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Abstract

The surprising existence of long-living metastable states in neutral antiprotonic helium
“atom-molecule”, or “atomcule” (pHe™) was first demonstrated in 1991 at an experiment
at KEK. Since then this metastability has been studied in further experiments by the
KEK group with additional European collaboration at CERN. We have so far found
13 resonant transitions among high-n, high-I metastable states of the pHe™ atomcule by
the method of laser-induced annihilation spectroscopy. The observed transition energies
showed excellent agreement with theoretical calculations, and thus established the level
structures of this exotic atomcule.

In the meantime we observed that the central frequency of the resonances shifted and
broadened with density, and systematically studied this phenomenon. High-resolution
laser spectroscopy was performed in helium media of 0.2-8.0 bar at 5.8-6.3 K and 15.2 K,
for two of the discovered transitions (n,[) = (39,35) = (38,34) and (37,34) = (36, 33).
We have measured the density dependence and observed linear red shifts of 0.61+0.01 GHz
and 0.22 + 0.02 GHz per 1 g/{, for the respective transitions at 597 nm and 470 nm.
These results are qualitatively explained by a theoretical calculation based on the impact
approximation with a van der Waals type collisional interaction between the atomcule and
a helium atom, but certainly more elaborate theoretical work is needed for quantitative
discussion.

With the shift parameters above, the transition vacuum wavelengths were extrapolated
to zero-density limit, and these values were compared with recent theoretical calculations
on the energy of the Coulombic three-body system, including relativistic corrections and
the Lamb shift. The agreements between our experimental values and the calculations
are now as good as 2 x 1076, This already surpasses the currently known precision of p
Rydberg constant, and thus we have opened a new possibility of measuring fundamental

constants of the antiproton.
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Chapter 1

Introduction and Overview

1.1 History of Research on Long-living Exotic Helium

Atoms

It was a long-held belief that antiprotons, and more generally negative hadrons, would
annihilate by nuclear absorption with picosecond-scale lifetime when stopped in matter
[1,2]. This belief came into question when our former group fortuitously found in 1989
[3] in the course of their experiments at KEK* for a search of tHe hypernuclei [4], that
a fraction of negative kaons (K~) stopped in liquid helium target decayed freely with a
lifetime of 10.2 ns, which was very close to the intrinsic kaon lifetime of 12.4 ns. From
this measurement, they deduced that 3.540.7% of the K ’s escaped prompt annihilation
by being captured in a metastable state with a mean lifetime of 59 4+ 3 ns. Encouraged
by the discovery, they made a similar experiment for negative pions (7~) at TRIUMF!
and observed that 2.30 4 0.07% of them had a metastable lifetime of 10.1 + 0.2 ns [5].

It was natural, that the group then tried antiprotons (p), expecting a similar phe-
nomenon with this hadronic antiparticle. The antiproton was more suited for the lifetime
measurements of the metastable states, since it is a stable particle and thus there is no
limitation in the observation time, in contrast to the case of the K~ and 7~ in which the
measurement period was restricted by their decay lifetimes. They found in 1991 at KEK,
in favor of their expectation, that 3% of antiprotons stopped in helium survive with an

average lifetime of about 3 us* [6,7].

*KEK stands for the Japanese National Laboratory for High Energy Physics in Tsukuba. Kou-Enerugt
butsurigaku Kenkyuujo in Japanese.

TTRIUMF stands for the Canadian Tri-university Meson Factory located in Vancouver.
In recent experiments an average lifetime of 4 us has been achieved in pure gaseous helium target,

as shown in Figure 1.2, p. 4.
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This metastability was attributed to the formation of highly excited exotic helium
atoms — specifically antiprotonic helium atoms (p-He-e"= pHe™) in the case of the
antiproton — where the antiproton (or negative meson) has no overlap with the nucleus
and cannot therefore annihilate. This idea was already 30 years ago proposed by Condo
[8] and theoretically studied by Russell [9]. Actually, exotic atoms in themselves were well
known and many studies on the x-rays emitted from the 2p, 3p, 3d, etc. states of deeply
bound exotic atoms had been reported. There had however been no direct measurements
which proved the existence of such highly excited exotic atoms nor any concrete indication

of metastability.

—_ gt

pHe Atomcule
Figure 1.1: A schematic picture of a pHe™
atomcule, consisting of a helium nucleus

(He™™), an antiproton (p) and an electron

e (7). The p in a highly excited state moves
' ® 5 round the helium nucleus along a classical
4 orbit while the electron is in its 1s state,

which is however slightly polarized by the
repulsion of the p to the opposite side of the

helium nucleus.

The formation of the pHe™ atom takes place after the incident antiproton has reduced
its energy by ionizing surrounding atoms down to the ionization potential Iy = 24.6 eV
of a helium atom. The slow antiproton will then be captured® by the helium atom and
replace one of the bound electrons, forming a neutral three-body system consisting of a
helium nucleus, an antiproton, and the other electron (see Figure 1.1 and Color figure I).
The cross section for this atomic capture process is largest when the energy of the bound
electron and the antiproton match best, or in other words, when the wavefunction of
the electron overlaps most closely the orbital of the antiproton in the new system. This
condition gives a large principal quantum number n ~ ng = \/M*/me ~ 38% for the
antiproton [10], where M* denotes the reduced mass between the antiproton and the
helium nucleus, and me the electron mass. On the other hand, the electron is in the 1s
ground state with a small polarization in the opposite direction to the antiproton due to

the p—e™ repulsion. Among excited pHe™ atoms thus formed, those with a large angular

$Refer to Appendix A.1 for a more detailed explanation on the formation and thermalization of pHet
atoms.
Tno ~ 38 for p*He't atomcule while 37 for p3He™.
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momentum [ Sn—1(v=n—-101—1=0,1,2,...) in which the antiproton is trapped in a
nearly “circular” state, have been theoretically predicted to have long lifetimes of a few

microseconds, as will be explained in detail in Section 2.1.

This three-body system can be treated both as an atom and a molecule. If we pay
attention to the negative charge of the antiproton, the system is regarded as an atom in
which two negative particles orbit round the positive helium nucleus. On the other hand,
if we emphasize on the large mass of the antiproton and regard it as another core, then
the system is well described as a molecule where the electron cloud is distributed around
the two nuclei. Both these pictures describe different aspects of the antiprotonic helium,
therefore a new terminology “atomcule”, a compound word of atom!l and molecule**, was

created for this three-body system.

1.2 Delayed Annihilation of Antiprotonic Helium

Atomcules

In our successive experiments in 1992, the metastability of this atom was systematically
studied. Figure 1.2 shows a typical “delayed annihilation time spectrum” (DATS) of the
antiproton.t™ Most (97%) of the antiprotons annihilated promptly, but 3% survived for
an average lifetime of 4 ps. An important point is the shape of the DATS which is bent
downward when plotted in a semi-logarithmic scale. If the longevity were due to only
one metastable state, then the spectrum would decrease linearly on this scale. If several
states with different lifetimes contributed to the delayed annihilation independently of
each other, then the spectrum would be bent toward the opposite side. The observed
downward-bent shape can be explained in a cascade model, in which the p’s are transferred
through several metastable states in one or more decay chain(s) before they annihilate;

an analogy to the decay of radioactive isotopes in nuclear physics.

The observation of these DATS reported in [11-13] thus supported the cascade mecha-
nism, but the inclusive information of the longevity alone was not yet firm evidence for the
formation of the metastable antiprotonic helium atomcules. The pursuit of more direct
and conclusive information tempted us to attempt laser spectroscopy of this atomcule in
1993, in order to clarify not only its level structures but also its formation and the cascade

mechanisms.

IThe word “atom” derives from a Greek word “4ropos” < a- + témnein + -os, meaning something

which can not be cut or divided.

4

**The word “molecule” derives from a Latin word “mole” plus a suffix “-cule”, meaning a small lump.

tThe spectrum presented in Figure 1.2 was actually obtained in 1994.
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Figure 1.2: A time spectrum of the p annihilation in pure helium gas at 4 K
and 400 mb shows that 3% of the antiprotons live for a mean lifetime of 4 yus.
This long life is ascribed to the formation of high-n, high-l metastable states

of pHet atomcules. The total number of incident P is normalized to unity.

1.3 Achievements by Laser Spectroscopy

A series of laser spectroscopy experiments in 1993-1996 turned out to be a great
success. In 1993 we celebrated our first discovery of a theoretically expected resonant
transition after a long search, and the second resonance was found in the following year.
In 1995, a new theoretical calculation provided an accurate prediction of the transition
energies and helped us to find 5 more lines. These discoveries undoubtedly confirmed the
formation of the highly excited exotic atomcules, and identification of so many metastable
states proved the theoretical description of both the pHe™ level structures and its cascade

mechanisms.

The discovery not only clarified the transition energies to be compared with the the-
oretical calculations but also made it possible for the first time to measure the lifetimes
and populations of individual states. We also found that certain levels were quenched by
a high density of the helium or by a small amount of foreign gases, and studied systemati-
cally these phenomena. Moreover, we observed that the transition energies shifted as well
as broadened in a high-density environment. These observations are interesting from the

view point of atomic physics or chemical reactions, since they contain useful information
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on the collisional dynamics of the pHet atomcule with other atoms and molecules.

In the meantime, there has been considerable progress on the theoretical side. The
lifetime calculation of both radiative and Auger transitions have been refined, and doublet
splittings of “hyperfine” substructures were predicted and experimentally confirmed af-
terwards. And especially, the energy calculations of the three-body system have become
very accurate, and with recently calculated relativistic corrections and the Lamb shift
included, now the agreement of values between experiment and theory is at a 106 level.
This precision is already better than the known uncertainty of the Rydberg constant of
antiproton, and therefore our current work would give the best limit on the p charge, or
equivalently, on the mass.

For that comparison, the observed small shift as a result of collisional effects had to be
corrected to give the transition energies at the isolated atomcule limit. In this thesis, our
fruitful achievements in the series of laser-spectroscopy experiments of pHe™ atomcule will
be reviewed (in Chapter 4 and Appendix B), with a special emphasis on the collisional
interactions observed as shifts and broadenings of the laser resonances (in Chapter 5). We
will discuss how high-precision spectroscopy was performed, and how we determined the
transition wavelength to be compared with the theoretical calculations with a ppm (part
par million) accuracy. Also, the shifts and widths themselves are an interesting subject,
because they contain useful information on the collisional dynamics between pHet and
helium atoms. These will be the main subject of this thesis.

Before going into the experimental results, let us first present some theoretical back-
ground of the studies of the pHe™ atomcule in the next chapter, and our unique ex-
perimental method and instrumentation in Chapter 3. Readers are referred, whenever
necessary, for a brief explanation of special terms and notation used in this thesis, to
Appendix F and indices at the end of this thesis.



Chapter 2

Theoretical Background and

Strategy of Laser Experiments

2.1 Metastability of Antiprotonic Helium Atomcules

In this section the pHe™ atomcule is described and the reason is explained why some
of them can long survive instead of annihilating promptly.
Figure 2.1 (> Color figure IT) shows theoretically calculated level structure of (pHe™)°

* jon,* together with a typical scheme of the key processes [14].

atomcule and (pHe™™)
Antiprotons with an energy less than the ionization potential Iy = 24.6 eV of a helium
atom' are captured in a highly excited orbit with n ~ 38. Among many states of pHe™
atomcules, those with a large angular momentum [ < n— 1 have long lifetimes of typically
a microsecond. These states are so-called “circular”, and have a p wavefunction quite
localized at a distance of nearly one Bohr radius?, so that the antiproton can be treated
as a classical particle in a circular (not elliptic) orbit. Since the p wavefunction never
overlaps with the helium nucleus, direct annihilation from these states is not possible.
Some people may expect a fast decay of the states, but looking at the scheme, it
is convincing that the internal Auger process, i.e. transitions to any pHe™™ states, are
strongly suppressed because it requires a large reduction of angular momentum |Al| > 3
(explained later) which the outgoing electron must carry away. The fact that no under-
lying ionic states exist with matched angular momenta, is a key to the prohibited Auger
transition, as discussed once more in Appendix A.2. This atom is also robust against

frequent collisions with surrounding helium atoms. External Auger transitions are sup-

*The figure is shown for the *He isotope, but note that the metastability was observed also for >He
targets [13].

tThe value is for the center-of-mass (CM) system between the pHet and He. Refer to Appendix A.1
for a more detail.

tHere I mean the Bohr radius ay of normal hydrogen atoms, and not the mean radius ap of pin a

deeply bound 1s orbit.
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Figure 2.1: In the calculated (p*He™)? level scheme the straight lines denote
metastable states with lifetimes in the microsecond region. The zigzagged
lines stand for short-lived levels, where the Auger transition rates are much
faster than the radiative transition rates. The arrows illustrate the typical
fate of the antiproton which has a propensity to make radiative transitions
along the (An = —1, A¢ = —1) lines until it reaches a short-lived state
from which the (p*He™)? atomcule decays into a (p*He™ )" ion via a fast
Auger transition. The antiproton is then absorbed by the helium nucleus from
the s state (I = 0) after Stark mixing caused by the weak field experienced
during collision with ordinary helium atoms, and immediately annihilates.
An analogous level diagram can be drawn for the (p*He™)? atomcule and the
(p3*He* ™)™ ion, with quantum numbers n,[ smaller by 1 [13], and with the

same deexcitation mechanism preceding the p annihilation.
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pressed because of the large ionization potential (= 24.6 eV) of a helium atom compared
with the small level spacing (~ 2 eV) of the highly excited exotic atom [9, (b)]. Stark
mixing is also very weak, because the existence of an electron (i) keeps this exotic atom
away from other helium atoms due to the Pauli principle and (ii) removes the degeneracy
between the levels with different angular momentum /.

The only possible process is then a slow radiative transition, by which the exotic atom
cascades, emitting photons in the visible-light range. The transition obeys a propensity
rule Al = —1 and An = —1 which keeps the radial node number v = n — [ — 1 constant
(see Section 2.3.1). This means it is a good approximation to regard the radiative tran-
sitions as following one of the parallel cascade chains, as illustrated by the arrows in the
Figure 2.1.

Thus the formed metastable pHe™ atom will cascade down radiatively, staying at each
state for about 1-2 us [15], until it reaches a short-lived state. It will then emit an electron
via the fast Auger transition, leaving a positive pHe™™ ion. Since this ion is subject to
strong Stark mixing® [9, 16], the antiproton is absorbed by the helium nucleus immediately
from the s (or sometimes from p) state with a high n.

Note that anomalous longevity of antiproton in matter has been observed only in

helium medium. See Appendix A.3.

2.2 Theoretical Descriptions and Calculations of En-

ergy Levels

Up to now, many atomic theorists have calculated in various methods the energy
levels and transition rates of pHe™ atomcules. Many of them had originally worked on
the calculation of muonic atoms in connection with the muon catalyzed fusion [17] and
showed interest in pHe™, as basically the same codes could be used for these similar three-
body systems. In these few years, our experimental results and their theoretical work have
stimulated each other in improving the accuracy, and by now the calculations have come
to a state where the comparison with our experimental values on the transition energies

agrees to a 107% level.

