-mm-width of the bar perpendicular to the fiber axis, where
y denotes the distance of the beam center from the fiber. The variations in the spatial
uniformity was found to be within the experimental uncertainty on Γ of ∼10%.
The Γ-values for the Fermilab extruded scintillators of 19×17 mm2 cross section (denoted as Extruded A in Table A.2) measured at a distance of x = 100 mm from the SiPM
was 34–38 photoelectrons. These yields were ∼30% less than those of cast scintillators of
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Figure A.8: (a) Spatial distribution of photoelectron yield Γ of BC-408 scintillator of size
750×50×12.7 mm3 along the axis parallel to the WLS fiber. (b) Distribution along the
axis perpendicular to the fiber.
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Figure A.9: Spatial distributions of photoelectron yield of extruded scintillators constructed
by Fermilab of size 1000×17×19 mm3 along the axis parallel to the WLS fiber. (a) Optical
grease, (b) cement, and (c) air gap were used as optical contacts between the fiber and the
scintillator.
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Table A.2: Photoelectron yields Γ of various scintillator, WLS fiber, and silicon photomultiplier configurations measured
using the ∼1 GeV/c pions. Cast (type BC-408 manufactured by Saint Gobain Crystals) and extruded A, B (manufactured
by Fermilab), and C (CI Kogyo K.K.) scintillators are compared.
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the same thickness, and roughly agree with the results reported by other groups [87, 88].
This provides sufficient single-to-noise ratio (> 6) above the dark current for detecting
minimum-ionizing particles [Fig. A.5 (b)]. Extruded scintillators with no cement or grease
in the holes retained a spatial uniformity over the 1-m length of the bar which was better
than ∼ 15% [Fig. A.9 (c)]. Placing grease [Fig. A.9 (a)] or optical cement [Fig. A.9 (b)] in
the holes increased the Γ-values near the SiPMs to ∼39–41 photoelectrons. At the opposite
ends of the bar (x = 900 mm), however, the light yield dropped to Γ ∼25, which is similar
to values obtained without any filling. This poor uniformity appears to indicate that it
is difficult to properly distribute the cement or grease along the entire length of the bar.
We also measured the yield of an extruded scintillator with a cross section of 40 × 10 mm2
(denoted as Extruded B in Table A.2) manufactured by Fermilab, which resulted in a value
Γ ∼14–19 depending on the SiPM.
No obvious difference in Γ was observed between WLS fibers of diameters d = 1 mm
and 1.2 mm. This may be due to the fact that the active area of the SiPM was smaller
than the fiber diameter. We used d = 1.2 mm fibers in the final detector, according to the
observation in Ref. [88] that the alignment between the SiPM and fiber may become less
critical for larger-diameter fibers. No significant increase in Γ was found for the fibers with
aluminum reflectors deposited on the rear ends. The reason for this is not understood, but
it may be due to the insufficient quality of the reflecting surfaces.
The extruded scintillators which were manufactured by CI-Kogyo K. K. as prototypes
in 2010, yielded values of Γ ∼ 7–9. This was insufficient to properly separate the signal
from the dark current [Fig. A.5 (c)]. The reason for this is not understood, but extensive
efforts to reduce the impurities and moisture, and control the temperature during the
extrusion process have been made by the manufacturer since 2010. These measurements
do not represent the latest such efforts.
As expected, the SiPMs containing 400 pixels of size 50×50 µm2 provided a ∼35%
increase in the Γ-values, compared to the 1600-pixel ones. We also tested detectors (Hamamatsu Photonics K. K. S10362-33-050C) with a larger active area of 3×3 mm2 , consisting
of 3600 pixels of size 50×50 µm2 , but the high dark current (∼ 6 × 106 Hz) was found to
be a significant drawback in our application.

A.4

Antiproton beam measurements

Fig. A.10 shows the experimental setup which was used to measure the response of the
scintillators against antiproton annihilations. The AD provided a 300-ns long pulsed beam
containing (2 − 3)×107 antiprotons with a kinetic energy E = 5.3 MeV at a repetition
rate of 0.01 Hz [38]. This beam was allowed to pass through a radiofrequency quadrupole
decelerator (RFQD), which reduced the energy of some ∼ 30% of the antiprotons to E = 70
keV. The decelerated antiprotons were diverted by an achromatic momentum analyzer
which was connected to the exit of the RFQD, and focused into an experimental helium
target. The analyzer consisted of two dipole magnets which deflected the beam at an angle
Θ = 20◦ , and three 1-T solenoid magnets. Some ∼70% of the antiprotons emerged from
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the RFQD without being decelerated, and annihilated on the walls of the analyzer.
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Figure A.10: Experimental setup to measure the response of the scintillator at the Antiproton Decelerator (not to scale). Dashed lines represent the beam envelope. A radiofrequency
quadrupole decelerated the antiproton beam from a kinetic energy of E =5.3 MeV to 70
keV. A momentum analyzer transported the 70-keV antiprotons to the position of a helium gas target. Charged pions emerging from antiproton annihilations in the target and
beamline walls were detected by an acrylic Cherenkov counter and scintillator.
A Cherenkov detector [53] made of UV-transparent acrylic (Mitsubishi Rayon, Acrylite000) of size 300×100×20 mm3 was placed at a distance of ∼ 1 m from the experimental
target. Some of the pions that emerged from the antiproton annihilations traversed the
detector, and the resulting flash of Cherenkov light was detected by a fine-mesh photomultiplier (Hamamatsu R5505GX-ASSYII). This photomultiplier had a photocathode of
diameter 17.5 mm, and operated at a gain of 5 × 104 . This detector has been used for
many years in precision laser spectroscopy of antiprotonic helium atoms [1, 38], and its
linear behavior against high fluxes of pions have been extensively characterized [53]. The
analog waveform of the photomultiplier was recorded using a digital oscilloscope.
In Fig. A.11 (a), the waveform of the Cherenkov signal taken as an average of 14 pulses,
each containing ∼ 6 × 106 antiprotons arriving in the target, is shown. The instantaneous
flux of pions was so high that individual annihilations could not be resolved. The 300-nslong Gaussian-shaped signal at t ∼ 2250 ns corresponds to the envelope of the pulsed beam
of antiprotons which annihilated at the target position. The annihilations that occurred
at other positions along the RFQD and analyzer cannot be detected, because the resulting
pion flux is too low compared to the sensitivity of the detector.
We also placed a cast scintillator of size 750×50×10 mm3 , which was read out by a WLS
fiber and a 1600-pixel SiPM, at the same position. The cathode of the SiPM was biased
at Vbias = 65.0 − 73.5 V which corresponded to a voltage between −4 and +4.5 V around
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Figure A.11: Output signals of (a) acrylic Cherenkov detector and (b)–(f) scintillators
read out by WLS fibers and SiPMs biased at various voltages Vbias . Each waveform is an
average of 14–15 antiproton pulses arriving at the experimental target. (g) Normalized
amplitudes of the output signals of the scintillator against the pulsed AD beam, plotted
against the bias voltage applied to the SiPM, with the intensity of the peaks at t = 950
ns (filled triangles) and 2250 ns (circles). The signal amplitude increases rapidly around
the Geiger breakdown voltage ∼ 69 V, then saturates at higher bias voltages, presumably
because the charge in the SiPM is depleted.
the Geiger breakdown value V0 . The anode was grounded using a 1-kΩ resistor and 100-nF
capacitor, similar to the configuration in Ref. [?]. The anode signal was decoupled by a
100-nF capacitor, and the waveform recorded by a digital oscilloscope of input impedance
50 Ω. In Fig. A.11 (b), the signal measured at a low bias of Vbias ∼ 65 V corresponding to
V0 − 4 V is shown. The detector operated as a conventional avalanche photodiode of low
gain. As expected, a single peak of amplitude ∼ 2 mV appeared at t ∼ 2250 ns, as in the
Cherenkov counter case [Fig. A.11 (a)].
As Vbias neared the breakdown voltage [Fig. A.11 (c), Vbias = 68.5 V], however, two
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secondary peaks at t ∼ 950 and 1800 ns appeared, while the signal amplitude increased by
an order of magnitude, to ∼ 20 mV. This was caused by the higher sensitivity and gain of
the SiPM, which now detected the weak scintillation light that arose from the annihilations
in the two bending magnets located upstream of the target (Fig. A.10). As we exceeded
the breakdown voltage [Fig. A.11 (d), Vbias = 69 V], many more structures appeared which
corresponded to the small number of antiprotons that scraped the walls of the analyzer
or the secondary electron emission monitors. The detector response against the peak at
t = 2250 ns of amplitude ∼ 60 mV was clearly saturated. Between Vbias = 72 [Fig. A.11
(e)] and 73.5 V [Fig. A.11 (f)], the signal amplitude (∼ 400 mV) no longer increased,
presumably because the charge stored in the SiPM was depleted. The waveform was also
deformed by the recharging time of the bias circuit and SiPM. When compared with the
measurements in Sect. A.3, we estimated that for a setting of Vbias ∼ V0 + 1.5 ∼ 70.5
V, which was an optimal compromise between gain and dynamic range, around ∼ 10
simultaneous pion hits would saturate the SiPMs.
In Fig.A.11, the amplitudes of the two intense peaks at t = 950 ns (filled triangles) and
2250 ns (circles) normalized to the antiproton beam intensity measured by the Cherenkov
counter are shown for various values of Vbias . The rapid increase at ∼68.8 V is due to the
SiPM reaching Geiger breakdown. From these results, we decided to operate the scintillator
in two modes, i): at a bias of Vbias ∼ V0 − 4 ∼ 65 V to measure the timing profile of the
antiproton beam in a relatively linear way, ii): at Vbias ∼ V0 + 1.5 ∼ 70.5 V to detect single
pion hits.