2.2.1 Atomic picture

$In the case of the ion, Stark mixing has a strong effect because this two-body hydrogen-like system
penetrates into surrounding helium atoms (because it no more has an electron which produces Pauli
repulsion) where it feels strong electric field, which mixes the I-degenerate levels of the pHe™T ion

strongly enough.
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The antiprotonic helium is considered as a helium-like exotic atom with two negative
(—e) particles orbiting around the positive (42e) helium nucleus. The antiproton is
captured in a high-n (n ~ 38), high-l (I; < n — 1) orbit and thus sometimes can be
treated as a classical particle, while the electron is mostly in its ground 1s state, but
its wavefunction is slightly polarized by the mixing of p states (mainly 2p state) due
to the Coulomb repulsion against the antiproton. Thus most of the large total angular
momentum [ is carried by the antiproton and hence | ~ l5. Ohtsuki calculated [14, 18]
the energy levels of this three-body system in this atomic picture using the configuration-
interaction (CI) method. The total wavefunction ¥(n,[) was expressed as a sum of each

configuration:
![/(n, l) = ch¢k(T, le)Qk(R, 113) s (| le - 113| < [ < le + 113) 5 (21)
k

where the wavefunctions ¢, and @, for the two particles were expanded each by 15-30

Slater-type orbits (STO) and the eigen-functions for the total Hamiltonian were solved.
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The result of his calculation is outlined in Figure 2.1. In the case of the pHe'" ion (a
two-body system), the energies are degenerate among the states with different angular
momentum /. In the neutral pHe™t, however, it is shown that the degeneracy is removed by
the existence of the electron and the energy increases slightly for larger [, which suppresses
Stark mixing between different-/ states, thus contributing to the metastability. Also, the
dipole moment of the pHe™ is reduced due to the anti-correlation between the antiproton
and the electron; i.e. the electron cloud is always polarized away from the p across the
helium nucleus because of the repulsive interaction, and quickly adjusts itself to the p
motion (as illustrated in Figure 2.2), which contributes coherently to the reduction of
electric dipole transition rates.

Ohtsuki’s calculation of the energy levels turned out to be accurate to a 107 or-
der when it was compared with our experimentally determined transition energies (see
Figure 4.3, p. 44).

2.2.2 Molecular picture

The antiprotonic atomcule can also be described as a peculiar molecule. It has two
heavy particles — a helium nucleus (« particle or a *He nucleus) and an antiproton — and
an electron orbiting around them. Since the electron is much lighter than the heavy cores
by a factor 1800 and more, it is reasonable to regard the system as a diatomic molecule
with a single electron. In fact, the well-known Born-Oppenheimer (BO) approximation for
normal molecules can be applied to this three-body system and has yielded several good
results on the calculation of the energy levels. The validity of the BO approximation, or
more generally, adiabatic approaches, is assured by the much slower motion of the nuclei
than that of the lighter electron. Here the nuclear motion can be separated from the
fast electron motion, and the effective electronic potential can be obtained by plotting
the eigen-energies of the electronic Schrodinger equation calculated for different values
of the nuclear distance. The electron is reasonably assumed to be in the ground 1so
state. Figure 2.3 illustrates this effective potential as a function of the nuclear distance
R, comparing the cases for the antiprotonic helium atomcule and normal molecules. The
rough shapes of the potential curves are similar: the force is strongly repulsive for smaller
R and weakly attractive for larger R, so that a potential minimum exists at an equilibrium
nuclear distance, while the attractive force diminishes at very large distances (R — 00).
This similarity allows the same theoretical treatments in calculating the nuclear motion.

However, the origins of the forces are quite different. For ordinary molecules, nuclear
repulsion is the source of the repulsive force while the attraction originates from the
chemical electron bond: the negative electron cloud has a higher probability between the

positive nuclei and thus increases Coulomb attraction and buffers the repulsive forces. On
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Normal Molecule ,—;He*f Atomcule
1 A . centrifugal
nuclear ) _
+— repulsion .+~ repulsion

\/‘=R -------- ~ R

chemical . nuclear
electron bond ,' attraction

Figure 2.3: The electron energies, or the effective potentials, are compared.
In normal molecules, nuclear repulsion is the source of the repulsive potential
at a small internuclear distance R while the attraction at large R originates
from the chemical electron bond. In the case of the pHe™ atomcule, how-
ever, the attraction is mainly due to the internuclear Coulomb force, while
the repulsion arises from the centrifugal force. Although their origins are
quite different, the similar shape of the potential allows the same theoretical

treatment.

the other hand, in the case of the antiprotonic helium atomcules, the attraction is mainly
due to the Coulomb force between the nuclei with opposite charge, while the repulsion
arises from the centrifugal force due to the large angular momentum.

In this molecular picture, the states are denoted in terms of the vibrational quantum
number v and the rotational quantum number L.9 Noting that v corresponds to the
radial node number in the antiproton wavefunction in the case of the atomic picture, the

quantum numbers in both pictures are related by the equations
L=1] and v=n—-1-1. (2.2)

An interesting comment is that for normal molecules the energy separations AE}, between

the states with different L are usually much smaller than the separations AF), for different

YUsually a symbol J is used for the rotational quantum number. In this paper, however, the letter .J

is kept aside for the total angular momentum (Appendix B.5).
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v. This is not true for the metastable pHe™ atomcule, because AE;, is proportionall to L
and the angular momentum L = [ is very large. Actually, AE, ~ AFE for the “circular”
states with [ Sn — 1.

Shimamura [19] and others [20-22] have calculated the energy levels of pHe™ atomcule
using the BO approximation (or another adiabatic approximation method) based on this
molecular picture, and yielded results which agreed with the experiment to a 10~3 order
(see Figure 4.3, p. 44).

2.2.3 Other treatments and finer calculations

There are yet other computational methods in the calculation of pHe™ energy levels.
Kino [23-25] has included the correlation between all possible combinations of the three
particles by taking into account the wavefunctions described in three different sets of
Jacobian coordinates. In principle, this non-adiabatic “coupled rearrangement channel”
(CR) calculation could have given more accurate values, but his first result in 1993 was
not so prominent (see Figure 4.3, p. 44), due to an unlucky computational mistreatment,
as it turned out later.

Kartavtsev [26] used the variational method (VM) with a large configuration space
and also yielded results with comparable accuracy to other calculations so far mentioned
(Figure 4.3). Tolstikhin et al. expressed the wavefunctions in hyperspherical elliptic
coordinates [27] and calculated the energy levels [28]. There are yet other calculations as
in Ref. [29].

In 1995 Korobov calculated the transition energies [30], in a molecular picture but
beyond the adiabatic approximations, which showed agreements with our experimental
values to 50-100 ppm levels (see Figure 4.5 in Section 4.2, p. 47). He included excitation
of the electron by taking into account o, 7 and § states (A = 0, 1, and 2, respectively),
and calculated the eigen-energies and eigen-functions that were expanded with 2364 ba-
sis functions expressed in the spheroidal coordinates. The mixing coefficients between
different basis functions were determined by the variational method.

In the following year, his calculation was augmented by including the relativistic cor-
rection for the motion of the 1s electron [31], and the agreement became as good as several
ppm, as shown in the Figure 4.5, loc. cit.

Very recently, Kino et al. [24,25] and Elander et al. [32-34] have come up with new
calculations including relativistic corrections and Lamb shifts. Elander et al. have used
a three-dimensional finite-element method [33]. Korobov has also revised his calculation

[35]. All their values showed agreement with each other to a several-ppm precision, and

IProportionality holds exactly for a rigid rotor but only approximately for a real molecule which

changes its moment of inertia with different L.
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with all effects taken into account, the discrepancies with our experimental values are

only a few ppm! This agreement will be further discussed in Section 5.2.

2.3 Transitions between the States

2.3.1 Radiative transitions

Calculation of the radiative dipole transitions is straightforward once the wavefunction

of the system is obtained. The spontaneous transition rate A = 77! is given by the
equation
4 W?’M' 2
-1 _ of L ;
T = e = el ] (2.3)

where p is the dipole operator of the pHe™ atomcule (defined in Eq. (D.33b)**, p. 123),
so the rate is proportional to the dipole moment () squared.tt The statement in Sec-
tion 2.2.1 must be recalled that the (anti-)correlation between the electron cloud and the
antiproton is important in the calculation of the transition rates [14, 19].

Figure 2.4 shows the transition rates for some of the allowed dipole transitions. It
indicates that the transition with An = Al = —1 dominates over the other side branches.
This is because the overlap of the antiproton wavefunction between the two states is
largest due to the same radial node number n — [ — 1, or in the molecular point of
view, the vibrational quantum number v is constant. We call this type of transition
“favored”, and use a term “propensity rule” to mean that the main transition occurs
along the v-constant series. The calculated size of the dipole moments are 0.2-0.3 debye?’
for the “favored” transitions and 0.02-0.03 debye!” for the “unfavored” (see the caption

of Figure 2.4) transitions.

2.3.2 Auger transitions

Apart from an early estimate by Russell [9, (c)], the calculation of Auger transition
rates were performed first by Ohtsuki [36] in the atomic picture. To give a reliable cal-
culation for Auger processes is in general not so easy because it involves treatment of
unbound continuum states. Especially, the pHe' atomcules are in highly excited auto-

ionizing states coupled to a number of different continuum states. Ohtsuki’s result (and

**Note the implicit factor e in the equation written in the atomic units.
tfPrecisely speaking, the dipole moment g in this equation corresponds to po¢ in Eq. (D.53b), p. 127.
1 debye ~ 0.4 eaq, see Appendix F.1

+

®The value is for an average of p for a specific transition (0=, ) between a certain m states, and not

the por in Eq. (D.53b), loc. cit.
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also Russell’s estimation) indicated that the transition rate dropped drastically with an in-
creasing “multipolarity” or the jump in the angular momentum (| Al|); actually it changed
by 3 orders of magnitude for a |Al| difference of unity. For transitions in p*Het with
|All = 2, 3, 4 and 5, the rates clustered around 10,108 10° and 10? s™!, respectively,
so that the Auger rates and the radiative rates of the order 10° s™' are reversed at a
border between |Al| = 3 and 4. This “|Al| < 3 Auger dominance rule” set a clear border
in the level diagram between the metastable radiative-cascade region and the Auger-fast

short-lived region, and was the key in the determination of targeted laser resonances.

In the molecular picture, Auger processes require high-order calculations which the
Born-Oppenheimer approximation does not allow. Because of this reason, the Auger
rates were calculated in this picture only recently. Those calculations using a variety
of methods are published in Refs. [37-40], and their results are in accordance with the

dominance rule above.

36

35

37 38

Figure 2.4: A diagram showing the theoretically calculated radiative rates
indicates a propensity rule that the “favored” transition, which keeps the
vibrational quantum number v = n —[ — 1 constant, dominates over the other
allowed transitions with the selection rule Al = 1. The rates are expressed
in the form zey = x x 10Y. The “unfavored” transitions with Av = 2 shown
in dotted double lines have fairly large rates which are nevertheless about two

orders of magnitude smaller than that of the “favored” ones.
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2.4 Principle of Laser-Induced Annihilation Spec-

troscopy

In the planning of our laser spectroscopy experiments, the problem of detecting res-
onant transitions in the pHe™ exotic atomcules was not a trivial question. So far, in
the spectroscopy of exotic systems such as muonium (p*e™) and positronium (ete™) [42],
those atoms were dissociated by the laser light and the constituent particles were detected.
For instance, for a fine measurement of 15-2S transition of muonium, the transition from
the ground 1S to the excited 2S state by two-photon absorption was detected via pho-
toionization of the excited atom by photons of the same laser light pulse [43,44]. In our
case, however, ionization of the atomcule required an energy of ca. 20 eV, which is not ac-
cessible by the current laser technique, even though the transitions between highly excited
states have a typical energy of 2 eV and are suited for laser studies. Furthermore, the
muonium technique involved production of thermal (muonium) atoms in vacuum, which

was not at all realistic in our case of a gas target and a low-intensity p beam.

Another possible way of spectroscopy would be to observe directly the visible light of
the cascade transitions. This has been tried by our group, but in vain so far due to very
small solid angle and an infinitesimal acceptance of the monochromator, together with
relatively large background from the scintillation of helium atoms or excimer molecules

and from the noise of the photon detectors.

How, then, can we detect resonant transitions? The antiproton has a feature which
neither u* nor et has — it will annihilate by strong interaction into mesons after getting
absorbed by the nucleus. If somehow the transition can be related with the annihilation,
the resonant transitions can be traced by the detection of p annihilation. We took ad-
vantage of the fact that there is a distinct border between the metastable states and the
short-lived states. For the metastable states as illustrated by straight lines in Figure 2.1,
p. 7, the Auger transition is much slower than the radiative transition which has a typical
lifetime of 1-2 us. For the other states with smaller angular momentum { (illustrated
by wavy lines in the figure), the Auger transition is by orders of magnitude faster and
dominates over the slow radiative transition, resulting typically in 10 ns lifetimes for those
states at the border.

Our method was to use a high-power dye-laser pulse to stimulate a resonant dipole

transition between a metastable state and a short-lived state.” Fast Auger deexcitation of

ENote that it is very difficult to detect resonant transitions between metastable states in this method
because they will result in a slight difference in the DATS spectrum and no distinct peak will appear in
that case. Such transitions could be observed by intentionally shortening lifetimes of certain metastable

levels by admixing a small amount of hydrogen gases in the helium target as described in Appendix B.4.3.
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the newly populated short-lived state to a pHe™™ ion should be followed by annihilation
within picoseconds via Stark mixing, and produce a sharp peak in the delayed annihilation
time spectrum (DATS) at the time of application of the laser light pulse [45].

A distinct feature of our new technique is that the laser transition (~ 2 eV) in an
atom is probed by annihilation of the composite particle itself (~ 2 GeV), which can
be detected with practically 100% efficiency with a widely used technique in high-energy
physics. The spectroscopy of single atoms was thus possible with this sensitive detection

of the resonance.



Chapter 3

Experimental Setup

We used a continuous antiproton beam with 200 MeV /¢ momentum and an intensity
of a few 10* s7! extracted in parasitic mode to the C1 beamline from the low-energy
antiproton ring (LEAR) at CERN* (see Figure 3.1 and Color figure III). The metastable
atoms were produced by stopping antiprotons (p) in a helium gas target cooled down
to 4.5-10 K in order to freeze out impurity gases and produce a suitably small stopping
volume. Each incident p was detected by a thin plastic scintillation counter (B) before
it entered the gas target. Its subsequent annihilation was signaled by the passage of
the annihilation products through a set of lead-scintillator sandwich counters (“shower”
counters; S) placed around the target. These counters were designed so as to achieve a
very high (99.7%) overall detection efficiency for p annihilation for the reason stated later.
The p annihilation time was measured as the time difference between the signals from B
and S. See Figure 3.2.

We irradiated each metastable atom with a laser light pulse, which was introduced
collinear to the p beam axis so that these overlap each other. Since the stopping region of
p was 1.5 cm in diameter, the laser beam was expanded to the same size. A laser power
density of nearly 1 MW /cm? was required to completely induce “favored” (conserving
quantum number v) transitions on the target metastable states [45]. We employed two
identical laser systems, each consisting of a tunable dye laser pumped by a XeCl-excimer
laser at a wavelength of 308 nm. The typical output energy of the dye laser was 2—
5 mJ per 40 ns pulse, thus the intensity was almost as high as required. The dual laser
system played an essential role by permitting irradiation of the metastable atoms at two
successive timings to obtain the information on the feeding and decay of the metastable
states [48,49].

The laser had a maximum repetition rate of 400 Hz, but not more than 200 laser pulses

*CERN: Organisation Européenne pour la Recherche Nucléaire, — European Laboratory for Particle

Physics — , Geneva, Switzerland.
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Figure 3.1: A drawing of the PS, AAC and LEAR accelerator complex at
CERN. Antiprotons stored in the AA-AC complex at 3 GeV were decelerated
in the PS to 600 MeV /¢, cooled by Stochastic and electron cooling methods in
LEAR down to 200 MeV /¢, and then extracted continuously during a typically
80-minute spill.
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Figure 3.2: A schematic of the apparatus for our laser studies of the pHe™ atomcule.
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per second were available for randomly arriving antiprotons. In order to apply this limited
number of laser pulses selectively to the metastable atoms, we generated a laser trigger
for every incident antiproton (B signal) which was not followed by a prompt annihilation
(prompt S signal). Since misidentification of metastable antiprotons (B A S) had to be
much less than the metastable fraction, an extremely high efficiency for the detection of
antiproton annihilation was required. In the following sections, let us start with particle-
detection system (Section 3.1) and explain our target gas system (Section 3.2) and the
laser system (Section 3.3). Then follows the analysis method in Section 3.4, and a
summary is given together with an introduction to a modified experimental method in

the last section.

3.1 Particle Detection System

3.1.1 Antiproton beam monitoring

Antiprotons of 200 MeV /¢ momentum (21.1 MeV of kinetic energy) were extracted
from LEAR. The beam traversed a 100 pym beryllium window of the C1 beamline before
passing through the 0.55 mm thick plastic beam scintillator (B). The p beam path is

329 mm
w0, 205 el e |, e .
| T I
Kapton window
Polyvinyl chloride 50 um
black tape 70 pm Polyvinyl chloride N
black tape 70 pm degrader (Euplex) § e

NN 875 um

§ / < 4 stainless /f
NN IR steel window
407 pm \ I
\ / W\
light-tight box B counter R
Be window of LEAR beamline 0.55mm counter vacuum
100 pm , 2mm
inner @10 mm degrader (Euplex)
125 pm

original focusing beam - - - - -

beam envelope ( +20) {
scattered beam e

Figure 3.3: A schematic of the p beam path. The envelope of the original
focusing beam provided from LEAR and the calculated beam scattering are

shown in dashed lines.
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shown in Figure 3.3. The scintillation light was detected by two photomultiplier tubes
(PMT’s: H3171, Hamamatsu Photonics; Bl and B2) mounted on both edges of a Lucite
lightguide (see Figure 3.4). The B counter detected antiprotons with better than 99.9 %
efficiency, which was necessary to prevent spurious delayed events [11]. Beam tuning was
done beforehand by inserting a multi-wire chamber upstream of our setup. During the
experiment we removed this chamber and imaged the dim scintillation light emerging from
the surface of the B counter onto a CCD camera mounted in an angle of 45 degrees to the
beam axis [60]. By integrating for the exposure time of one second and intensifying the
image, we could directly observe the p beam as a luminous spot at p intensities greater
than ~ 5000 per second. A ring-shaped veto counter (A) was placed just downstream of
B and vetoed beam halo events. The counting rate of A compared with B was monitored
to check the beam size and location, and when needed the beam tuning was done so as
to minimize this ratio. After passing through a light-tight box containing the A and B
counters and the CCD camera, the p traversed a 50 ym Kapton window of the cryostat and
a 407 pm stainless-steel window of the target chamber, which was a horizontal cylinder,

21.8 cm long and 6.2 cm in diameter.

The P stopping position was tuned by inserting degrader foils made of “Euplex” (same
composition as Kapton). It was extremely important that antiprotons stop in the helium
target within the area covered by the laser beam, as this area has an upper limit fixed
by the light intensity required to stimulate the transition. As degrading a beam’s energy
unavoidably increases its divergence, this also meant that the stopping volume had to be
as close as possible to the stainless-steel entrance window of the target. We estimated
the optimum foil thicknesses and positions using a Monte Carlo simulation program [61],

which took into account the Barkas effect, energy straggling (Vavilov’s formula) and mul-
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tiple scattering (Moliere’s formula) which are essential at low energy region (< MeV)
[11]. As a result, we put an 875 um degrader inside the cryostat (in contact with the
stainless-steel window) and an adjustable thin degrader outside (just in front of the Kap-
ton window), whose thickness was optimized experimentally to be 125 ym. Figure 3.5
shows the calculated stopping distribution for 5 K and 600 mb helium gas target for this
arrangement of the degraders. The incident p’s stop in the gas with a radial distribu-
tion of 1.5 cm FWHM. Experimentally, the longitudinal stopping distribution could be
roughly estimated from the time profile of the prompt annihilation: antiprotons stopping
in the stainless-steel window resulted in a sharp peak in the annihilation time spectrum
which showed up several nanosecond earlier than the broader peak from the ones stopped
downstream inside the gas. From this information, we could check the simulated results
and make a small correction in optimizing the degrader thicknesses. With the chosen
condition, roughly 10% of the p’s stopped in the window the rest being distributed close

to it, thereby minimizing the divergence of the stopping distribution.

[cm]

I

40 42.5 45 47.5 50 52.5 55
distance from the Be window [cm]

Figure 3.5: Calculated stopping distribution of 10 000 p in 5 K and 600 mb
helium gas target is shown as a projection to a plane including the p beam
axis. The polygonal frame illustrates the target chamber (see Figure 3.9). The
distance from the beryllium window (see Figure 3.3) is taken as the horizontal
axis. The radial width of 1.5 cm (FWHM) of the stopping distribution overlaps
with the laser light beam.

3.1.2 Annihilation detection system

The absence of a signal in the annihilation counters (S) in the 70 ns period following

entry of an antiproton into the gas as signaled by the B counter was taken to indicate the
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presence of a metastable atom in the gas, and was used to trigger the laser system. As
we knew from previous experimental data, the fraction of antiprotons forming metastable
atoms is ~ 3%. Inefficiency in the detection of the numerous (97%) prompt annihilations
by S therefore had to be reduced to much less than this figure in order to keep the spurious
laser firing rate to a small fraction of the genuine ones. Apparently, our formerly used
arrangement of simple scintillation counters [11,12] did not meet this requirement.

It is known [62, 63] that about 4% of p-He annihilation products are neutral, producing
7%s which decay within 1071¢ s into two photons each. To detect these gamma rays
as well as charged particles with a large solid angle at reasonable cost, we employed
the commonly used technique of “sandwiching” high-Z material, namely lead, between
scintillator plates so as to convert photons into electromagnetic showers. We needed only
the timing information, so a single PMT per each counter module sufficed for the read-out.

The sizes and arrangement of the counters were almost automatically determined by
the geometrical constraints. The top of the cryostat had to be kept free to accommodate
the cooling and the gas systems, so we chose an arrangement of six counters in a barrel
shape around and an additional one below the cylindrical cryostat containing the gas
target. Each “barrel” counter (S1...56) measured 25x 60 cm? and was about 25 cm distant
from the center of the target vessel, while the “bottom” counter (S0) was 60 x 60 cm? in
size and was placed 50 cm below the target (see Figure 3.6). Thus the total solid angle
coverage was 78% of 4.

In order to design the “shower” counters and estimate their efficiency, we performed
Monte Carlo simulations using the GEANT program library [64]. We required the overall
detection efficiency, defined by the probability that any one of the counters detects at least
one of the annihilation products, to be as high as 99.7% (0.3% missed prompt annihilation
versus 3% metastable atoms).

We simulated p annihilation with a simple model in which an antiproton, practically at
rest, annihilated directly into 3-7 pions whose momenta were distributed according to the
relativistic phase space [65,66]. Here we neglected kaonic modes and took the branching
ratios for the pion final states of pp annihilation quoted in [67], since no complete list was
available for p-He annihilation to our knowledge. The calculated momentum distribution
(see Figure 3.14, p. 36) has a maximum at 250 MeV/¢, which agreed well with the
experimental data [67,68] in spite of this simple model.

The energy loss, tracking and decay of annihilation products and their subsequent
particles were traced by GEANT routines. With the seven sandwich counters in the
mentioned geometry, we calculated the detection efficiency for varied parameters of the
thickness and the number of layers. The simulations showed that for a fixed total amount
of lead the overall efficiency was higher for finer sampling (i.e. larger number of thinner

plates) until it saturated for thinner layers than 6 mm. This thickness is reasonably com-
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Figure 3.6: The setup of the particle detectors. The beam counters (B
and A) detect the incident p while its annihilation products (7%, 7° — )
are detected by seven lead/scintillator sandwich counters (shower counters,
S) surrounding the target. An example of an annihilation pattern is shown
for one of the several annihilation modes. The shower counters cover 78% of
the total solid angle and p annihilation events are detected with 99.7+0.1%

efficiency.
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Figure 3.7: A cross section of the
shower counter. As a result of the sim-
ulation each counter was built of five
25¢cm sheets of 6 mm thick lead interleaved
between six plastic scintillator plates.

It effectively converts 7 rays from 7°

decay into electromagnetic showers.

iron box
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front panel
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parable with the radiation length of lead (5.6 mm) or the photon attenuation length (1 cm
at a typical photon energy of 100 MeV : see Figure 3.14). The calculations demonstrated
that 5 lead layers of 6 mm thickness were sufficient. The scintillator thickness affected the
efficiency only slightly, and we chose 1 ¢m for each layer to be thick enough for effective
propagation of the scintillation light. The front layer of each shower counter was made
of scintillator to detect charged particles, so that the five lead sheets were sandwiched

between six layers of scintillator, as drawn in Figure 3.7.

With this setup the simulation demonstrated that the overall efficiency would be
99.8%. The inefficiency of 0.2% was no longer attributed to neutral annihilation but
mainly to annihilation into two charged pions. When more than three particles were
emitted, a very high efficiency well over 99.9% was expected. Although the solid angle
coverage was not very high, the multiplicity of the emitted particles enhanced the detection

efficiency.

After a satisfactory performance test of its response to gamma rays using electron-
tagged photon beam at INS, Tokyo, our shower counter system achieved 99.7 4+ 0.1 %
overall detection efficiency for p annihilation at CERN [69]. Figure 3.8 shows a histogram
of the number (multiplicity M) of “hit” shower counters per p annihilation event. The
experimental data are compared with the simulation, and they agree reasonably well

except for a slightly lower mean value for the experiment ( M = 3.80 versus 3.99).
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Figure 3.8: Multiplicity (M) distribution obtained as the number of shower
counters which detected any annihilation products. Solid line: experimental

data (M = 3.80), dotdash line: result of simulation (M = 3.99).

3.2 Target Gas System and the Cryostat

The helium gas target was cooled in a cryostat to temperatures between 4.5 K and
10 K at typical pressures between 0.3 bar and 1.0 bar. Although low gas temperature is
not an essential condition for the metastability of antiprotonic helium atoms, two reasons
required us to cool down the target. One was to ensure as small a stopping volume as
possible of incident antiprotons by the high density of the helium gas at low temperatures.
The other was to eliminate impurities from the helium gas target. Although we were
careful about our vacuum system, traces of impurity gases such as hydrogen, oxygen,
nitrogen or water were unavoidable. These gases work strongly as active quenchers of
antiprotonic helium atoms, and even a few ppm (parts per million) of them would distort
the spectrum [46,54]. In cryogenic temperatures below 10 K, vapor pressures of these
gases drop well below one ppm [70], and their quenching effect can be neglected.

We have observed longevity of antiprotons in the liquid and solid phases as well.
However, their spectra showed a fast exponential component at early times [12] which
was not explained by the theoretical simulation [14]. This component, absent in the
low-pressure, low-temperature gas target, is due to interactions with neighboring helium
atoms because of the high density. For all these reasons we chose low temperature gas as

the target condition which was expected to approach the isolated atom condition most
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closely.

3.2.1 Cryostat

Figure 3.9 shows our cryostat schematically. The target vessel, a cooling chamber, a
liquid helium reservoir and a liquid nitrogen reservoir were all enclosed in a cylindrical
evacuated outer vessel. Liquid helium which flowed from the bottom of the reservoir
through a capillary was evaporated at the entrance to the cooling chamber, taking heat
away from the inner target vessel. The flow rate which determined the cooling power could
be adjusted by a needle valve at the entrance of the capillary. A heating wire and two
sensors were attached to the end of the capillary and to the vessel, and the temperature of
the gas target was stabilized at a chosen value by a controller which regulated the current
of the heating wire.

The temperature was measured by the thermoelectric voltage of the thermocouple-
type sensors. The calibration of the sensors used was checked in a test experiment which
also aimed to verify the uniformity of the temperature of the target gas and the vessel;
1.e. whether the temperature of the wall of the vessel at which the sensor was attached
really reflected the temperature of the helium gas inside. For that, we inserted a thin and
long bar with a calibrated thermocouple at its tip, through the gas tube from the top of
the cryostat down into the target vessel. The real temperature T, of the gas (measured
by the calibrated sensor) was compared with the temperatures Ty, T, Tc at a few points
on the outer side of the walls. Thus the difference at ca. 6 K was T.,) — Tc — —0.15 K at
6.1 K and —0.21 K at 5.3 K for the target system in 1993-1995, and 7., — Tx = 0.0 K for

the modified setup in 1996, with an intrinsic error of +0.1 K of the sensors.