A.5

Discussions and conclusions

In conclusion, we constructed a 541-channel, segmented scintillator for detecting and tracking charged pions emerging from antiproton annihilations. Both cast and extruded scintillators of thicknesses td = 12.7–19 mm were used, which were read out by wavelengthshifting (WLS) fibers and silicon photomultipliers (SiPMs). The design was optimized to
attain high photoelectron yields of around Γ = 35 − 38 for minimum-ionizing particles.
This was sufficient to detect antiproton annihilations in a future Paul trap with an estimated efficiency of > 90%. An important source of background was the dark current
of the SiPMs, which reached a maximum amplitude equivalent of 3–4 simultaneous pixel
discharges within the ∼ 50-ns shaping time of the amplifier. This implied that a Γ-value
of > 20 was needed to achieve a sufficient signal-to-noise ratio. In the current detector
design, it may therefore be difficult to significantly reduce the thicknesses of the scintillators (e.g., td  10 mm) and increase the spatial resolution, without sacrificing the detection
efficiency. The response of the scintillator against the high-intensity flux of pions emerging
from the annihilation of a pulsed beam of antiprotons was studied. At low bias voltages
of the SiPM below the Geiger breakdown threshold, the detector accurately measured the
envelope of the pulsed antiproton beam, but the sensitivity was too low to detect individual annihilations. At higher bias voltages, the detector became sensitive to individual
pion hits, but a nonlinear behavior was seen.
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The scintillators were recently used to detect the small number of annihilations that
occurred when an antiproton beam of kinetic energy ∼ 130 keV was allowed to traverse
thin target foils [82]. This technique may be used in the future to determine the total
annihilation cross-sections of antiprotons on various metal targets in the low-energy region.

Appendix B
Discussions on the superfluid helium
experiment
Superfluidity in liquid 4 He was investigated since over eighty years, and several textbooks
have been dedicated to this topic. The task of giving a detailed review of all the aspects
in this field cannot be the aim of this thesis. Here we only mention a few concepts needed
to discuss the results. The general properties are mainly based on References [40], [48]
and [89], other sources or figures are indicated.

B.1

Basic properties

Helium is the only known element which can retain its liquid phase at arbitrary low temperatures under the pressure of its saturated vapor, due to weak interatomic potentials
and its small mass. The latter will result in a large zero-point energy, which is comparable
to the attractive forces between atoms. The zero-point energy will be discussed in more
details in this Chapter, but we can understand the basics from simple considerations. If
the atom is enclosed in a potential well by its neighboring atoms to a volume with a linear
dimension ∆x, from the uncertainty relation its momentum and energy will be:
∆p ∼

~
,
∆x

E0 ∼

(∆p)2
.
2mHe

(B.1)

The size of the enclosing well and the exact form of the potential energy is hard to determine, but it was found that the zero-point energy is comparable to the depth of the
pairwise potential curve, strongly influencing therefore atomic interactions. One can also
see the importance of the quantum effects by noticing that with a dominating zero point
motion the de Broglie wavelength of an atom λ ∼ ~/p ∼ ∆x will be in the size scale of the
potential well.
The measured high zero-point energies (E0 /kB ≈ 15 K) show that the atoms are in
some sense very much confined into a small volume - on the other hand, we know that this
confined volume is not fixed to a well defined position in space, as the atoms do not form

148

B. Discussions on the superfluid helium experiment

a crystal. Helium needs considerable pressures of ∼ 25 bar to constrain its atoms into a
crystal and solidify even at absolute zero (Fig. B.1). Even this crystal properties reflect
the strong quantum behavior: atoms retain a much larger distance in the crystal than it
would be expected from the minimum position of the pairwise potentials. The zero-poin
motion effects strongly the
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Figure B.1: Phase diagram of helium. Due to the small attractive part of the LenardJones potential between the helium atoms, there is no solid phase below ∼24 bar even if
the temperature reaches absolute zero. Reconstructed from data provided by [57].
At cold temperatures where thermal excitations are much to small to lift any of the
atoms from the ground state, He atoms are identical bosons. Liquid helium exhibits a
well known phase transition at T0 ≈ 2.17 K when cooling down the liquid under saturated
vapor pressure. The transition is connected to the macroscopic number of atoms forming
a condensate, and the appearance of a macroscopic wavefunction; however, it happens at
lower temperatures than would be predicted from a non-interacting Bose gas (∼ 3.2 K).
The transition is moreover characterized by the divergent change of the specific heat, also
not characteristic to Bose-Einstein condensation.
As it is well known, the liquid exhibited strange properties, especially concerning viscosity. Experiments measuring flow trough small pipes, or drag on microscopic objects
measured no apparent viscosity below certain flow velocities; other experiments using oscillating disks or vibrating wires measured a viscous drag not much unlike in He gas. After
such observations it was suggested [90] that superfluid helium is a “mixture” of two fluids,
where one component is a “normal” liquid with classical properties, carrying entropy, the
other is superfluid, exhibiting a frictionless mass flow. Such properties were demonstrated
by measuring the density of these components by a series of oscillating disks, capable of
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Figure B.2: Dispersion relation of the quasiparticles; the linear region correspond to phonons, while the minimum is corresponding to the rotons. The energy width of the quasiparticles is decreasing with the temperature, while the roton gap ∆ is slightly increasing.
Measurement data at different temperatures shown with colored points, the width with
the bands and the errorbars. Data reprinted using [60]
dragging with itself only the “normal fluid” component, [91], which was found to decrease
sharply with the temperature.
The model can be interpreted using the language of elementary excitations in the
liquid [70, 92]. In this interpretation, the liquid is filled with quasiparticles called phonons
and rotons, originating from thermal excitations. These excitations can be imagined as
moving on the background of the “ideal fluid”. They are available with limited numbers
at certain temperatures, and they have well defined energies and momenta.
The dispersion relation of these particles were predicted, and measured later to a high
precision in several experiments using neutron and X-ray scattering. (Fig. B.2). The
two highest populated (lowest energy) excitations are called phonons and rotons. It was
found that these two very different excitations are actually the same - they are sharing a
continuous dispersion curve, the shape of which is closely related to superfluidity.
Phonons are constituting the low-momentum linear part of the dispersion, characterized
by the energies  = p · cs , where cs is the speed of the sound. At higher momentum
−1
(1.91 Å ) the dispersion curve has a characteristic minimum which is populated by rotons.
The minimum has an energy gap ∆/kB = 8.65 K, below which no excitations are available.
The scarcity of these available excitations is the crude explanation of superfluidity; naively,
when there is not enough energy at a given momenta to create an excitation (Fig. B.2, any
lines from the origo corresponding to a constant velocity below a critical velocity v < vL ),
even macroscopic objects with large mass can propagate the liquid unperturbed.
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Figure B.3: Some of the typical theoretical velocities in He II for reference only. The
mean velocity of antiprotonic helium (green line) using the effective temperatures and
zero-point motion with a Maxwell-Boltzmann distribution (green shade), compared to the
critical velocity (roton limiting velocity) calculated for in liquid helium (red). The Landau
velocity for macroscopic objects are shown by the blue line. The critical velocities were
calculated from the roton minimum as a crude approximation.
When the mass of the object is close to the effective mass of the excitations, one needs
to count with the full kinematics of two particles, and the critical velocity for objects
with small mass increases. Some of these approximated critical velocities in the liquid are
superimposed on Fig. B.3, just to symbolize the order of magnitude of these calculated
values. The average velocity of pHe+ atom including zero-point motions is shown by a
solid green line, together with the Maxwell-Boltzmann distribution of this velocity (green
shading). For reference, the critical velocity of a small object of the mass of the pHe+
atom is estimated [40] (red solid line). The temperature dependent roton minimum and
width are originating from the Landau-Khalatnikov model [60], and this is defining the
uncertainty in this simple form of Landau velocity (red line and band). The Landau
velocity for macroscopic objects is shown by a blue line.
The experimentally measured critical velocities differ from these values significantly,
depending a lot also on the measurement method; the hand-waving argument is that
objects can loose energy at much lower velocities due to turbulent hydrodynamic effects,
most simply by e.g. creating quantized vortices.1
In thermal equilibrium, the excitations are present in the liquid in limited numbers;
1