3.2.2 Target gas system

Figure 3.10 shows a diagram of the vacuum and the target gas system. The parts were
connected by copper (1993) / stainless-steel (1994-1996) tubes and stainless-steel bellows.
All lines connected to the target vessel were baked once before the experiments and were
evacuated from time to time by a combination of a turbo-molecular pump and a rotary
roughing pump to 107% Torr (~ 10~* Pa). We measured the residual gas contamination
with a mass spectrometer before filling with 99.9999% purity helium gas, and found the
total contaminant pressure to be less than one ppm for temperatures below 30 K. The
pressure of the target gas was monitored by a Baratron pressure gauge. The maximum
pressure allowed for the target gas in the 1993-1995 experiments was 1.5 bar because of
the tolerance of the quartz window. In 1996 we improved the target system which bore

up to 10 bar. A 5 / gas chamber was connected in the line both as a buffer for sudden
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Figure 3.9: A diagram of the cryostat. The helium gas target was kept at
a typical temperature of 4.5-10 K and pressure of 0.3-1.0 bar. By regulating
the flow rate of liquid helium through the capillary into the cooling chamber
and the current of the heating wire, the temperature could be stabilized to

any cryogenic temperature.
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Figure 3.10: A diagram of the vacuum and the target gas systems.

pressure changes and for mixing additives to the target gas when investigating the effect
of foreign gases on the metastability. A smaller cylindrical vessel of 50 cm?® was used in

parallel to this when preparing admixture at impurity (ppm) levels.

3.3 Laser System

3.3.1 Lasers

The level spacings of the metastable pHe™ states we are interested in are about 2 eV
[14, 15,19, 20] and the wavelengths of the major transitions fall in the visible light range,
so a tunable dye laser could be used. High power was required for the laser, due to the
following reason: our strategy for observing the resonant transitions was to induce forced
annihilation of antiprotons by the laser, and it had to occur within a relatively short time
(less than tens of nanoseconds) compared with the lifetime (~ 3-4 pus) of the pHe™ so
that the resonance should appear as a visible sharp peak in the time spectrum. In order

to fully deexcite the population from the metastable state in this short period, the Rabi



3.3. Laser System

29

frequency {2 needed to be nearly of the order of a gigahertz. Theoretically calculated
dipole moments p for the “favored” transitions were typically 0.2—-0.3 debye, and from the

relationt

% = % = 0.437 x p[debye] x \/m |GHz] (3.1)

it was deduced that a laser power density (P) of nearly 1 MW /cm? was needed [45].
This requirement excluded the possibility of using continuous-wave lasers, and then the
pulsed lasers had to be triggered by external signals produced when prompt annihilation
of randomly arriving antiprotons did not occur. A high ignition rate was also required
for reasonably fast data acquisition.

As a solution to these requirements, we used two identical and independent dye laser
(Lambda Physik LPD3002) systems pumped each by a XeCl-excimer laser (LPX240i) at
A = 308 nm (see Figure 3.11 and Color figure IV). The excimer lasers had a maximum
repetition rate of 400 Hz, i.e. they had a dead time of 2.5 ms after each shot for recharging
their high voltage supplies. The lasers accepted external random triggers as well, with
about 1 us delay time before ignition. The duplication of the laser system not only halved
the search time for the resonances, but also enabled the studies using two successive
laser pulses with different timings mentioned in Appendix B.2 [48,49], permitted two
laser beams to be applied simultaneously at different wavelengths to stimulate “double”
resonant deexcitation (Appendix B.1.2) [51].

The first candidate resonance line was expected around A ~ 597 nm, so we used
Rhodamine 6G* as a laser dye (which has a 40 nm scan range around 581 nm wavelength)
dissolved in spectroscopy-grade methanol®. Another dye Coumarin 102¥ was used for the
observation of the second resonance line at 470 nm. For the search of resonances and the
studies of lifetimes and population, the dye lasers were used in a broadband mode so that
about 10 resonator modes were oscillating, yielding a bandwidth of 4-7 GHz (0.007 nm
at 597 nm). For the measurements of the shift and width of the order of 1 GHz as
mentioned in Chapter 5, a higher resolution of the laser frequency and a more precise
determination of the transition wavelengths were required. Thus, the bandwidth was
narrowed to typically 1 GHz by using an intracavity etalon (dye laser model LPD3002E)
and aligning the lasers carefully; especially we took care to suppress amplified spontaneous
emission (ASE). Under these conditions, the best achievable resolution was 1.0 GHz. The

fRefer to equations in Appendix F.1.2 for derivation of Eq. (3.1)

tRhodamine 6G: Benzoic Acid, 2-[6-(ethylamino)-3-(ethylimino)-2,7-dimethyl-3H-xanthen-9-yl]-ethyl
ester, monohydrochloride. See Figure 3.12.

$For cleaning of the tube for the circulation of the dye solution, less flammable liquid “propylene
carbonate” was also used. See Figure 3.12.

YCoumarin 102: 2,3,4,6-1H,4H-Tetrahydro-8-methylquinolizino-[9,9a,1-gh]-coumarin. See Figure 3.12.
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Figure 3.11: A schematic diagram of the laser system. We used two identical
tunable dye laser systems pumped by XeCl-excimer lasers. The power of each
dye laser beam was measured by a p-i-n photodiode and a thermopile-type
energy meter, while the wavelength was monitored by a wavelength meter
calibrated against standard argon atomic lines, or against iodine or tellurium
molecular lines. The beams were expanded to about 15 mm diameter in the

target in order to cover the stopping distribution of the antiprotons.
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Figure 3.12: Dyes and other chemicals used for the dye lasers. Rhodamine
6G was used for the orange 597 nm resonance, Coumarin 102 for the blue
470 nm one. Triplet-quenching chemical “DABCO” was added to the solution
to prolong the lifetime of the dye molecules. The dyes were dissolved in a
spectroscopy-grade methanol, while propylene carbonate was also used for

flushing the tube in which the dye solution circulated.

typical output energy in each excimer laser pulse was 80-140 mJ, and resulted in a dye
laser pulse of 2-5 mJ. The excimer-laser pulses had disordered temporal profiles with
decreasing three peaks, due to the characteristics of the discharge of the high voltage in
a thyratron, and accordingly the dye-laser pulse had typically two peaks. Most of the
dye-laser power was concentrated in the first 10 ns of the typical pulse duration of 40 ns.
Refer to Figure 5.11-a, p. 68.

Continuous workload of the lasers at high repetition required frequent maintenance.
The normal lifetime at low ignition rate of dye solution of Rhodamine 6G is specified
as 300 Wh/¢. At 300 Hz and with the pulse energies above, we found that the dye
deteriorated within one hour, corresponding to only 5-10 Wh/¢ input energy. This was
probably because at our high ignition rate, dye molecules excited in one light pulse have
a high probability of dissociation by further photon absorption in subsequent pulses. By
adding triplet-quenching agent “DABCO” !l to the dye solution at a level of 1 g/¢, we were
able to prolong the lifetime to 280 W h/¢. This still meant that we had to change the dye
solution once a day, causing about two hours of interruption of our precious p beamtime
and waste of a lot of solvents. Also the end mirrors of our excimer lasers needed cleaning

in order to remove the deposits which accumulated on their surfaces and intercepted the

IDABCO: 1,4-diazabicyclo[2,2,2]octane. See Figure 3.12.
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light path. The whole process for cleaning took about three hours per laser, including

flushing of the gas reservoir and realignment of the laser beam.

3.3.2 Light transport

The two dye laser pulses were merged about 8 m before the gas target after expansion in
a telescope to a diameter of about 1.5 cm, large enough to cover the antiproton stopping
distribution. After traversing the two quartz windows (see Figure 3.9) and the target
gas, the laser beam was retroreflected at the upstream stainless-steel window. The 20%
reflection inefficiency of this put an additional heat load to the cryostat refrigerator. A
PMT monitored light reflected and scattered from the quartz windows and allowed us to
measure the time interval between the passage of the antiproton through the B counter
and the arrival of the light pulse. The minimum time interval was typically 1.8 us, and an
additional delay could be added to the trigger signal when we studied the time dependence
of the resonance peak intensity at later times [48,49]. The minimum delay consisted
mainly of electronic signal processing time (200 ns), response time of the excimer laser™
(~ 1 us), and propagation time of signals and laser light (300 ns). Short-term jitter of the
ignition timing was only a few nanoseconds while the long-term drift was suppressed by a
special trigger box to several nanoseconds. This trigger box measured for each pulse the
time difference between the trigger signal and the ignition of the laser beam and adjusted
its associated short delay time for the subsequent shots. Thus the ignition timing was
stabilized over a long time. We note that for the 470 nm search we could reduce the
minimum interval to 1.3 us by improving the electronic logic processing and by bypassing
the trigger box, at the cost of possible large (~ 100 ns) drift in the timing which could

be eliminated or corrected for in the analysis program.f

3.3.3 Laser beam diagnosis

We measured the dye laser output power by inserting a thermopile-type energy meter
(Scientech AC2501) into the main beam during the intervals of the LEAR spills. In addi-
tion, a p-i-n photodiode was used to monitor the timing and the energy of a small fraction
of the separated beam for every pulse. The excimer pulse energies were also monitored
pulse by pulse by biplanar detectors and were calibrated against another calorimeter (Sci-

entech AC50UV). These data were sent to CAMAC TDC and ADC units™# and added to

the event record tapes.

**The response time of the thyratron until the discharge occurs.
HWe could further reduce this interval down to 900 ns in 1996 by simply shortening the signal cable

length.
HTDC: time-to-digital converter, ADC: analog-to-digital converter
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The vacuum wavelength of each dye laser was constantly monitored by a pulse-mode
wavelength meter (Burleigh WA4500), the average value over about 40 laser light pulses
being calculated in an auxiliary computer from the fringes of light transmitted through
Fabry-Pérot interferometers. The wavelength meter itself was calibrated against standard
absorption lines observed in an argon discharge-tube [71] using the opto-galvanic effect.
The spacing between argon lines was measured by comparing them with the transmission
curve through an interferometer (an etalon) with a fixed-space air gap. In the case of the
narrow-band mode, the wavelength was calibrated instead with respect to standard iodine
and tellurium lines [72,73]. The absolute error of the wavelength meter was specified as
600 MHz, but the relative error was found to be better from the reproducibility of the cen-
tral wavelength of the pHe™ resonance itself. The (systematic) error in relative frequency
was thus 300 MHz for the narrow-band mode. Aiming at a more precise determination of
the transition wavelengths, we also took the pHe™ resonance data simultaneously with the
signals of the calibration standard, together with the interference pattern in a spectrum
analyzer with a 3 GHz free spectral range. This so-called “on-line calibration” method

will be explained in more detail in Chapter 5 and in Appendix E.1.

3.4 Data Acquisition and Analysis Method

3.4.1 Data acquisition

For each event the PM tube signals were standardized to NIM form for subsequent
processing. The following discussion refers to the electronic logic diagram of Figure 3.13.

A {(good p)) is recognized as a coincidence between the two beam counter (B) PMT’s
with no corresponding signal in the ring counter (A) PMT (= B1 A B2A A). When it has
arrived and no prompt S signals are detected within 70 ns (“prompt veto”), we assume
that a metastable pHet atom has been formed (({delayed event))) in the target. If,
however, any preceding p has been detected, confusion may occur in identifying which p
has caused annihilation signals. To avoid this, only events with no preceding p within a
period w are taken (“pre-pile-up rejection” by hardware [11]) as a (( good delayed event ),
which opens a beam gate and starts the TDC’s. A later signal from each shower counter
will stop each channel of the TDC (LeCroy 4208) and gives the time delay of the p
annihilation with 1 ns resolution. The ((all p)) signal (= B1V B2V A) enters a double-hit
channel of the TDC which can record timings of the first two signals. The first pulse
gives the arrival time of the p, while the events with the second p signals are rejected
in the analysis software (“post-pile-up rejection” [11]). At the end of the beam gate, the
existence of a delayed ((shower-counter hit)) triggers the computer CES-J11 (Starburst:
PDP-11 compatible CAMAC Auxiliary Crate Controller) and all the TDC and ADC data
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Figure 3.13: A simplified logic diagram for the detection system. When a

“good p” (= B A A) has arrived and no prompt S signals are detected, we

assume that a metastable pHe™ atom has been formed and generate a laser

trigger unless the event is pre-pile-up rejected. At the same time the TDC

gate is opened and the annihilation-time spectrum is taken for the period w

(= 5,10,15 or 50 ns) of the beam gate. Any S signal during this period sets

the latch module named “shower-hit”, which then triggers the computer at

the end of the gate and the event data are read out (or cleared if the latch is

off).
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a re read out and stored in its memory. When this memory has become full, the main
VAX computer station is interrupted, the data are block-transferred and written down
on the VCR tape. A large fraction of these are analyzed online. While the computers are
busy by reading or transferring the data, data acquisition is blocked by hardware at the
coincidence ((delayed event )).

If the lasers are to be fired and are in the ready state, they are triggered by a TTL pulse
derived from the coincidence ((good delayed event)). A small fraction of the light beam
diverted for laser diagnostic purposes to p-i-n photodiodes was also used to distinguish
events with laser light from control events without laser light. For studies of metastable
state lifetimes and the time dependence of their populations, we varied the laser trigger
timing via a CAMAC programmable delay unit.

CAMAC scalers counted event rates of various coincidences and they were read out
every two seconds. The temperature and the pressure of the target gas were converted
into voltages and read out through ADC’s. The wavelengths of the lasers were transferred

via a GPIB interface, and were also recorded on the tape.

3.4.2 Data analysis and background elimination

The first action of the analysis program after discarding “post-pile-up” events in the B
counter was to evaluate the time difference between the B signal and the corresponding S
stop. We determined the absolute annihilation time of p after atomic capture by setting
the ¢ = 0 point at the center of the prompt peak for each (ith) shower counter, i.e. the
annihilation time is given by t; = S; — B — pedestal;. The error on this time interval
comes from variation in particle flight times between the B counter and the stopping point
and between the annihilation point and the S counters.

The time spectra were obtained by filling a histogram with the annihilation events
according to the obtained annihilation time ;. The spectra for single shower counters
contained clear exponential background with about a 2.2 us lifetime, which was ascribed
to the decay of muons originating from positive pions that stopped in material surrounding
the target, especially inside the heavy shower counters (see Figure 3.14) [74]. In order to
evaluate this background, we took data with an empty target (see Figure 3.15), in which
case all the incident antiprotons stopped at the walls or windows of the target vessel and
annihilated promptly. The delayed signals attributed to the muon decay summed up to
1.6% of the number of incident antiprotons, as was also expected from the Monte Carlo
simulations discussed in Section 3.1.2.

It was essential to eliminate this m-pu-e background as its characteristic lifetime and
the intensity were comparable to the one being studied. We did this by requiring that at
least two of the seven shower counters were hit (M >2 cut) and that the RMS deviation of
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Figure 3.14: Top: The distribution of 7% momenta calculated according to
the phase space for several multi-pion final states. The hatched area indicates
the low momentum region where positive pions stop inside the shower counters
and show 7+ — ut — e™ decay (see Section 3.4.2). Bottom: The calculated
distribution of the photon energy from 7° — v~ decay has a maximum around
100 MeV.

these hits from their mean be less than v/10 = 3.16 ns, i.e. ¥M(t; —7)?/ (M —1) < 10 ns?
(At cut), based on the fact that the decay of a positive muon gives only one positron out
of time position whereas antiproton annihilation produces many particles simultaneously.
These M >2 and At cuts reduced the total background to less than 1075 of the prompt
peak, which meant a suppression by three orders of magnitude. In spite of this severe
cut, it was only a quarter of the annihilation events that were lost, thanks to the high
multiplicity of emitted pions and the high solid angle coverage of the shower counters.
This excellent performance of the present detection system enabled us to obtain many

background-free time spectra of the long-lived antiprotons [13].

3.4.3 Optimization of the event rates

For the laser spectroscopy experiments, we expected resonant enhancement in the p
annihilation rate, which would appear as a sharp peak in the time spectra, and that this
peak should be synchronized with irradiation of the laser light pulse some microseconds
after the injection of the antiproton. The beam gate (annihilation time window) and the
width of pile-up rejections were set to 5, 10 or 15 us depending on the timing of the laser

irradiation. In order to maximize data-acquisition effectivity, we calculated the event rate
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Figure 3.15: Top: The raw annihilation time spectra (t; = S; — B —

pedestal;) are filled with fake delayed annihilation associated with second an-

tiprotons (post-pile-up). Middle: The spectrum for the empty-target data

(left) after post-pile-up rejection by software contains a large exponentially

decaying background from muons. Bottom: With the requirement of M > 2

and At < /10 ns a prompt peak remains solitary for the empty target (left)
and a background-free DATS is obtained with the helium gas target (right).
Note the different time scale among the figures on the left and right sides.
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Estimation of the Event Rate
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Figure 3.16: The estimated number of useful delayed events per second after
pile-up rejection as a function of the rate r of incident antiprotons. Solid line:
laser-triggered events (R)), dashed line: control events without laser (R,). The
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as a function of the p beam intensity. Let us here define the following parameters:

r : rate of incident p beam ~10% 571

f : fraction of delayed annihilation ~ 3%

p=rf : rate of delayed annihilation ~10% —10% 571
w : width of the beam gate and the ~ 10 ps.

pre- and post-pile-up veto signals
p : rate of delayed annihilation free from pre-pile-up
d : dead time of the laser ~ 2.5 ms

The excimer laser had a d = 2.5 ms dead time after each shot. Delayed annihilation events
which occurred during this period, however, were effectively accumulated as control data
without laser. Once the laser is ready again, the next laser trigger will occur after an
average time 1/p/, so the rate of events with laser is given as 1/(d + 1/p’). The post-pile-
up rejection reduces the number of useful events by the factor e (the probability that
no second p arrives within the window w). The rates R) and R, of useful delayed events

with and without laser are then:

—wr —wr

pde
d+1/p"’

[§]

0=y

and R, =p/dR = Rigt = Ri+ R, =pe . (3.2)

Figure 3.16 shows the calculated value of R) as a function of the p rate r. The top and
the middle graphs show flat plateaux around their maxima (R} = 180 — 230 s™!) so that
high event rates can be achieved over a wide range of the p beam intensity (r = 20 000
— 50 000 s7') we were provided with during a LEAR spill. For finer intensity tuning we
manipulated the opening of a collimator upstream in our beamline.

When we studied the full lifetime spectra (delayed annihilation time spectra, DATS)
of the antiprotonic helium atoms without using lasers, a 50 us beam gate was opened,
and accordingly the gates for the pile-up rejections were increased to 50 us. In this case
the event rate was given by Ry, as is shown in the bottom figure.

The computer deadtime was negligible because of the small event rate, except during
runs in which prompt annihilations were included in the trigger in order to estimate the
fraction of the delayed annihilation [13], in which case the computer deadtime was up to

80% and the equation above no more holds.

3.5 Analog Data Acquisition Method

Our unique technique of laser-induced annihilation so far explained was widely used for
most of the experiments which brought about fruitful results to be presented in the later
chapters. This digital counting method worked excellently, enabling spectroscopy of single

atomcules [69] and was especially suited for precise measurements, some improvements
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can nevertheless be made. Especially the inefficient use of laser pulses (each fired at one
single atom) meant an enormous number of laser shots per measured point, relatively
long measurement times and hard work of frequent maintenance. In order to overcome
these deficiencies, we have also developed a modified experimental technique (“an analog
method”) [75] utilizing bunched p beams, which is more powerful for new resonance
searches and lifetime measurements. Instead of digital-counting each p and accumulating

089 p’s were

millions of events with the same number of laser shots, a pulsed beam with 1
extracted at once and the consequent annihilations were recorded as an analog signal into
a digital oscilloscope. Resonance spike was observed with a single laser shot irradiating
the whole bunch of metastable pHe™ atomcules in the target chamber, which helped to
save otherwise enormous number of laser shots.

This method had another merit when we studied the lifetimes of the metastable states.
In the digital counting method, the laser trigger was created after a p has already stopped
in the target, and due to the excimer laser which had a delay of ca. 1 ys until the ignition,
The earliest possible laser timing was ca. 1.3 us as mentioned in Section 3.3.2. On the
contrary, with the pulsed p beam, the arrival time of the p bunch was foreseen by the
signal from the kicker magnet of the LEAR ring, so that the laser could be triggered in
advance of the pHe™ formation. We could investigate the state populations at as early
as 500 ns' after the formation. The readers are referred to Ref. [75] for details of the
experimental setup for this analog method.

With both these complementary modes, digital and analog, of “laser-induced anni-
hilation spectroscopy” techniques, we have so far clarified many unique properties of

antiprotonic helium atoms.

“Here the earliest possible timing was limited by the response time of the switching gate for a PMT
we used for this analog counting method. This PMT was specially made, with less number of dinodes

and the ability of gating off the huge signals by the prompt annihilation of numerous antiprotons.
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Observation of Laser Resonances

In the series of our laser spectroscopy experiments we have so far found 13 resonance
lines of pHet atomcules including 3 for p?He™. The observed transition energies all agreed
with those of the theoretical calculations, and thus proved the theoretically predicted level

structure of the pHe' atomcule.

4.1 Discovery of the First Resonances

For searching resonant transition lines, the wavelengths of the dye lasers were scanned
step by step. To gain enough statistics, about half a million delayed-annihilation events
were taken (with the same number of laser shots fired) for each wavelength. This took
20-30 minutes. The scanning region was chosen according to theoretical calculations,
available at that time, on the level scheme and the transition rates of the states [14, 19, 20].
Their predictions for the transition wavelength varied from 594 nm to 600 nm for the first
candidate transitions (see Figure 4.3) while the laser bandwidth was narrow (~ 0.007 nm),

so that we had to scan for a few hundred steps until we found the resonance.

The signals of the first two successful observations of laser-induced resonant transitions
in a pHe™ atom, discovered in 1993 and 1994, respectively, are shown in Figure 4.1 and
in Figure 4.2. The laser induced a transition from a metastable state to an Auger-
dominated short-lived state followed by immediate annihilation, resulting in a sharp peak
in the spectrum at ¢t = 1.8 or ¢t = 1.3 us (arrival time of the laser beam) after the injection
of the antiproton. The distinct depletion in the annihilation rate after the peak (clearly

visible in Figure 4.2) is also evidence for the depopulation of the metastable state.

In order to determine the central resonance wavelength, the DATS spectra were taken

for a range of wavelengths around the resonance line, and the area of the resonance peak,
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Figure 4.1: The first observation of the laser-induced annihilation signal.

When the laser wavelength was tuned over the resonance line a sharp peak

appeared in the p annihilation-time spectrum at the instant of arrival of the

laser pulse (left and right top). The center of the resonance line, plotted as
the peak area versus the wavelength, is at 597.259(2) nm (right bottom). This
resonance has been assigned to the (n,l) = (39,35) = (38,34) transition.
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Figure 4.2: Observed delayed annihilation time spectrum of pHe™ atoms
with laser irradiation at a vacuum wavelength of 470.724 + 0.002 nm (left
top) [49]. At the time of the irradiation (1.3 us after the p stop), the laser
has induced a resonant transition in the cascade series v =n —1[1—1 = 2 from
a metastable state (n,l) = (37,34) to an Auger-dominated short-lived state
(36,33), followed by an immediate annihilation and thus resulting in the sharp
peak in the spectrum. The distinct depletion in the annihilation rate after
the peak is also evidence for the depopulation of the metastable states. An
off-resonance spectrum is shown in comparison (left bottom). (Right): The
peak area normalized to the total number of metastable atoms plotted against
the wavelength of the laser light, showing a typical resonance profile. The
largest contribution to the line width is the saturation broadening due to the

high laser power.
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1.e. the number of excess annihilations at the laser timing in the DATS was counted.*
This peak count was then normalized to the total number of delayed annihilations and
plotted against the wavelength. The obtained resonance curve was fitted with a Lorentzian
function convoluted with a Gaussian of the laser bandwidth and the center of the resonance

was determined.

Thus the first two discovered resonance lines had their central vacuum wavelengths?
of 597.259+0.002 nm [47] and 470.724 £ 0.002 nm [49], in agreement with the theoretical
predictions. They were assigned to the transitions (n,l) = (39,35) = (38,34) and (37,34)
= (36,33) at the ends of the radiative cascade series v = n—[—1 = 3 and 2, based on the
theoretical calculations [36, 45] of the Auger lifetimes discussed in Sections 2.1 and 2.3.2.
From the studies employing two successive laser shots to the atom as will be discussed
in Appendix B.2, we could estimate the depopulation efficiency of the metastable states.
Typically the value was as high as 80-90% [48, 49] due to the high power of the laser pulses,
which produced a very distinct resonance signal. In fact, the laser power (2-5 mJ) turned
out to be much higher for the “favored” transitions than was necessary to saturate the

resonance (~ 0.1 mJ per pulse), causing thereby large power broadening of the resonance
width.

*For the estimation of the non-resonant annihilation background below the resonance peak, the spec-
trum in a time window of 1 us around the peak and excluding the peak itself was fitted by a linear line.
Most of the DATS were fitted well enough by the linear functions, but DATS taken at high densities had
a fast-decaying component with a lifetime of a few hundred nanoseconds (see Appendix B.3), and they
had to be fitted instead by single-exponential curves. The number of resonant annihilations were then
given as the number of total annihilation events within a 50-100 ns time window at the time of the laser

irradiation, minus the estimated number of non-resonant annihilations.
tThroughout this thesis, all the wavelengths we refer to are “vacuum wavelengths”, i.e. as measured

in vacuum and not in the helium or any other media.
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4.2 Other Resonances and Determination of Atom-

cular Structure

In 1995, Korobov calculated transition energies of the pHe™ atom [30] which agreed
with our experimental value to a 50 ppm precision. His precise predictions helped us to
reduce drastically the scanning time for search for new transitions (from one week to one
hour), and we have subsequently found several more resonance lines.

In fact, in 1995, we found three more resonances at 529 nm [51], 713 nm and 726 nm
[52,53]. In 1996, the discoveries were for 5 more lines with the “HAIR” method explained
in Appendix B.4.3. We also found 3 resonances in p2He™: two in 1995 as reported in
Ref. [50], which corresponded to the first two in p*He™, and another one in the next year
[58].

Table 4.1 and Figure 4.4 ( 1> Color figure V) summarizes all the resonances we have so
far found, with their transition wavelengths in vacuum and state assignments. Detailed
explanations on each resonance are to be mentioned in the following chapter and in
Appendix B, as noted in the table.

With these many resonances, we have proven that the delayed annihilation is without
doubt due to the formation of metastable pHe' atomcules, as predicted by the early work
of Condo [8] and Russell [9]. Recent theoretical calculations on the level energies of the
three-body system has yielded good results which agrees with our experimental values
to a 107% (or a ppm) level. Figure 4.5 compares our experimental vacuum wavelengths
with those of Korobov’s calculations [30,31]. This precise agreement excludes the possi-
bility of different assignments of the angular momentum [, which implies that the position
of the theoretically-drawn distinct border between the metastable states and short-lived
states has been experimentally settled. This gives a firm proof of the “|Al| < 3 Auger
dominance rule” (see Section 2.3.2) and justifies the qualitative reliability of the calcu-
lations of the Auger transitions. A quantitative verification of the Auger rates is given in
Appendix B.2.3.
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Figure 4.5: Comparison of the observed transition wavelengths Ay, in vac-
uum and the calculated values Ay, from Refs. [30] and [31] (see Section 2.2.3).
The small discrepancies of typically 50 ppm (100 ppm for “unfavored” tran-
sitions) with non-relativistic calculations were further reduced to several ppm
when relativistic effects (mainly correction to the kinetic energy of the elec-
tron) were taken into account. Note that the experimental values were ob-
tained at different target conditions, typically at 6 K and 500 mb, and are or

may be subject to a collisional shift, as explained in the following Chapter 5.
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Table 4.1: Transition wavelength and the assignments of the quantum num-
bers for the 13 discovered resonances are tabulated. The resonances are for
p*He™ atomcules unless otherwise noted. Refer to each chapter for the differ-

ent methods of observation.

Transition (n, [, v) Wavelength [nm] Comments References Chapter/Sections
(39,35,3) = (38,34,3)  597.259 + 0.002 [47,48] 4.1, 5, B.2
(37,34,2) = (36,33,2)  470.724 + 0.002 [49] 4.1, 5, B.2
(38,35,2) = (37,34,2) 529.622 +0.003 Double reson. [51] B.1.2
(37,35,1) = (38,34,3) 726.097+£0.003 Unfavored  [52,53]  B.1.1, B.5
(37,34,2) = (38,33,4) T13.578 £0.006 Unfavored  [52] B.1.1, B.2.4
(38,34,3) = (37,33,3) 593.388+£0.001 p3He" [50] herein
(36,33,2) = (35,32,2) 463.946 £ 0.002 p?He" [50] herein
(37,34,2) = (36,33,2) 524.155+0.004 p?He" [58] herein
(38,35,2) = (39,36,2) 597.298 + 0.002 HAIR® [55] B.4.3
(38,36,1) = (39,37,1) 597.397 +0.002 HAIR® [55] B.4.3
(38,37,0) = (39,38,0) 597.607 +0.002 HAIR® [55] B.4.3
(37,35,1) = (38,36,1) 528.808+0.008 HAIR® [55] B.4.3
(37,36,1) = (38,37,1) 527.930 +0.002 HAIR® [55] B.4.3

* HAIR stands for hydrogen-assisted inverse resonance which will be explained in Appendix B.4.3 and
in Ref. [55].



Chapter 5

Collisional Shift and Broadening

of Resonance Lines

The measured transition energies for all the discovered lines showed good agreement
with theoretical predictions as shown in Figure 4.5. These theoretical calculations are
based on a three-particle (pe”He™ = pHe™') model in which the pHe™ atom is tacitly
assumed to be isolated and in vacuum. Experimentally these exotic atoms were produced
by stopping p particles in 0.5-1 bar helium gas, cooled down to 5-10 K (see Section 3.2).
In such relatively dense media the pHe' atomcule is subject to frequent collisions with
surrounding normal helium atoms so that the assumption of in vacuum isolation is by
no means true. In fact, we will see in Appendix B.3 that under this condition certain
metastable level lifetimes are shortened drastically with increasing density [57]. Further
effect of collisions are to shift the resonance frequencies away from their original values and
to broaden the linewidths, generally known for normal atoms and molecules as the pressure
shift and collisional broadening.* In fact, we did observe a certain shift of the central
resonance frequencies at different target-density conditions, and systematically studied
this phenomenon. The studies were important in determining precisely the unperturbed
transition energies to be compared with the theoretical calculations. The shifts and
widths themselves are an interesting subject, because they contain useful information on

the collisional dynamics between pHet and helium atoms.