The latter has a well defined energy minimum, as the liquid rotating around a hole (vacuum) must
return to the same phase after one circulation to obey a single-valued macroscopic wavefunction. See
e.g. [70].
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at temperatures well below the λ-point, phonons are following a Bose statistics, while the
more energetic rotons seemingly follow the Maxwell-Boltzmann statistics. This is resulting
in the following semi-empirical number densities [40]:
3
kB T
Npho = 9.6π
,
hcs
√
)
2p20 µr kB T · exp( k−∆
bT
,
Nr =
(2π)3/2 ~3


(B.2)
(B.3)

where ∆ is the roton minimum energy gap discussed above, and p0 /~ = 19.1 nm−1 the
roton momentum, cs ≈ 239 m/s is the speed of the first sound. Such estimations are valid
only below ∼1.2 K, where the excitations are low in number and not interacting much
with each other. For higher temperatures in our interest, we have to use experimental
data, discussed in separate sections below.
The important trend with the number densities is that the number of available excitations are generally falling with the temperature in the superfluid phase. The reason for
this scarcity roots in the fact that certain atomic movements - like replacing two bosons
in the liquid - can happen without investing energy. A very good qualitative explanation
can be found on this subject from Feynman in Ref. [70] and references within, we will not
go into detailed descriptions here.
We introduced these excitations because they might be very important in our investigations, as they represent interactions in the liquid. Naively, a collision might be a sudden
change in momenta (and phase) due to the interaction with the quasiparticles. Similarly
to macroscopic objects, when no excitation can be created (the cross section of the interaction is decreasing), the antiprotonic helium might travel unperturbed in the liquid. The
general trend of the lineshape narrowing in pHe+ transitions might partially reflect such
changes with the temperature, besides cumulative effects like the “average” presence of the
neighboring atoms.
In the following sections we discuss some of these speculations. Most of the points below
are reflecting the present knowledge (and opinion) of the author, should not be taken as a
scientific statement. Private discussions with theory groups [68, 69] just started recently.
We will also present the ab initio calculations carried out by Adamczak [49] upon private
communication before our experiment and compare it with measured data, as the only
available theoretical calculation right now.

B.2

Momentum distribution and Doppler broadening

The discussion of any broadening effects connected to atomic motions needs some information about the momentum distributions of the antiprotonic helium (and helium) atoms
in the superfluid environment. This subject is not trivial, as the same properties are
challenging to determine in case of normal helium atoms too.
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In liquid helium, the zero-point oscillations of the atoms are dominating the kinetic
energy. This motion is not connected to classical trajectories, but originating from a
momentum uncertainty, set by the Heisenberg limit (see Eq. B.1).
In case of a Bose-Einstein condensate the characteristic length ∆x the atom is the
coherence length of the condensate, which equals to its physical size, which was confirmed
by measuring the Doppler width of the atoms. In liquid helium this picture is more
complicated. The atoms which are in a condensate are a relatively small fraction (< 10%)
even at absolute zero temperatures. This fraction is widely distributed over the sample,
resulting in a narrow p = 0 momentum state. But, all the other He atoms are confined
by the neighboring atoms to a certain volume, somehow scaling with the atomic radius,
but presumably with the but the position of this volume delocalized. As the microscopic
details of this confinement are not certain, the best is to carry out actual experiments, and
trying to measure momentum distributions.
One method to reveal the internal microscopic structure of unknown substances is to
let a plane wave of particle projectiles scatter on the system, and measure the scattering
of the incoming wave. The aim is usually to express the measured partial differential cross
sections in terms of density-distribution functions relevant to the internal structure of the
scattering object, and compare different models or fit the unknown parameters. Several
microscopic features can be revealed in such manners: for example the most important
static features, like the average distance between the neighboring atoms, and dynamic
features, like the momentum distribution of the target atoms, or the dispersion relation of
the excitations in the matter.
Assuming a plane wave of the incident particles, with a particle mass m, initial wave
vector (ki ) and energy Ei , scattering into a final state described by (kf ) and Ef , around
a solid angle dΩ. The change in energy and momenta of these states is deposited to the
scattering system:
~ω = Ei − Ef
~q = ki − kf

(B.4)
(B.5)

Taking the effect of the scatterer as a perturbation on the incoming wave, and the scattering
atoms as sources of spherical waves, the measured cross section can be and expressed as:
d2 σ
= BS(q, ω)
dΩdEf

(B.6)

using the first Born approximation. Here B denotes the interaction term, depending only
on the properties of individual particles due to the interaction potential V (q). The other
term S(q, ω) is called the dynamic structure factor, which is completely independent from
the mass and energy of the scattered particle and the interaction potential for a given
energy and momentum transfer, it contains the “pure” scattering properties of the system.
When such experiments are carried out with high-energy neutrons, the momentum
transfer becomes sufficiently high, and the interference effects due to the correlations
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between neighbors becomes negligible. In this case the process simply brakes down to
a sum of single-atom scattering events, in which the energy lost by the neutron is directly transferred to the nucleus as a recoil energy, with neglecting final state interactions
(Impulse Approximation).
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Figure B.4: Kinetic energy of the He atoms, as a function of the (calorimetric) temperature
[67].
The data acquired in numerous experiments had a satisfying agreement [63,93], and the
results could be well reproduced using path-integral Monte Carlo simulations too [47]. Under the assumption of the impulse approximation the energy loss (recoil energy) relates to
the absolute value of the momentum transfer (~q) by a simple relation, ~ω = (~q)2 /2m He .
As the two quantities are fully correlated, instead of them we can use an appropriate scaling
variable y and rewrite the expression:
S(q, ω) =

m He
J(y)
~q

where the scaling variable is connecting to the energy transfer as:



m He
(~q)2
ω−
.
y=
~q
2m He

(B.7)

(B.8)

and the function J(y) is connected to the longitudinal momentum distribution; in an
isotropic system, where this distribution only depends on the magnitude of p:
Z ∞
J(y) = ~
pn(p)dp.
(B.9)
|~y|