*We use in this paper, the terms “density shift” and “collisional broadening (width)” instead of
“pressure shift” and “pressure broadening” as they are usually referred to. This is because the primary
factor for the shift and broadening is the density of the media, which is not at all proportional to and

should be strictly distinguished from the pressure at our low-temperature conditions.
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5.1 Density Shift of the Resonance Lines

5.1.1 Experimental conditions

We have observed that the central resonance frequencies shift and broaden at different
target conditions, and systematically studied this phenomenon for the resonance lines,
(n,l) = (39,35) = (38,34) : 597.26 nm and (37,34) = (36,33) : 470.72 nm. These lie
at the ends of metastable radiative cascade series v =n — [ — 1 = 3 and 2, respectively.
We measured resonance profiles by scanning the wavelength at different helium target
conditions. Our data were taken at various laser powers. As expected, the laser power
did not have any influence on the center of the resonance, while the width increased at
high power on account of saturation broadening.

In the first series of experiments in 1995, our target pressure was limited to a maximum
of 1 bar by the strength of the quartz window of the target vessel. The temperature was
kept at 6.2 K, except for a few points taken at 15 K. In the next year, we improved the
target system and took data at higher pressures up to 8 bar. We made use of the super-
critical phase’ of helium, where the density increases with pressure continuously without
phase transition from gas to liquid. Refer to Figure 5.1 and Figure 5.2 for phase and
density diagrams of *He.Thus we could achieve as high a density as that of liquid helium;
helium of 8 bar at 5.8 K is denser than liquid helium under atmospheric pressure. Many
data were taken at 5.8 K with different target pressures, but we avoided 3-5 bar region
which is close to the critical point (5.2 K, 2.25 atm) where the density changes drastically
with slight pressure fluctuations (see Figure 5.2). Instead, we took one data-point at

6.3 K in order to do the measurement at well-defined density.

5.1.2 Observed shifts

Figure 5.3 shows resonance profiles taken for the 597.26 nm line at different pressures
ranging from 530 mb to 8.0 bar at temperatures of 5.8-6.3 K. The graphs plot the
normalized count of the resonance peak area in the DATS spectra, versus the calibrated
vacuum wavelength. The center shifted toward longer wavelength and the width became
broader for higher pressures. We determined the central vacuum wavelengths by fitting

the profile data with a Lorentzian convoluted with a Gaussian of the laser bandwidth, and

tWe first intended to increase the density by lowering the temperature and do the measurements
in liquid helium. But in that case we would have had to use super-liquid phase of helium to avoid
formation of gas bubbles due to the laser heat, and to be prepared for possible sudden burst of pressure
on vaporization in case the temperature control failed. Instead, we decided to increase the pressure to
achieve higher density, at a higher temperature than the critical temperature (5.2 K): the phase called

“super-critical”.



5.1. Density Shift of the Resonance Lines

51

pressure [atm]
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Figure 5.2: Density of “He is plotted as a function of the temperature and
the pressure. Above the critical temperature of 5.2 K, no phase transition from

gas to liquid is observed, but the density changes drastically near the critical

pressure of 2.26 bar.
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Figure 5.3: Resonance profiles of the 597.26 nm line showing red shifts of

the center with helium density.

plotted them against the target density.? The target temperature and pressure were always
monitored and recorded on the data tape, and their calibrated values® were converted into
the density using a program [76] based on the cryogenic helium database. It was essential
to use this database, especially at the super-critical phase where the ideal-gas assumption

is totally broken.

The results at different target conditions are summarized¥ in Table 5.1and in Fig-
ure 5.4 (for lower density conditions), which show both linear and “red” shifts for the two
studied transitions. The data at 15 K fit well on the line if plotted against density, but not
against pressure. This means that the shift is proportional to the density (p), with no,

or small, dependence on the temperature. The vacuum wavelength A is thus expressed in

!The data in Table 5.1 are actually the results of hyperfine-doublet fit. See Section 5.3.
§See Section 3.2.1 for the calibration of target temperatures.
TRefer to Appendix E.2, p. 133, for a full set of data.
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Table 5.1: Summary of the shift measurements. Calibrated values for the
central vacuum wavelengths of the two resonances at different target condi-
tions (temperature, pressure and corresponding density), obtained as results
of hyperfine-doublet fits (597 nm lines, see Section 5.3.2) or single-peak fits
(470 nm lines), are shown with relative errors which include both statistical
and systematic errors for the relative wavelengths. The data written in +talic
style were taken for the purpose of the absolute calibration of the wavelengths
with respect to the standard reference lines, and the errors given are the abso-

lute errors instead. A more detailed full set of data is listed in Appendix E.2.

T[] | p[bar] | plg/l] £ dp A [nm] + 60X
6.2 0.17 1.38 £ 0.03 | 597.2582+0.0003
6.2 0.31 2.49 4+ 0.05 | 597.258540.0003

15.2 1.00 3.17 £ 0.03 | 597.2598 +0.0003
6.2 0.53 4.37 £ 0.09 | 597.2601 +0.0003
5.8 0.54 4.78 £ 0.10 | 597.2606£0.0002
6.2 0.94 8.07 & 0.18 | 597.262940.0004
5.8 1.56 16.1 £+ 0.6 597.268140.0005
5.8 2.0 23.0 £1.1 597.273740.0006
5.8 2.9 45 +£5 597.2885+0.0007
6.3 4.5 78 £6 597.311940.0022
2.8 8.0 127 £ 2 597.3570£0.0011
6.3 0.18 1.43 £ 0.02 | 470.7223£0.0003
6.2 0.54 4.44 £+ 0.08 | 470.7227+0.0003
6.3 0.82 6.83 £+ 0.14 | 470.7232+0.0006
6.3 1.17 10.1 £ 0.2 470.7237+0.0004
2.3 0.97 10.2 £ 0.3 470.7236 +0.0017
6.0 1.18 11.0 £ 0.3 470.723940.0007
5.8 1.66 17.5 £ 0.6 470.72444+0.0013
5.8 2.5 32 +£2 470.728 4+0.001
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Figure 5.4: The central vacuum wavelength plotted against the density of
the helium target at relatively low densities. The encircled data at 15 K falls
roughly on the linear line. All the data within the plotted density-region
are shown for the 570 nm line, while only selected data with relatively small
statistical errors are plotted for the 470 nm line. The extrapolation to the zero-
density limit gives the transition wavelengths of the pHe™’ three-body system
unperturbed by collisions. The line thickness covers the statistical error of the

linear fit to the data.
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the form
A= X+ sp, (5.1)

where )\g is the extrapolated value at the zero-density limit.

For most of the data presented the pHe™ resonance data were taken with respect
to a wavelength meter and this device was later calibrated against reference lines. In
order to give a more reliable calibration for the absolute wavelength values, one set of
resonance data for each transition in pHe' atomcules was taken simultaneously with
the standard molecular-absorption signals (see Appendix E.1 for a detailed description).
Figure 5.5 shows a resonance profile of the 597 nm line taken at our common target
condition of 0.54 bar and 5.8 K, together with the absorption and transmission signals
from a standard iodine cell and a spectrum analyzer (an etalon) with 3 GHz free spectral
range. The central vacuum wavelength was obtained as 597.2606 4+ 0.0002 nm for this
condition and this value was used as a standard for the absolute wavelength calibration

in determining the values for other data.

Table 5.2: Extrapolated vacuum wavelengths \g at zero-density limit and

shift parameters in various units.

Transition Wavelength Density shift
(n,)=(n',1") Ao £ o Av/p Av/N (AX/N)/p
[nm] [GHz/(g/¢)] | [10*" GHz/em™] | [ppm/(g/0)]
(39,35)=(38,34) | 597.2570+0.0003 | —0.61 + 0.01 —4.05 £ 0.07 1.22 +0.02
(37,34)=(36,33) | 470.7220+0.0006 | —0.22 4+ 0.02 —1.5 £0.1 0.34 £0.03

Figure 5.6 ( > Color figure VI) plots all the data at different target conditions, which
show 0.61 + 0.01 GHz and 0.22 + 0.02 GHz red shifts per 1 g/¢ for 597 nm and 470 nm
lines (see Table 5.1). The shifts are linear within the experimental error, except for one
data-point at our maximum density of 127 g/¢ = 32 mol// for the 597 nm line. In the case
of the 470 nm transition, the density was limited to maximum 32 g/¢ = 8 mol/¢, because
the parent state (n,l) = (37,34) was quenched by collisions at high density, reducing
the height of the resonance peak and making measurements more and more difficult as
the density increased (see Appendix B.3 and Ref. [57]). One interesting fact is that the
597 nm transition is more sensitive to (elastic) collisions than the 470 nm transition, while

its lifetime shortening effect is less marked.
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Figure 5.5: A 597 nm resonance profile was taken with a target of 0.54 bar
at 5.8 K, together with standard iodine-absorption lines in order to give an
absolute wavelength calibration. The resonance peak area is normalized to the
number of delayed annihilation counts, and the iodine-absorption signal and
the transmission signal of a spectrum analyzer are normalized to the incident
laser-pulse energy. The symbols (a)—(f) correspond to reference lines listed

in Table E.1, p. 131. The central vacuum wavelength was determined to be
597.2606 + 0.0002 nm.
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Figure 5.6: The central vacuum wavelength is plotted against the den-
sity of the target helium for the (n,l)=(39,35)=-(38,34): 597 nm and
(37,34)=(36,33): 470 nm resonance lines. No resonance was observed for the
470 nm line at higher density than 32 g/¢ because of the quenched population

of the parent state which is no longer metastable.

5.2 Precise Determination of Transition Wavelengths

5.2.1 Transition wavelengths at zero-density limits

The observation of the shifts has provided a more direct comparison between the
experimental transition energies and the theoretical calculations. The wavelengths of the
known 13 resonant transitions agree especially well with molecular-expansion variational
calculations by Korobov [30]. The discrepancy found was generally about 50 ppm for
the “favored” (n,/)=(n — 1,1 — 1) transitions and about 100 ppm for the “unfavored”
(n,l)=(n+1,[—1) transitions. These discrepancies were further reduced to a few ppm after
taking into account the relativistic effect [31], as shown in Figure 4.5 and in Ref. [52]. In
those figures, however, the experimental values compared were for our common condition
of 0.5 bar at ~ 6 K while the theory calculated values for an isolated three-body atomic
system, 7.e. at zero-density limit. Now that we know of the density shift, the extrapolated

value A\ of the observed vacuum wavelength at zero density should be compared with
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the theoretical one. We determined this value taking a special care over the absolute
wavelength calibration as explained in detail in Appendix E.1. Only the data at relatively
low densities were used for the extrapolation. In this way we obtained A\q = 597.2570 £+
0.0003 nm and 470.7220+0.0006 for the two resonances. The errors include both statistical
and systematic (calibration) errors and are still smaller than the laser bandwidth owing
to our careful analysis. Thus the accuracies have improved by one order of magnitude
compared with our first reports on the discovery of those resonances. These values were

compared with the relativistic calculation by Korobov [31] and the discrepancies were

(AMth — Ao)/Ao~ 8 ppm for 597 nm
~ 6 ppm for 470 nm ,

as indicated in Figure 5.7 (> Color figure VII).

Furthermore, most recently, Kino et al. [24,25] and Elander et al. [32-34] have come
up with new calculations including relativistic corrections and Lamb shifts.!! Korobov has
also revised his calculation in the meantime [35]. All their values agree with each other
to a precision of several ppm, and with all relativistic corrections taken into account, the
discrepancies between theoretical and experimental values are only a few ppm or less,
as shown in Figure 5.7. Among these, the current best agreement is given by the non-
relativistic value of Korobov which is now claimed to be accurate to 10 digits,** plus his
relativistic corrections of order O(a?) [35] plus the Lamb shift values of Elander et al.,!
with some corrections by Korobov. These theoreticians are currently working for more
accurate values, and further results are anticipated.

The present precision of the theoretical calculations is certainly the best one in the
history of calculation of Coulombic (or any other) three-body systems. It is therefore

going to be a milestone in the development of theoretical calculation techniques.

5.2.2 Precise determination of antiproton’s Rydberg constant

The excellent agreement has opened a possibility of measuring fundamental constants

of the antiproton by means of high-resolution spectroscopy of the pHe™ atomcule. In

IThe relativistic corrections include a dominating correction to the kinetic energy of the bound elec-
tron, with smaller contributions from vacuum polarization effects and relativistic mass corrections to the
kinetic energies of the two heavy particles. The Lamb shift derives from the radiative QED correction,

mainly for the bound electron.
**It must be noted that the accuracy quoted here is for the binding energies, and since the transition

energy is given by the small difference of binding energies between the two states, the effective accuracy

for the transition energy is smaller by nearly 2 digits.
tNote that his publication contains a mistake of by a factor 2 too large values for the calculated Lamb

shifts, as will be corrected in a forthcoming Erratum.
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Figure 5.7: The experimental value of the (39,35)=(38,34) wavelength is
compared with recent theoretical values [25,33,35] which agree within preci-
sions of a few ppm. Korobov has not yet calculated the Lamb shift, so that
Elander’s value, with some correction by Korobov himself, is added to his rela-
tivistic value. This gives the currently available best agreement of 2 ppm with
our experimental value. The so-far known precision of the antiproton Rydberg
constant (50 ppm) is comparable to the discrepancy in the figure between the
non-relativistic calculations and our experimental value, while the error of the

present measurement of only 0.5 ppm is by far better than that.
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a limited context, we can say that the current work has achieved the best precision in
the determination of the Rydberg constant (Ry(p)™) of antiproton. The charge-to-mass
ratio (Qp/Mp) of antiproton* is known with a high precision of 1079 to be the same as
that of proton, from a measurement of the cyclotron frequency at a trap experiment at
LEAR [77]. This does not mean, however, that the charge and the mass respectively were
measured with that high precision. In fact, the p charge is known only to such a precision
that | Qp+Qp|/e < 2x 107 [78], from an x-ray measurement of antiprotonic atoms* [79].
This means that the current precision of antiproton’s Rydberg constant is only 5 x 1072,

since

=
<

S
8
Il

(5.2)

2(4mey)2h? Mﬁ Ry(p)® = e

Mz e*Qp’ 5\ SRy(P)™® . Qp
pe Qp o<Q133<Qp> | y(P)* _ ,0Qp
We have determined the transition energy of the pHe® atomcule to a precision of 5x 1077,
If we roughly assume that the half of the binding energy is carried by the antiproton (as
expected from arguments in Appendix A.2), the achieved precision for the p Rydberg
constant is about 107% — surpassing nearly two orders of magnitude by the currently

known value. More precisely speaking, the binding energy of pHe' is expressed using

effective nuclear charges for p and e™, as

_ M* — 92
By = Eg + Bjy ocme(Zgg) "¢ + —-(Zlp) €*Qp (5:3)
ES~EL
where
M= My
#— P He (5.4)
Mg + M

is the reduced mass between the antiproton and the helium nucleus. Under an assumption
that the both effective charges Z%, ZL are independent of Qp, It can be deduced in the

same manner as in Ref. [78], that’

25EB_5E§_<3 1 >5Qp_14an

‘B _ _ 5.5
Ey EP 14+ Mue/My ) e 5 e (5:5)

#We define here the charges of antiproton and electron to be equal to _Qﬁ and —e, respectively, so
that both Qﬁ and e are positive.