The J(y) function, that has a linear connection to the dynamic structure factor can be
directly measured. Assuming that the momentum distribution n(p) follows the MaxwellBoltzmann distribution, so that such that the integral yields to a Gaussian J(y). The
variance σy can be expressed with the average momentum and kinetic energy, hEk i:
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hp2 i
2mHe
=
hEk i .
(B.10)
2
3~
3~2
The momentum distributions of the He atoms in liquid He gained from these experiments were in a very good agreement with path integral Monte Carlo simulations [47].
The zero-point energies were extracted using Eq. (B.10). A complete set of simulated hEk i
values on the saturation line [67] are shown in Fig. B.4. It is seen that the in the regime
of our interest these kinetic energies are 14.2 − 16 K.
The broadening that comes from the zero point motion of the atoms can be calculated
in the first approximation using the classical treatment, assuming a Maxwell-Boltzmann
distribution and an effective temperature, derived from the mean kinetic energy. In the
whole (calorimetric) temperature range of 1.45-4 K this means
σy2 =

Tef f =

2 hEk i
≈ 9.4 − 10.7 K.
3

(B.11)

This effective temperature would be true for a helium atom. If we assume the antiprotonic
helium occupies the same volume, we have to further scale with the mHe /mpHe ratio, see
Eq. B.1. This is giving Tef f ≈ 7.6 − 8.6 K temperature. The increase of the FWHM
linewidth due to Doppler broadening is [35]:
r
√
kB Tef f
.
(B.12)
∆ΓG = 2 2ln2 ν0
mHe c2
Simply constituting temperatures in our interest this formula is giving ΓG ≈ 0.35 −
0.38 GHz, which is (depending on temperature) around 3-30 times smaller than the measured full FWHMs, regardless of the fit used. Using these values result in a satisfactory
goodness in fitting the Voigt function, but, as we discussed, a Voigt function fit always converged to very small Gaussian widths, and does not change the overall result qualitatively
compared to pure Lorentzian profiles.

B.2.1

Collective effects of the liquid

Previously, shifts and broadening of antiprotonic helium resonances in low-density gas were
estimated by using a semiclassical approach [46]. In this approximation the pHe+ atoms
got a full quantum mechanical treatment, while the perturber helium atoms were treated
classically. The interaction was handled using state dependent, two-atom interaction potentials between pHe+ and He atoms. In liquid helium, however, there are no classical
trajectories anymore.
Not knowing the nature of the exact microscopic motions it is hard to describe the
dynamic of collisions, nevertherless one can try to account for cumulative effects. The shift
and broadening of the pHe+ transitions were ab initio calculated by Adamczak using such
collective effects for this experiment [49]. The potential created by the average presence
of the surrounding atoms causing only the shift of the pHe+ resonances. The atom was
also expected to interact with the surrounding quantum gas of phonon excitations, which
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might be causing broadening. The effects calculated here were underestimated, both in
shift and broadening. We just shortly discuss these findings in the following two points,
details can be found in Ref. [49].
Lineshift from density effects
In the classical approach, all possible configurations of the surrounding were taken into
account by using phase space probability distributions. The shift ∆E0 of a transition
between states |ii → |f i can be extimated using the difference in the pairwise potentials
in the initial and final states, Vf (r) − Vi (r) (Fig. B.5), and the ρ(r) averaged phase-space
distribution of the He atoms:
Z
∆E0 = d3 rρ(r) [Vf (r) − Vi (r)]
(B.13)

pairwise potential [meV]

In the classical model the trajectory can be written as a function Rb (t), which is a path
with impact parameter b. In this case ρ(r) can be calculated as the time-averaged presence
of another atom, averaging over the Maxwell-distributed sample and curvilinear impact
trajectories.
There are no physical paths in superfluid helium that could be calculated easily. We can
try to take into account the time-averaged presence of the surrounding atoms by using the
g(r) isotropic radial distribution function, obtained from neutron scattering experiments. It
describes the probability of finding another atom located at r distance, and it is dependent
on the temperature (density). Fig. B.5 shows the shape of the g(r) distributions at two
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Figure B.5: From [49]. State-dependent pair potentials (Vi , Vf ) and their difference ∆V
for the (39, 35) → (38, 34) resonance, together with the temperature-dependent radial
distribution functions g(r, T )
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different temperatures, both describing the highest probability of finding another atom at
∼ 3.3 Å distance.

For this calculations we have to assume that the immediate environment of the pHe+
atoms is the same as for other He atoms, which seems to be true when the antiproton is
residing in near circular states (` ∼ n − 1), where the shape of the pairwise potential is
dominantly defined by the electron, and a level change does not cause a large difference in
the radius.
The calculated lineshift using the above potentials are shown on Fig. B.6 for reference,
together with the experimental data. Predicted shifts were 25 − 30 GHz smaller than
measured ones. In superfluid, an oscillating shift was predicted, but a monotonous shift
was measured in the given temperature range.
It is understandable phenomenologically that the shifts are underestimated with this
approach, as it does not take into account the actual dynamics, meaning the way how these
radial distributions are created. Intuitively trajectories that approach very close for a very
short time perturb the system more strongly, but does not appear as high probability in
the radial distribution. Calculation of collisional linewidths were already ambiguous using
the same models with classical trajectories in cold gas [46], therefore there was no attempt
for the same estimations in liquid.
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Figure B.6: Calculated lineshift of Adamczak (triangles) from [49], compared to the experimental data of the (39, 35) → (38, 34) transition at 597 nm in liquid (filled circles)
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Resonant absorption and emission of phonons
The possible changes in the linewidth were estimated by Adamczak [49], assuming that
thepHe+ atoms interacting with the surrounding “quantum gas” of thermal excitations by
creating and absorbing quasiparticles resonantly with the given transition. The formalism
used here was the van Hove scattering formula; this was applied before mostly on the
resonant absorption of X-rays by a nucleus, in discussion for Mössbauer spectroscopy.
The picture was used in the following way: a quasiparticle can be exchanged (emitted
or absorbed) if its energy (~ω) together with the photon’s energy (Eph ) is adding up to the
resonance energy (E0 ) of the atomic transition. In this case the energy and the momentum
deposited to the target is
~ω = Eph − E0 ,
~q = pph .

(B.14)
(B.15)

Here p is denoting the absolute value of the photon momentum vector. These characteristic
momentum transfers in case of the antiprotonic helium atoms are, using the resonant
wavelenght of λ0 can resonantly exchange a quasiparticle of the same momenta from the
thermal excitations:
−1

q = pph /~ = 2π/λ0 ≈ 0.00087 Å

(B.16)

where λ0 ≈ 726 nm was substituted; to the transition at λ0 ≈ 597 the momentum transfer
−1
of about q = 0.0011 Å applies. In this very low momentum region the only available
excitations are sound phonons. They have a well known linear dispersion relation of
ωpho = cs · qpho

(B.17)
+

in which c is the velocity of sound. The interaction of a photon with a p4 He atom can
lead to the simultaneous creation and absorption of phonons with an energy of Epho =
~cq = cp = hc/λ. The energy coming from the absorbed or emitted phonons then added
to the energy of the transition, and broadened the resonance line.
The cross section for such an energy exchange with the thermal phonons can be calculated using response functions deduced from deep inelastic neutron scattering experiments.
A
d2 σ
≡ σa (E) = Si (q, ω)
(B.18)
dΩdE abs
~
where Si (q, ω) is the single particle response function. When the Γn natural width of the
resonance is sufficiently narrow, it can be simplified to
σa (E) = Aδ(E − E0 )

(B.19)

where A is the resonance amplitude originating from structural properties. Taking the
single particle response function from neutron-scattering experimental data, and the known

B. Discussions on the superfluid helium experiment
Laser induced annihilations [arb. u.]

158
0.01
0.0075

Exp data
Voigt + phonon split
Line centers

0.005
0.0025
0
412790

412792

412795 412798
Frequency [GHz]