“Robertson et al. have measured x-ray transition energies of antiprotonic atoms formed in targets of
6Li, "Li, C, Si, P, Fe, Y, Zr, Cs, and Yb. They have only used those transitions un-shifted by the strong
interaction.

The known precision of the mass of the helium atom is of the order of 107'°, and this uncertainty
can be neglected compared to the uncertainty of the antiproton mass or its charge. Also, the uncertainty

in the charge-to-mass ratio of the antiproton is neglected, so that (5Qﬁ/e = 5M5/Mp.
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for the p*He™ atomcule. But in fact, if the (absolute value of) the antiproton charge and
correspondingly the antiproton mass were slightly larger than those of electron, then the
antiproton would be more attracted by and come closer to the helium nucleus, while the
electron would feel less effective nuclear charge Z$; and stronger repulsion from the p, and
its wavefunction would be slightly pushed outside. This means that the effective nuclear
charges Z, ZeﬁfT would depend on the antiproton charge, and Eq. (5.5) above no more
holds. Moreover, the expression in Eq. (5.3) using effective charges may not be suitable
from the beginning for the detailed arguments. In order to know the actual relationship
between the uncertainty in the pHe™ transition wavelength and that of the p Rydberg
constant (or the p charge), theoretical comparison to an additional energy calculation
with slightly deviated antiproton mass and charge may be required.

Therefore, currently we cannot give a fixed limit on the precise value, but as long
as we believe in the theoretical calculations, we can state that we have determined the
antiproton’s Rydberg constant with a world’s best precision of the order of 1076, from

the comparison of our results with theoretical relativistic calculations.

5.3 Widths of the Resonance Lines

So far, we have cared about the center of the resonance which shifted with density.
In this section we will discuss the observed broadening of the resonance lines and deduce

collisional parameters.

5.3.1 Different types of widths

We are aiming at extracting collisional information from the observed width which
seems to depend on target conditions as indicated in Figure 5.3, p. 52. Before considering

collisional widths, however, let us summarize other important origins of line broadening.

Natural width, observation time

Every line has a natural width as a consequence of the principle of uncertainty between
the time and the energy. A level with a finite lifetime 7 results in a Lorentzian with a
full width at half maximum (FWHM) of I' = Av = 771/27. In our case, the width
is dominated by the short lifetime of the daughter state. For a typical value of 10 ns,
the natural width is I" = 16 MHz which is much smaller than the laser bandwidth of
1.0 GHz. The natural width is therefore not usually observable, unless the lifetime of the
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daughter state is much shorter than this.” The laser pulse has a width of 30-40 ns and
the broadening due to this observation time window? is even smaller than the natural

width.

Doppler width

The thermal motion of the atomcule causes an inhomogeneous broadening called the
Doppler width. At a temperature of T [K| the velocity v of the atomcule distributes

according to the Maxwell-Boltzmann distribution:

3
M \2 Muv?
f(v)dv= <m> exp {— SET } dv, (5.6a)
3
M \2 Muv,?
3
M \2 5 Muv?
f(v)dv= <27rkT> 4o exp{—%T}dv, (5.6¢)

where M is the mass of the atomcule, and the laser beam is introduced along the x axis.
Since the Doppler shift is given by Av = vv,/c, the resultant shape of the resonance is a
Gaussian with a FWHM

[kT
Avp, =2V2In2 % 0 =235 x 1[5 . (5.7)

At our typical temperature of 6 K, Av, = 390 MHz at 597 nm and 500 MHz at 470 nm

for p*He™" atomcules.

Power broadening

A troublesome fact in the measurement of the width is that it depends heavily on
the laser power. When the power is low enough, the signal is always proportional to the
intensity of the laser, independent of the frequency detuning around the resonance, so
that the linearity of the signal and the same resonance width are retained. At a high
power, however, the resonant transition signal saturates near the center while the the
linearity is still valid in the wings, so that the overall resonance shape broadens. This
effect is called the power broadening or the saturation broadening, and had a sizable

influence on our measurements. The typical energy was 2-5 mJ per pulse for most of the

tOnly for an “unfavored” transition at 713 nm, a very large width was observed and a corresponding

short daughter-state lifetime of 4.1 ps was deduced. See Appendix B.2.4.
©This additional broadening is automatically included in the simulation of Rabi oscillation in the

following Section 5.3.3.
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measurements (except for those presented in this chapter), which aimed mainly at the
studies of state lifetimes and populations and we did not care so much about the resonance
shape itself. In those measurements, rather, the saturation condition was favored because
it assured a constant high depopulation efficiency of ca. 80%. The cross section of the
beam was of the order of 1 cm? and the pulse duration was typically 20 ns, corresponding
to power densities of 0.1-0.2 MW /cm? and Rabi frequencies /27 ~ 1-2 GHz for the
“favored” transitions. We measured the resonance intensity at different pulse energies
and found that the saturation occurred already at 0.1 mJ. This means that the width
was considerably broadened due to the surplus laser power. Generally, the broadened
width is of the order of the Rabi frequency. It was therefore essential to reduce the power

significantly and do the measurements under the condition of unsaturated responses.

Collisional broadening

It is well known and has been studied for a century that atoms and molecules colliding
frequently with each other have broadened (and shifted) transition lines which depend on
the type and frequency of the collision [80-82]. Intuitively, the broadening occurs because
of the phase shifts due to slight changes in the transition energies during collisions. There
are many successful theoretical formulations which link the collisional interactions with
the observed broadened lines. In other words, some information about the interatomic/
intermolecular interaction can be provided by studying the “collisional broadening” effect.
Experimentally, the residual width under the no-saturation condition i.e. the zero-power

limit usually gives the collisional width.

5.3.2 Measurement of resonance widths

The reduction of the power to suppress saturation broadening was made with ND
(neutral density) filters and not by the laser output itself, so as to keep stability and
quality of the beam. In order to observe intrinsic widths free from power broadening, the
resonance widths measured at several decreasing powers should be plotted and extrapo-
lated to the zero-power limit. The precision of the measurements, however, was restricted
by the statistical difficulty. Lower power naturally meant smaller resonance peak, and the
peak height decreased by half when the power density was halved in the linear-response
region. This worsened the statistical errors and it took four times longer measurement
time to keep the same relative errors. It was practically impossible to do the measure-
ments at a pulse energy lower than 0.01 mJ, so that our resonance profile data were taken

at several different energies ranging 0.01-0.25 mJ® for each target condition.

“The value is the corrected laser-pulse energy at the entrance of the quartz window of the target. See

comments in the caption of Figure 5.12, p. 69.
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WIDTH of 597nm resonance (single-peak fit)
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Figure 5.8: The Lorentzian full width of the 597 nm resonance obtained by
single-peak fits is plotted against the laser-pulse energy. The width is greater
at higher energy, and this dependence of power broadening is more dramatic
for higher density. The residual width at the zero-energy limit is small and
about 0.5 GHz for all conditions, and was ascribed to an unresolved hyperfine
splitting. Note that the error bars in the figures include only the statistical
errors, and that the absolute values for the widths, especially those which
are small, are subject to systematic errors arising from possible misestima-
tion of the laser bandwidth and the Doppler width. The values are listed in
Appendix E.2.
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The resonance profile data were fitted with a Lorentzian convoluted with a Gaussian
of 0.96/1.3 GHz (= 1.14/0.95 pm*) FWHM for the 597/470 nm lines, the Gaussian rep-
resenting the laser bandwidth plus the Doppler width. The deduced Lorentzian widths of
the 597 nm resonance are plotted in Figure 5.8 against the laser-pulse energy for different
target pressures ranging from 170 mb to 940 mb at 6.2 K. The figure shows different de-
pendence of power broadening for different target conditions. The width increases more
rapidly with the power for higher pressure i.e. higher gas density, while the extrapolation
at zero-power limit gives similar residual intrinsic widths of about 0.5 GHz. Since the
natural width was negligibly small, this value was first identified as the collisional width.
However, our simulations of the Rabi oscillation and the resonance profile explained in
the next section did not support this interpretation. If the value of the collisional width
depended only slightly, if at all, on the target condition, there was no reason for the
behavior of the power broadening to vary so much at high laser powers.

After a while, we noticed that the observed 0.5 GHz width can be ascribed to the
“hyperfine” (HF) splitting caused by the interaction between the large p angular mo-
mentum and the electron spin. The readers are referred to Appendix B.5 for the ex-
planation of “hyperfine” structure (HFS) specific to the pHe™ atomcule, and here we
only mention that the interaction splits the levels into doublets. According to Bakalov
and Korobov who have calculated the splitting energies [83,84], the difference in the HF
splitting between the parent and the daughter states is 0.2-0.6 GHz for the “favored”
transitions (n,l) = (n — 1,1 — 1) with 35 < n < 39, while the “unfavored” transitions
(n,l) = (n 4+ 1,1 — 1) generally have larger difference, and in fact we did observe a
clear doublet splitting of 1.7 GHz in an “unfavored” resonance at 726 nm as shown in
Appendix B.5, p. 106. The calculated value for the 597 nm resonance in question was
0.507 GHz, as listed in Table B.2, p. 107, coinciding with the observed residual width.

We then re-fitted the resonance profile with two identical® Voigt functions i.e. the
Gaussian-convoluted Lorentzians, whose central wavelengths were separated by the the-
oretical value 0.507 GHz = 0.604 pm. This doublet-fit left the values of the central
wavelength almost unchanged and reduced the width by roughly 0.5 GHz as was nat-
urally expected. The obtained Lorentzian widths are plotted in Figure 5.9, this time
against the square root of the laser energy, which is proportional to the Rabi frequency.
It can be seen that the power broadening is fairly proportional to the Rabi frequency and
that its slope increases with the target density. The collisional widths at zero-power limit
are too small to be determined and are identical with zero within errors of a few hundred

megahertz.

*pm: picometer = 1072 m = 10~ nm, see Appendix F.1.
*The statistical weight of (2/ + 2)/2l in the intensities of the two peaks can be well approximated by

unity.
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Figure 5.9: The Lorentzian full width of the 597 nm resonance obtained
by a hyperfine-doublet fit is plotted against the square-root of the laser-pulse
energy (\/E) It shows a roughly linear dependence of the width on /&, which
is proportional to the Rabi frequency. The values are listed in Appendix E.2.

In the case of the 470 nm line, the situation is a little different (see Figure 5.10).
The widths at low power are very small even for the fit results without the HFS taken
into account. Also, no systematic dependence of power broadening on the density is
visible. The theoretically calculated HF'S is 0.370 GHz = 0.274 pm, and is too small to be
recognized in the data obtained with large errors. So for this resonance, we can only set

an upper limit on the collisional width (at zero-power limit) of v < 0.6 GHz at 540 mb.

We limit the arguments in the following two sections only to the 597 nm resonance

line.
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Figure 5.10: The Lorentzian full width of the 470 nm resonance obtained
by single-peak fits is plotted against the laser-pulse energy. In contrast to the
597 nm resonance, no clear dependence of power broadening on the target

density is observed. The values are listed in Appendix E.2.

5.3.3 Simulation of Rabi oscillation

We are interested in the collisional width, because, as mentioned before, the width
contains information on the pHe™He interaction potential at small distances, while the
shift is related to soft collisions with large impact parameters. Although the remnant
width at zero-power-broadening limit is too small to be determined, the collision rate may
be deduced from the observed broader width at higher power densities. We performed a
simulation of the Rabi oscillation under the condition of collisional relaxation and power
broadening, and plotted the depopulation efficiency versus the frequency detuning. Then
the collisional width in question can be determined implicitly by comparing the width of

the simulated resonance profile with the observed one.

We wrote a simulation program as explained in Appendix D.4. The optical Bloch
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differential equation was numerically solved for each of the magnetic subcomponents of
the resonating states (m states; —I < m <) using the finite difference method.

The laser pulse had an complex temporal shape with typically two peaks® as shown in
Figure 5.11-a, which was included in the simulation program. The spatial profile of the
laser spot was measured by a CCD camera, and is shown in Figure 5.12. The distribution
of the light intensity had an effective spot area of about A = 4 cm?. The Rabi frequency
can then be calculated, with the known dipole moment pu, according to Eq. (D.54), p. 128
and Eq. (F.15), p. 138.

power
T T

Figure 5.11-a: A typical temporal pro-
file of the dye-laser pulses. It had two
peaks of about 5 ns width and 10 ns apart,

and the total duration was about 30 ns

o e 20 e e e until the decaying tail faded out.

annihilation (per ns) Figure 5.11-b: A simulated laser-

0.04 | | | | induced annihilation peak under a typi-

0.03 - cal condition of 7,/2r = 0.20 GHz and

002 1) = 0.04 mJ/cm? (in the target) for

ooil the 597 nm transition ((39,35)=(38,34);
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Figure 5.11: Temporal profile of the dye-laser pulse and a simulated laser-

induced annihilation peak.

One example of the simulated temporal profile of the laser-induced annihilation peak
is given in Figure 5.11-b. The shape bears a remote resemblance to the original profile
of the laser pulse, with a tail due to the finite decay time of the daughter state.

The depopulation efficiency € is defined as the number of p’s which decayed resonantly
with the laser pulse divided by the initial population of the parent state of the resonance.
From the simulation, it can be calculated as e = 1 — py;(¢) for a time ¢ after the peak has
diminished®, while experimentally, it is known from the resonance peak area and from the
laser-time variant method mentioned in Appendix B.2.1. As long as the state-population

at the time of the laser pulse is the same, the resonance peak area is proportional to e.

©Refer also to comments in Section 3.3.1.
©The total population is normalized to unity. The initial condition is pj;=1, p22=0, p12=p21=0, with

|1) representing the parent state and |2) the daughter state.
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Figure 5.12: A spatial profile of the laser spot. The light intensity observed
by a CCD camera is plotted in arbitrary units as a function of the position in
the beam cross section expressed in millimeters. The effective cross section is
about 4 cm?. The profile has two peaks, but it must be noted that the area
of the smaller peak was cut out halfway in the beam path and only the main

peak, which had 60% of the total energy, was guided into the target.