412800

412802

Figure B.7: The most narrow measured experimental transition at 1.75 K in (37, 35) →
(38, 34) at 726 nm in liquid (circles), and a scaled multi-Voigt profile assuming the phonons
split the lines by ±0.32 GHz. Phonon-shifted and unshifted line centers indicated by red
triangles.

populations of phonons following the Bose statistics, the cross section of such events were
estimated. It was found that single-phonon exchanges will dominate such a process; the
resonance lines were approximated therefore to split due to the phonon absorptions into
two lines with the offset of Epho and −Epho corresponding to the emission and absorption
of a single phonon. This meant a ca. ±0.4 GHz split in the wavelengths of our interest.
Additional broadening is expected on all the split lines due to the finite width of the
phonon resonances, which was estimated to be about 0.1 − 0.18 GHz in the temperature
region of our interest. We have to mention that all the values on the phonon dispersion
(density, speed of sound and the width) and the response function itself was extrapolated
to get this data, as the lowest momentum exchange measured by neutron scattering were
−1
about two orders of magnitude higher than the momentums (q = 0.0011 Å ) corresponding to this exchange. As the spectra of the lowest energy phonons is continuous at the
phase transition, no visible change in the linewidth was expected [49].
The 0.8 GHz split and the ∼0.2 GHz broadening on each lines is plotted as a reference
on Fig. B.7, overlayed on our most narrow data taken in superfluid helium. A Gaussian
width of 0.4 GHz was also assumed. Although the observed FWHMs around this value are
similar, the lineshapes did not fit well. Also, at other temperatures the linewidths were
larger than these predicted values; as the lowest momentum phonons do not show much
change at the phase transition, it was expected that the linewidth will not change either.
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Possible effects of the dynamics

We can assume from the points above that the main cause for the linewidth, and some good
part of the lineshift in the liquid is due to individual collisions, as collective effects were
underestimating both of these values. It is therefore very hard to make any statements,
+
as the measured microscopic quantities are limited, and in fact, p4 He is the first neutral
atomic probe to observe any changes at the superfluid phase transition. We can still try to
imagine how do collisions work in this matter, and just point out a few possible explanations
what the measured linewidths might be or might not be, using macroscopically measurable
quantities. A few such effects are discussed below, where we assume that the pHe+ atoms
are thermalized in their environment.
Temperature dependance of the excitations

Number density [1/cm3 ]

In a naive picture already discussed at the beginning of the chapter, when there are more
available excitations, one can assume more energetically possible interactions with them,
which can result in larger atomic linewidths. If the pHe+ atom cannot create an excitation,
no ”collision” happens, and the atom can travel longer distances unperturbed.
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Figure B.8: Left: The energy (top) and the width (bottom) of the low-momentum phonon
excitations, and (right) the number density of the phonons and rotons in the two liquid,
data from [60]
The temperature dependance of the number and energy distribution of the elementary excitations in liquid helium were studied with neutron scattering, by measuring the
scattered peak intensity and width at different scattering angles (different momentum).
The general trend was seen that the number of this available thermal excitations dropping
with the temperature (Fig. B.2, left). At higher temperatures the width of the thermal
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excitation is also larger. There are some changes at the phase transition; for example, the
width of higher momentum phonons tends to drop sharply (Fig. B.8, left, bottom). The
peak corresponding to roton excitations abruptly appears around the phase transition, but
their number is sharply falling later with the temperature.
The above considerations might qualitatively explain the overall trend of the exponential drop in the width, and also the sudden drop at the phase transition. Although, it does
not account for the observed increase in the width at low temperatures.
Macroscopic viscosity
Viscosity is arising from the drag force that caused by the interaction of the normal fluid
component with the immersed target in motion or the containing walls. To the first approximation, when the flow is laminar, this drag or dissipation in superfluid helium is caused
microscopically by “collisions”, meaning all kind of processes that result in pushing away
atoms from their original position, associated by the investment of considerable elementary
excitations.
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Figure B.9: Viscosity of liquid helium as a function of temperature, superimposed to the
linewidth data of the 726-nm-transition for illustration
If we do not take effects connected to fluid dynamics (turbulence, non-laminar flow),
larger viscosity can be seen as larger collision frequencies or stronger interactions during
collisions - the latter is being more important in case of liquids which have longer interaction
times. In liquids the viscosity is normally increasing with the decreasing temperature as
collisions will take more time. The empirical model
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(B.20)

provides frequently a good fit on the experimental data concerning the temperature dependence of viscosity ν(T ). On the other hand, in gases the collision frequency is the
most important√factor, and therefore in a crude approximation its increasing with the
temperature as T .
Models originating from atomic motions even for normal fluids and gases are complicated, but measurements can be carried out relatively easily using moving (drifting or
resonating) objects. The macroscopic drag force created by atomic interactions can damp
movements, or change the effective mass of the immersed body due to the normal fluid fraction that was dragged along. These effects were measured since many decades by e.g. the
frequency change and dumping of disc oscillators (Couette viscometers, Andronikashvili
experiment [91]), vibrating strings and torsional oscillators (Details and references in [60],
p. 1256).
The measured dependance of the viscosity on temperature itself has a curious shape,
shown in Fig. B.9 with the red curve (reprinted from [57] and [60]). The viscosity in the
superfluid regime drops quickly, and then increases after a minimum of around 1.8 K; the
position of this minimum is actually close to with the measured minimum in the width of
+
the p4 He spectral lines. Measurement data of the (n, `) = (37, 35) → (38, 34) transition
are superimposed, just for illustration.
The crude explanation of this shape with the minimum is that viscosity arises in the
normal fluid component only; after crossing the λ-point, with the decreasing temperature
the partial density of the normal fluid is falling sharply in the beginning (see Fig. B.10),
but its viscosity increase takes over more strongly strongly for awhile. Somewhere below
∼ 0.9 K (not shown by this curve) the normal fluid component becomes negligible, and
after a large peak the viscosity drops to zero.
We do not mean to assume much by this simple fact, since it would be hard to prove that
the drag on a macroscopic object has something in common with the nature of collisions
with a small object, like our atom. The dynamics would be very different in case of normal
fluids, but since we are talking about a quantum liquid, microscopic effects might have
very similar macroscopic manifestation. Interacting with the normal fluid (phonons and
rotons) using differently sized objects gave similar results, like the microscopic appearance
of the Landau critical velocity when measuring the mobility of few-Angstrom-sized electron
bubbles [42].
The result of such viscosity measurements can be indeed verified using small viscosimeters too. In one of the experiments a magnetic microsphere with R = 100 µm radius
was levitated in the middle of a superfluid condensate, in between the plates of a superconductive niobium capacitor. Vertical vibrations of this ball could be excited and detected
by the modulating currents on the capacitor, and the drag on the ball was measured at
different temperatures [94].
Using small enough amplitudes (and velocities) assumptions of laminar flow seemed
to be valid, posing a damping force linear to the velocities as Ff = λv, where λ is the
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Figure B.10: Fraction of the superfluid (ρs /ρ) and normal fluid (ρn /ρ) components in
superfluid helium, data from HEPAK [57]
so-called drag coefficient. The measured drag coefficients from this experiment are shown
in the upper left image of Fig. B.11. The coefficient showed a minimum value around 1 K
(independently from the excitation frequency), and a sharp maximum around 0.7 K.
When there is a reasonable fraction of normal fluid, the drag coefficient could be expressed using Stoke’s solution applied on a small, oscillating ball with a radius R:


R
λ = 6πηn R 1 +
(B.21)
δ
where ηn is the viscosity of the normal fluid component, and δ is the so-called penetration
depth of the normal fluid viscosity at the resonance frequency f = ω/2π:
r
2ηn
(B.22)
δ=
ρn ω
This solution is valid at high temperatures, but below ∼ 1 K δ diverges because of the
rapidly increasing viscosity and the vanishing ρn superfluid density; the curve above 0.7 K
is plotted on the experimental parameters of f = 237 and 489 Hz with a black solid line.
Below this limit the hydrostatic equations do not apply; but sufficiently far from the phase
transition (T < 1.1 K), we can handle the excitations as a dilute gas of quasiparticles;
the major contribution to the drag is expected to come from a simple ballistic scattering
of phonons and rotons on the subject, assumed being a hard ball with a cross section of
σ = πR2 .
The sum of these phonon and roton scattering will create the sharp drop measured
at T < 0.8 K. It is not very clear where the two regimes take over each other, but just
for the sake of argument, we can check what happens in the first, ”hydrostatic limit”
at the relatively high temperatures, as we made the measurement here. Decreasing the
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Figure B.11: Top left: drag measured on an oscillating microsphere of R = 100 µm radius
in superfluid helium, and the theoretical model (solid lines) describing the interaction as
ballistic scattering of rotons (T < 0.7 K) and drag from classical fluids and laminar flow
(T > 0.7 K) from [94]. The other three colored curves are the theoretical drag from
laminar flow obeying the Stokes’ formula, using different radii spheres; the red curve shows
the extrapolated drag on a hard ball, of the effective radius of the pHe+ atom (2.2 Å).
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size of the ball will result in the minimum in the Stokes’ solution shifting towards higher
temperatures, and being demonstrated with three plots in Fig. B.11.
+
Using the most simple picture the p4 He atoms are enclosed in a spherical potential of
the size of the interatomic distances (∼ 3.3 Å), where the walls are defined by the pairwise
potentials. Such pictures are not very accurate with helium at saturated vapor pressure,
but in any case we can assume the antiprotonic helium atoms carry out some kind of
oscillations around a (maybe delocalized) potential minimum.
+
We can then try to model the p4 He atom as a hard sphere of ∼ 2.2 Å radius, which is
defined by the strong repulsion force in the pHe+ -He pair potential, and apply the above
model on a sphere of such size. The result is shown on on the last tab of Fig. B.11 (red
curve); not hard to see from the formula as well that in case of a small radius the expression
will scale with the viscosity2 linearly, and creating a minimum in the drag coefficient at
about the same temperature as the minimum measured in linewidth.
In normal fluid the viscosity measurements deviate from our measured data, but it is
even harder to make a comparison; in normal fluid, turbulence effects are known to set in
at much lower energies and velocities [70], decreasing the effective viscosity measured with
large objects. And of course we cannot claim that there are correlations between drags
measured on micrometer-sized ball, and the “strength” of collisional perturbations on an
Angstrom-sized “ball” (our pHe+ atom) which would cause the broadening of the lines;
the shared minimum in temperature might be easily just a mere coincidence.
Dicke narrowing
One of the known reasons of narrowing effects in higher density media is the so-called
Dicke-narrowing or collisional narrowing [95]. The most important point in this for our
analysis is that it acts on the Doppler broadened spectra, which, in our case, is the smaller
constituent of the width.
Dicke narrowing might be explained by a simple picture: we assume the upper state
lifetime of the transition is long compared to the time between collisions (the velocity of the
atomic oscillator is frequently altered). If the radiating atom is closed in a potential well
with a length a defined by the neighboring atoms, moving by velocity v, the wave emitted
by the atom is frequency modulated with the various harmonics of the oscillation frequency
in the square well. Sidebands will appear next to the non-Doppler shifted frequency, spaced
by the integer multiples of a/λ, where λ is the photon wavelength. For (a > λ/2) atomic
distances, the intensity of the emitted lines will group around ν0 (1 − v/c) and ν0 (1 + v/c),
the Doppler-shifted frequencies. For (a < λ/2), a strong and sharp line can appear in the
center, at the unshifted frequency ν0 , from the constructive interference of these lines.
Naively therefore, if the atom changes direction frequently within a distance smaller
than the half-wavelength of the emitted radiation, the effects of the motion will be canceled
out by interference. For this to be a significant (visible) effect, the following conditions
have to be satisfied:
2

The viscosity data in this calculation originating from macroscopic experiments [60]
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1. phase-changing (elastic) collisions have to take place at a high rate, compared to the
Rabi frequency
2. the Doppler width has to be larger than the pressure broadened width of the atom,
and the zero-point motion should be insignificant.
3. the mean free path has to be smaller than the wavelength of the atomic transition.
If these assumptions are valid, narrowing effect coming from the decrease in the Doppler
effect will become visible for certain densities. Above this densities usually the pressure
broadening effects will be overwhelming, and the line will show broadening again.
However the phenomenon of sudden narrowing and broadening is agreeing with our
results, the validity of the points does not seem to be correct, especially number 2. The
measured lineshapes appear purely Lorentzian; the Gaussian width is originating almost
exclusively from the zero-point oscillations. The Doppler width was in any case small in all
estimates (< 0.4 GHz), almost zero in all high-statistics fit. Compared to this the observed
magnitude of the narrowing (∆Γ ∼ 1.5 − 2 GHz) of the lines are large.
Points 1. and 3. are concerning the collision rate and the mean free path is hard to
estimate too. Superfluid helium is unlike a crystal with well-localized atoms. Neutron
scattering experiments showed that while the distance to the nearest neighbor is very well
defined, there is a large delocalization of the atoms at large distances. The mean free
path and collision rates possibly have to be determined in terms of an interaction with the
quantum gas of excitations, and not with the background of the actual atoms.
Resonances in an Einstein solid
We saw that the zero-point energy constitutes most of the kinetic energy of the superfluid
helium atoms, creating a broad Maxwell-Boltzmann distribution around Ek = 15 K kinetic
energies. A small (∼ 10 % at 0 K) percentage of the liquid however was found to occupy
coherently the p = 0 momentum state, the atoms being delocalized in the whole liquid.
This macroscopic number of atoms occupying the (strongly interacting) ground state is
the true condensate, which, by no means, is equal to the superfluid faction of the liquid.
Several models were set up to explain the full momentum distribution with microscopic
models, like the idea of individual quantum-oscillators (Einstein oscillator model) closed
in spherical wells created by the vicinity of the neighboring atoms [96]. Such models can
explain some of the observed macroscopic phenomena, mainly at higher temperatures and
densities when “confinement” is closer to the classical picture.
It is in any case reasonable to suggest that atoms have a collective, harmonic motion in
the superfluid, where part of them (the superfluid fraction) moves coherently, and others
might have some long-scale correlations in the phases. The frequency of these motions are
dependent on the temperature and density. A propagating change in the phase of many
atoms can be attributed to propagating sound waves and other transport properties [70].
When we place the antiprotonic helium into such an environment, the first obvious thing
is that it cannot participate automatically in the coherent motions. Since its wavefunction

166

B. Discussions on the superfluid helium experiment

is different, it is distinguishable from the other bosons. Still, if we assume it does not
create a local defect, we can assume from the pairwise interactions that it experiences
similar potentials than other atoms in its immediate environment. It might try to follow
the harmonic motion of the surrounding, but there is one other important difference: the
mass.
If we imagine the surrounding as a rigid resonator - as a macroscopic wavefunction has
a large effective mass - the antiprotonic helium cannot change the oscillation of the whole
block, just react to the bulk motion.
The minimum measured in the width and the resonance-like behavior might suggest
that for certain temperatures the oscillation of the surrounding can match with one mode
of the oscillations for pHe+ atoms. Meaning that instead of being “shaked” from one
potential wall to the other, and participating in strong collisions, it moves together with
the neighboring atoms.
A classical toy model does not seem to support numerically such an assumption, and
a full quantum-mechanical treatment is beyond the scope of the present report. There is
+
however a method to examine the motion of the p4 He as an impurity in liquid helium and
maybe search for such resonances, with the help of path-integral Monte Carlo simulations
[47], such possibilities are under discussion.
Trapping in vortex lines
Vortex lines are holes in the superfluid [40], around which the flow of the liquid has quantized velocities (Appendix B). They are present as thermal excitations in the superfluid at
higher temperatures, and their interaction is thought to be the cause of the phase transition to normal fluid [70]. Inside the vortex, there is vacuum, with a diameter of several
Angstroms.
An interesting and well studied phenomena is the trapping of ions in superfluid vortex
lines. One can create well defined vortices by a rotating bucket, and study the mobility
- average velocities - of injected ions under electric fields with changing strength. It was
observed that by increasing the voltage, at certain critical values the average velocity is
dropping, then increased again at higher voltages [97]. Some of these average velocities
measured at different temperatures are shown on Fig. B.12.
The phenomena was explained as the trapping of ions in vortex lines, and the different
trapping times. These times are strongly dependent on the velocity of the ions, as it has
to cross the barrier - once from the outside, once from the inside. Too low velocities will
not result in trapping, too high ones make the trapping time short.
Such trapping can happen under normal thermal motions as well [97], interacting with
thermal vortices, but no such data is known for neutral impurities. Still, it might be
+
possible that p4 He atoms at certain thermal velocities are being trapped in the vacuum
of the vortex lines, causing the characteristic change in the linewidth in the superfluid
region. On the other hand, it is not very clear how the vortex walls - being a potential
barrier - would effect the antiprotonic helium resonances in this case.

B.3 Neutron scattering, the dynamic structure factor

167

Figure B.12: Mean velocities of positive ions under the effect of external electric field [97],
different symbols corresponding to different temperatures, in the range of 0.5-1.3 K shown
on top of the curves.

B.3

Neutron scattering, the dynamic structure factor

During the discussions about excitations and structural properties of helium, we referred to
neutron scattering experiments as a useful method to reveal collective microscopic information. We shortly describe here the formulas that are used in practice to gain structural
and dynamical properties of the target by measuring the energy and spatial distributions
of the scattered particles. The details of such calculations can be found in textbooks like
Ref. [98], here we just highlight a few points following those.
We assume the neutrons are propagating in plane wave to the target, and scatter in
some angle and energy with changing intensities. The energy spectrum of the scattered
wave in different directions is measured usually with the means of an array of detectors
covering a large solid angle around the scattering object.
The information we can gain from a scattering system is the partial differential cross
section:
d2 σ
dΩdEf

(B.23)

which is proportional to the number of particles scattered by unit time into a solid angle
dΩ, with and energy within dEf within about Ef , the energy of the scattered particle in
the final state. The aim is usually to express this measurable cross section in terms of
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density-distribution functions relevant to the internal structure of the scattering object,
and compare different models or fit the unknown parameters.
Several microscopic features can be revealed in such manners: for example the most
important static features, like the average distance between the neighboring atoms, and
dynamic features, like the momentum distribution of the target atoms, or the dispersion
relation of the excitations in the matter.
Very frequently neutrons are excellent projectiles for such investigations. They are
neutral, therefore electrostatic interactions with atomic electrons will not play much role.
For the incoming neutrons most target appears to be a set of hard ”balls” on which they
scatter while exchanging energy and momenta.
Taking the effect of the scatterer as a perturbation on the incoming wave, and the
scattering atoms as sources of spherical waves, Born introduced an expansion series which
connects the internal structure of the scatterer to the scattering cross sections via pairdistribution functions.
In many of these scattering problems we assume that the incoming particles are interacting weakly with the scattering system, and we completely neglect final state interactions.
In this case the first term in Born’s expansion can be used as an approximation.
To carry out this task for a large range of neutron energies, Van Hove introduced a
generalized pair-distribution function g(r, t) in space and time [99] which can be brought
in direct contact to the measured differential cross section. This function g(r, t) describes
the correlation between the presence of a particle in position and time of (r + r0 ), (t + t0 ),
and presence of another one at r, t, averaged over all r0 . In a classical system it simply
describes the average density distribution at a time (t0 + t) seen from a point where the
particle has been at t0 .
Assuming a plane wave of the incident particles, with a particle mass m, initial wave
vector (ki ) and energy Ei , scattering into a final state described by (kf ) and Ef , around a
solid angle dΩ. The change in energy and momenta of these states is imported deposited
to the scattering system:
Ei − Ef = ~ω
ki − kf = ~q

(B.24)
(B.25)

and, consequently, ~ω = ~2 (k2i − k2f )/2m is the energy transfer described by the wave
vectors. If the particle in the material is at position r, the interaction with the scatterer
can be written in the form of:
Z
A(r0 )V (r0 − r)d3 r0
(B.26)
where A(r) is a simplified form of a density function, and V (r) is the interaction potential,
depending only on the distance. In case of neutrons scattering on nuclei placed in rl
positions the density function takes the form of a sum of delta-functions, nonzero only at
the rj the position of the nuclei:
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A(r) =

N
X
j=1

δ(r − rj )
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(B.27)

and the interaction potential in neutron-scattering also has some pointlike properties:
V (r − r0 ) =

2π~2
bδ(r − r0 )
2m

(B.28)

where b is the scattering length. The differential cross section of such scattering can be
given by the first Born approximation:
X X
kf m2
d2 σ
2
=
|V
(q)|
pn
|hn | A(q) | mi|2 δ(En − Em + ~ω)
2
4
dΩdEf
ki 4π ~
n
m

(B.29)

where |ni denotes a true eigenstate of the system with energy En , pn is the probability for
being in state |ni, A(q) and V (q) are the Fourier transformation of A(r) and V (r):
Z
V (q) =
A(q) =

V (r)e−iq·r d3 r ∼ b

N Z
X
j=1

(B.30)

−iq·r 3

δ(r − rj )e

dr=

N
X

e−iq·rj

(B.31)

j=1

We can separate the parts that involve the coordinates of the system and write the cross
section as:
d2 σ
= BS(q, ω)
dΩdEf

(B.32)

where
kf m2
|V (q)|2
2
4
ki 4π ~
X X
S(q, ω) =
pn
|hn | A(q) | mi|2 δ(En − Em + ~ω)
B=

n

(B.33)
(B.34)

m

Here B depends only on the properties of the individual particles due to the interaction
term V (q). The other physically important term S(q, ω) is called the dynamic structure
factor, which is completely independent from the mass and energy of the scattered particle
and the interaction potential for a given energy and momentum transfer, it contains the
pure scattering properties of the system.
In the static approximation, where the energy transfer assumed to be very small compared to the incident energy, the differential cross section is the Fourier transform over r of

170

B. Discussions on the superfluid helium experiment

the pair correlation function. It is assumed to exist a generalized pair correlation function
g(r, t) where its Fourier transfer over the space and time coordinates gives the dynamic
structure factor:
Z
1
S(q, ω) ≡
ei(q·r−ωt) g(r, t)drdt
2π
Z
1
g(r, t) =
ei(ωt−q·r) S(q, ω)dqdω
(2π)3

(B.35)
(B.36)

where the above two are equivalent expressions. We can now use the integral representation
of the delta function, and bringing out 1~ in front of the integral
Z ∞
1
ei(En −Em +~ω)t/~ dt
(B.37)
δ(En − Em + ~ω) =
2π~ −∞
Using Eq. B.34 and B.31 we get
N

1 X XX
S(q, ω) =
pn
2π~ n
m l,j=1

Z

∞

n e−iqrl m eiEn t/~

−∞

· m eiqrj n e−iEm t/~ · eiωt dt

(B.38)

P
We use the notation of the statistical
averages
of
individual
states
n pn hn | . . . | ni by
P
simply h. . .i and using the fact that m |mi hm| = I is the identity operator in the above
expression. We can apply another notation for
A(q, t) = e

iHt

−iHt

A(q)e

=

N
X

eiHt e−iq·rj e−iHt

(B.39)

j=1

which is the time-dependent operator in the Heisenberg picture, and H is the Hamiltonian
of the system. With these modifications we reach the Van Hove scattering formula:
Z
kf  m 2 |V (q)|2 ∞
d2 σ
=
hA(q, t)A(−q, 0)i eiωt dt
dΩdEf
ki 2π~2
2π~
−∞

(B.40)

where the integral is effectively the dynamic structure factor in this picture, which, written
in the time domain:

S(q, ω) ∼

Z

∞

−∞

iωt

hA(q, t)A(−q, 0)i e

Z
dt =

∞

−∞

Z
dt

hA(r1 , t)A(r2 , 0)i eiωt−q(r1 −r2 ) dr1 dr2

(B.41)
where hA(r1 , t)A(r2 , 0)i is the a space and time dependent pair correlation function, which
is the important physical information of the material we can gain from such considerations.

Appendix C
Figures and fits for the superfluid
experiment
The fits presented here were parametrized Voigt functions with fixed small Gaussian widths
to the Doppler width (∼ 0.35 GHz) coming from the zero-point oscillation, as discussed
in Section 3.10. The overall result does not change much by the choice of the fit function,
only by small offsets appearing in the width when fitting narrow lines.
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Figure C.1: Shift of the 726 nm (37, 35) → (38, 34) transition as a function of the liquid
helium temperature, compared to the theoretical center.
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Figure C.2: Width of the 726 nm (37, 35) → (38, 34) transition as a function of the liquid
helium density.
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Figure C.5: The (37, 35) → (38, 34) transition (726 nm), all fits
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Appendix D
The experiments in pictures
(a)

Antiproton
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Control / power
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(b)

Cryostat

Target filling
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Indium
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Chimney

OFHC Cu
4-port chamber

Cold pot &
level meter

3-mm-thin
flat bottom

Figure D.1: (a) The cryostat for the precision experiment in its final position in the antiproton beamline. (b) The target chamber before being connected to the chimney, with the
gas filling tube already connected and the level meter wired
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Figure D.2: Superfluid helium experiment, CERN AD.
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Figure D.3: Pionic helium experiment, PSI.
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a

b

b
c

d
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f

g

Figure D.4: Position sensitive detector development. (a) Extruded scintillators with holes
(b) cast scintillators with machined U-shaped grooves, (c) WLS fibers, (d-e) MPPC detectors and readout boards, (f-g) one of the assembled tracker detectors.
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[1] M. Hori, A. Sótér, D. Barna, A. Dax, R. Hayano, S. Friedreich, B. Juhász, T. Pask,
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Narrowing of antiprtonic helium lines in superfluid helium, Article in preparation .
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scintillation detectors with silicon photomultiplier readout for measuring antiproton
annihilations, Review of Scientific Instruments 85(2), 023302 (2014).
[6] S. G. Karshenboim, Precision physics of simple atoms: QED tests, nuclear structure
and fundamental constants, Physics reports 422(1), 1–63 (2005).
[7] K. P. Jungmann, Precision Muonium Spectroscopy, arXiv preprint arXiv:1603.01195
(2016).
[8] D. Cooke, P. Crivelli, J. Alnis, A. Antognini, B. Brown, S. Friedreich, A. Gabard,
T. Haensch, K. Kirch, A. Rubbia, et al., Observation of positronium annihilation in
the 2S state: towards a new measurement of the 1S-2S transition frequency, Hyperfine
Interactions 233(1-3), 67–73 (2015).
[9] R. Pohl, A. Antognini, F. Nez, F. D. Amaro, F. Biraben, J. M. Cardoso, D. S. Covita,
A. Dax, S. Dhawan, L. M. Fernandes, et al., The size of the proton, Nature 466(7303),
213–216 (2010).

184

BIBLIOGRAPHY

[10] A. Antognini, F. Nez, K. Schuhmann, F. D. Amaro, F. Biraben, J. M. Cardoso,
D. S. Covita, A. Dax, S. Dhawan, M. Diepold, et al., Proton structure from the
measurement of 2S-2P transition frequencies of muonic hydrogen, Science 339(6118),
417–420 (2013).
[11] K. Olive et al., Review of Particle Physics, Chin.Phys. C38, 090001 (2014).
[12] G. Backenstoss, Pionic atoms, Annual Review of Nuclear Science 20(1), 467–508
(1970).
[13] T. Yamazaki, S. Hirenzaki, R. S. Hayano, and H. Toki, Deeply bound pionic states in
heavy nuclei, Physics Reports 514(1), 1–87 (2012).
[14] K. Suzuki, M. Fujita, H. Geissel, H. Gilg, A. Gillitzer, R. Hayano, S. Hirenzaki,
K. Itahashi, M. Iwasaki, P. Kienle, et al., Precision Spectroscopy of Pionic 1 s States
of Sn Nuclei and Evidence for Partial Restoration of Chiral Symmetry in the Nuclear
Medium, Physical review letters 92(7), 072302 (2004).
[15] M. Hennebach, D. Anagnostopoulos, A. Dax, H. Fuhrmann, D. Gotta, A. Gruber,
A. Hirtl, P. Indelicato, Y.-W. Liu, B. Manil, et al., Hadronic shift in pionic hydrogen,
The European Physical Journal A 50(12), 1–10 (2014).
[16] T. Strauch, F. Amaro, D. Anagnostopoulos, P. Bühler, D. Covita, H. Gorke, D. Gotta,
A. Gruber, A. Hirtl, P. Indelicato, et al., Pionic deuterium, The European Physical
Journal A 47(7), 1–19 (2011).
[17] M. Bazzi, G. Beer, L. Bombelli, A. Bragadireanu, M. Cargnelli, G. Corradi,
C. Curceanu, C. Fiorini, T. Frizzi, F. Ghio, et al., A new measurement of kaonic
hydrogen X-rays, Physics Letters B 704(3), 113–117 (2011).
[18] G. Andresen, M. Ashkezari, M. Baquero-Ruiz, W. Bertsche, P. D. Bowe, E. Butler,
C. Cesar, S. Chapman, M. Charlton, A. Deller, et al., Trapped antihydrogen, Nature
468(7324), 673–676 (2010).
[19] M. Amoretti, C. Amsler, G. Bonomi, A. Bouchta, P. Bowe, C. Carraro, C. Cesar,
M. Charlton, M. Collier, M. Doser, et al., Production and detection of cold antihydrogen atoms, Nature 419(6906), 456–459 (2002).
[20] G. Gabrielse, N. Bowden, P. Oxley, A. Speck, C. Storry, J. Tan, M. Wessels,
D. Grzonka, W. Oelert, G. Schepers, et al., Background-free observation of cold antihydrogen with field-ionization analysis of its states, Physical Review Letters 89(21),
213401 (2002).
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H. Torii, B. Juhász, D. Horváth, et al., Sub-ppm laser spectroscopy of antiprotonic
helium and a CPT-violation limit on the antiprotonic charge and mass, Physical
Review Letters 87(9), 093401 (2001).
[84] A. Pla-Dalmau, A. D. Bross, and K. L. Mellott, Extruded plastic scintillation detectors, Nucl. Instrum. Methods Phys. Res. A 466, 482.
[85] A. Pla-Dalmau, A. D. Bross, and V. V. Rykalin, Extruded plastic scintillation detectors, arXiv preprint physics/9904004 (1999).
[86] H. Kawamuko et al., PoS PD07, 043 (2007).
[87] V. Balagura et al., Nucl. Instrum. Methods Phys. Res. A 564, 590 (2006).
[88] A. Pla-Dalmau, A. D. Bross, and K. L. Mellott, Extruded plastic scintillation detectors, arXiv preprint physics/9904004 (1999).
[89] H. R. Glyde, Excitations in liquid and solid helium, Clarendon Press Oxford, 1994.
[90] L. Tisza, The Theory of Liquid Helium, Phys. Rev. 72, 838–854 (Nov 1947).

190
[91] E. Andronikashvili, A direct observation of two kinds of motion in helium II, Journal
of Physics, USSR 10, 201 (1946).
[92] L. Landau, The theory of superfluidity of helium II, J. Phys 5(1), 71–90 (1941).
[93] T. Sosnick, W. Snow, P. Sokol, and R. Silver, Momentum distributions in liquid 4He,
EPL (Europhysics Letters) 9(7), 707 (1989).
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jutottam volna el idáig! X
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