We plotted the depopulation efficiency as a result of the simulation, against the fre-
quency detuning Av = (w — wy)/27, as shown in Figure 5.13. It shows larger power-
broadened widths, even at the same energy density (i.e. the time integral of the power
density), for larger collision rates 7,. This is in accordance with our measurements which
showed larger broadening for denser targets, and with our expectation that denser condi-
tion means more frequent collisions. It was thus possible to deduce the dephasing collision

rates 7p, from comparison of the simulated broadening to the observed widths.

5.3.4 Deduction of collisional widths

Figure 5.14 plots the simulated width against the square-root of the laser’s energy
density / with variable collisional widths 7;,. The broadening seems linear with VT at large
enough energy densities, and the slope is almost proportional to ,/¥,. This dependence is

the same as the theoretically deduced broadening for a simple two-level atom in thermal
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Simulated resonance profile
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Figure 5.13: The simulated depopulation efficiency ¢ is plotted as a function
of the frequency detuning Av = (w — wy)/27, at different collisional widths
Yp/2m = 0.01 GHz (dotted lines), 0.1 GHz (solid lines), and 1.0 GHz (dashed
lines). Results for three different energy densities of 0.01, 0.1, and 0.25 mJ/cm?
are plotted, showing broader resonances for larger energy densities. The graph
indicates larger power-broadened widths at the same power density for larger
collision rates 7,. The maximum efficiency at saturation is 80-90%, which is

in accordance with observation (see Section 4.1).

equilibrium and interacting with the light field; in that case the stationary solution has a

half width of

)2
Ity ’

Y=74/1+ (5.8)

where I, and v = 7, + I1,/2 are the transverse and the longitudinal relaxation rates
[85,86]. The equation is reduced to

= /g (5.9)

for a large Rabi frequency (2 > (% = /11y, where (2 is the saturation frequency. In
our case, it will soon turn out that inequalities I, ~ I'y < vy and {2 > (2 are satisfied,

and the result of the simulation matches well with Eq. (5.9).
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Figure 5.14: The simulated power-broadening for the 597 nm resonance
is plotted against the square-root of the energy density (\/m), for different
values of the collisional width «,. The solid lines shows the theoretical function
Eq. (5.8) with I, = I'y = 0.0845 ns™" and P = I /7", where the effective laser-
pulse length 7" was determined to give the best fit to the simulated points.
(Thus the values for 7* were 9, 10, 12.5 and 35 ns for 7,/27 = 1.0, 0.3, 0.1 and
0.01 GHz, respectively. Longer effective pulse-length under conditions with less
frequent collisions corresponds to lower power density required for saturation and
means that the small tail of the decaying laser pulse has more significant effect.)
The dephasing collision rates 7, were deduced from comparison between this
figure and Figure 5.9 which are shown in the same size. The scale of the axes
are taken to be the same when the conversion I®) [mJ/cm?] = 0.45 € [mJ] is

used.
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Now we compare this graph with Figure 5.9. The average energy density was calcu-

lated using the p’s stopping distribution of Figure 3.5, p. 21 and the conversion relation
I'[mJ/cm?] = (0.25+0.01) & [mJ]

was obtained between the pulse energy £ and the energy density, at a typical target
condition of 6 K and 500-600 mb.® This gave an effective cross section of the laser beam
of A=4.0£0.2 cm?.

The argument above, however, does not consider the light beam retroreflected by the
highly polished stainless-steel window. In the target, the incident and the reflected beams
must have interfered to form a stationary-wave pattern in the spatial distribution of the
energy density. This should have increased the effective power-density by a factor 2,
because Eés)(it) = 2E(()t) cos(2rxz/N), I < Ey and {(cos?*(2mz/)\)) =1/, where Eés) and Eét)
are the amplitudes of oscillating electric field strength for the stationary wave and the
incident traveling wave, and the x axis is taken along the beam path. This effect was
taken into account with a measured reflection efficiency in power of 80%, in which case

the increase factor is 1.8 instead of 2. The conversion relation is then re-written as
I®) [mJ/em?] = 0.45 € [mJ]

where £ is the energy of the laser beam and I® is the energy density of the total light
field.

The collisional-width parameters 7, were determined by comparing Figure 5.14 and
Figure 5.9, p. 66, which are shown in the same scale for the target condition of 6 K
and 500-600 mb. The results are summarized in Tables 5.3 and 5.4, and plotted in
Figure 5.15 against the density. The obtained collisional width is roughly proportional
to the density, and the deviation from the linearity may be ascribed to the different
average energy densities: since the p’s have a smaller stopping area in a denser target, the
annihilated p’s should have felt on average stronger electric fields near the center of the
laser beam spot (even if the total energy of the laser pulse is the same) and the apparent
width will be broader. The estimated deviation in the average energy density is about

30%“ between the minimum and the maximum densities in the target conditions listed

®The p stopping distribution g(r) of 2-dimensional Gaussian shape with a 7 x (1.0 cm)?
(FWHM) cross section was assumed and the average energy demnsity was defined as (I) =
[I(r)e(I(r))g(r)dr/ [e(I(r))g(r)dr. Note that the average was taken with a weight on the number
density of resonantly annihilated p’s (not all the p’s), which is given by e¢(I(r))g(r)dr. The depopulation
efficiency € was assumed to be proportional to the energy density I(r) at a position r in the laser spot.
This assumption is rather reasonable because the width of the resonance is mainly determined by the
frequency detuning that gives the half maximum of the resonance, where the linearity is barely conserved.

Thus the equation was reduced to (I) = [ I(r)*g(r)dr/ [ I(r)g(r)dr.
9The deviation can be larger if saturation is considered, i.e. the linearity assumption €(I) oc I (see

footnote of p. 72) is replaced by a more elaborate function.
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Figure 5.15: The collisional widths obtained are plotted against the target
density. It shows a roughly linear dependence. Note that the systematic error

can be as large as £50%.

Table 5.3: Collisional shifts A = sp and half widths v = ~,,/27 are compared
for the 597 nm resonance. The widths are one order of magnitude smaller
than the shifts.

T [K] [ p bar] | o [5/6] | A [GH] [ 7 [GH7]

6.2 0.17 1.38 0.84 0.06
6.2 0.31 2.49 1.52 0.10
15.2 1.00 3.17 1.93 0.18
6.2 0.53 4.37 2.67 0.23

6.2 0.94 8.07 4.92 0.50
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Table 5.4: Collisional-width parameters 7/p are shown for the 597 and

470 nm resonances. Only an upper limit is given for the latter transition.

Transition Wavelength Collisional width
(n,)=(', 1) A v/p /N
[nm] [GHz/(g/¢)] | [107% GHz/cm 3]
(39,35)=(38,34) 597 0.05 £ 0.02 0.3+0.15
(37,34)=(36,33) 470 < 0.14 <1

in Figure 5.9, and the correction is expected to push the points in Figure 5.15 toward a
linear line.

It must be noted that the values of collisional width listed in Table 5.3 are not so
reliable and the systematic errors are large. The comparison between the simulation and
the experimental results required accurate estimation of not only the laser power density,
which involved the measurement of pulse energy, spatial and temporal profile of the laser
pulse, reflection at the end mirror in the target, etc., but also the stopping distribution of
antiprotons which differed with target conditions. The simulation assumed perfect linear
polarization of the laser beam and neglected collisions which may mix different m states.
Wrongly estimated values of all these elements will lead to different results. Therefore, it
may be possible that the real value is different from what we have deduced, by a factor
1.5 or 1/ (i.e. an error of +£50%). But it may not be a factor 2 or more, because then the
FWHM = 2 X 41 /27 (v = v + I'a/2, see Appendix D.1.5) would no longer be so small

and could instead be directly observed as the residual width at the zero-power limit.

5.4 Theoretical Interpretation and Considerations

5.4.1 Microscopic target conditions

Let us now take a microscopic view of the pHe' atomcule surrounded by the sea of
helium atoms, which becomes important in the further discussions of collisional effects.

Both pHet atomcule and helium atoms have a mean radius a ~ (r) ~ 0.3 A =0.6an.
Under the target condition of 1 bar at 6 K, the nearest helium atom is found in R =

10 A distance on an average from the pHe™ atomcule. The thermal velocity of a p*He*

3kT
[[.2 — _
<UﬁHe+> = =170m/s,

atomcule is
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while that of the helium atom is 190 m/s. The average relative velocity is then v =
\/3KT /p = 260 m/s, where p is the reduced mass between p*He™ and He. It should be
noted that the temperature is so low that the de Broglie wavelength is already as long as
A=h/Mv ~5 A, which is much longer than the actual size of the atomcule and nearly
the average atomic distance.

If we assume the cross section o of elastic collision to be a geometrical one, the mean
free path is calculated as £ = 1/no ~ 100-1000 nm and the interval between subsequent
collisions is v, ! = £/v ~ 0.5-5 ns = 0.5-5 x 1077 s, or the rate of collision is v, ~ 0.2
2 GHz. The duration of the collision is roughly given as 7. ~ 4a/v = 4 x 107 s, and is
34 orders of magnitude shorter than the interval v .

It is interesting to compare the collision duration 7. with the rotational time constant
of pHet. The atomcule is rotating rapidly due to its large angular momentum [ ~ 35.
Since the energy spacing between different rotational quantum numbers is hvyo ~ 2 eV
or Vpoy ~ 0.5 PHz®, one cycle of rotation takes only 2 fs = 2 x 107'° s. This means that
the atomcule rotates 200 times during the collision duration 7., so that there should be
no orientation dependence between the pHe™ dipole moment and the radial vector (R)
connecting pHet—He. Therefore, the only interatomic interaction at a large distance is

the dispersion force — one type of the van der Waals interactions [87].

5.4.2 Theoretical description

Recently, Korenman has calculated possible shifts of the pHe' resonances due to
collisions with helium atoms, assuming a van der Waals interaction between the two
atoms (atom and atomcule). By integrating the phase shift along rectilinear trajectories
at different impact parameters, the shift and the width of the resonances are calculated
simultaneously. Although this model is too rough to represent pHet—He collisions, his
calculation is not only qualitatively indicative, but also quantitatively, and gives results
of the same order of red shift as our data [88].

His calculation is based on the widely-applied impact approximation (see Appen-
dices D.1.5 and D.2.1), which assumes that the collision occurs so instantaneously that
the effect appears only as a phase shift between before and after the atomic collision, and
does not depend on intermediate processes. If the collision is strong and the phase shift
is greater than a typical value of 7, the oscillation is totally interrupted and causes the

line broadening.” If on the other hand, the collision is weak enough for the phase shift

©PHz: petahertz = 10'® Hz, see Appendix F.1.
ANoting that phase shifts which defer by integral multiples of 27 (9 — o = 207w, n = +1,£2, ...)

give exactly the same effect to the line shape, integration over different impact parameters (which give

different phase shifts) results in cancellation of line shifts and loss of memory of the phase, and the latter
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to be less than 1 radian, the main effect is the shift of the line center.

Another quite opposite approach in atomic collision theories is the quasi-static approx-
imation, which assumes that the interatomic distance changes so slowly that transitions at
certain fixed interatomic distances, whose energies are shifted from their original values,
are directly observable. The intensity at a shifted frequency Av is then related to the
probability of finding the nearest perturbing atom at a distance R which gives the energy
difference of V(R) = hAv.

Our experimental conditions as mentioned in the previous section are better approx-
imated by the impact approach. The collisions take place randomly in a much shorter
instance than the intervals between collisions, and the observation times limited by the
laser-pulse duration and the daughter-state lifetime are even longer than the interval.
The Rabi oscillation is fast due to the high power density of the laser and its period is as
short as a few nanoseconds, but it is much longer than the instantaneous collision time.
Therefore the conditions for impact approximation, 7. < v;' < At and 7. < 27! in
Appendix D.1.5, p. 121, are satisfied.

Furthermore, effects of collisions in which three or more atoms are involved can be
neglected under these conditions; the interatomic interaction becomes significant when
the atoms come close enough to a distance of a few atomic units, and at a density of
(10 A)_g the probability of finding two helium atoms simultaneously in this vicinity of
the pHe™ atomcule is very small.

Assuming that both the impact approximation and the binary-collision condition really
hold, the observed shift is given by the sum of the small shifts associated with single
collisions. It should then naturally be proportional to the rate of collisions and hence
the density, apart from some possible dependence on the temperature. If, instead, three-
body collisions have dominant effects, the shift should be proportional to the probability
of finding two helium atoms at the same time in the vicinity of the atomcule, which is
quadratic with the helium density.

In a case where the quasi-static approximation is applied and yet the binary-collision
approximation is valid, we can easily derive the quadratic dependence of the shift on the
density, from a naive consideration. The mean interatomic distance R is inversely pro-
portional to the cubic root of the number density N. Since the van der Waals interaction
potential V(R) shows a minus-6th-power dependence on the distance, and the potential is
directly related to the shift, we obtain a quadratic dependence of the shift on the density:
1 5 _ Vi(R) = Vi(R)|

R ~6
RS’ h

ox N?. (5.10)

Our experimental results that the shift and the width depend linearly on the density,

is observed as the line broadening.
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thus support the assumption of binary and impact collisions, and confirms the validity of
the calculation.

However, it may be astonishing that the observed shift remains linear even at very
high densities. At 8 bar and 5.8 K, the pHe' atom will find the nearest helium atom at
a distance of only 4 A while the de Broglie wavelength is 5 A; already much larger than
the atomic diameter of 2a ~ 0.6 A. In such a dense medium, the pHet atom may well be
always subject to interaction with several helium atoms. There the impact approximation
may not be fully valid any more, although the quasi-static approximation is too extreme at
the opposite limit to be applied. For a better comprehension, we should consider a more
general approach that will mediate between the two limits. Nevertheless, our densest
condition is expected to be at a boundary of the binary-collision approximation, with
small effects coming from many-body interactions. Of course, the perfect theory should
make a quantum mechanical approach to account for the long de Broglie wavelength, and
include ab wnitio calculations of the interaction potential, but it is far beyond the current

scope.

5.4.3 Theoretical calculation and considerations

In the calculation of Korenman which is explained in detail in Appendix D.2, three
approximations are assumed in the model for simplicity of the calculation, apart from the

binary-collision and the impact approximations:

(i) A hard-core repulsive potential at R = R;, and therefore neglect of contributions

from impact parameters b < R; (which are estimated as small in such a case),
(ii) semiclassical approximations for phase shifts as in Eq. (D.34), p. 124,
(iii) the rectilinear trajectory approximation for R(t) after Eq. (D.34).

The repulsion between pHe' and He is caused by the Pauli exchange of electrons.
Therefore, we can expect that the repulsion will occur when the electrons of two subsys-
tems are in the same space region, 7.e. we can estimate R; as a sum of average electron
radii for the two atoms, each being ~ 1 a.u., and then R; ~ 2 a.u. Old estimations of the
interaction of kaonic helium with the helium atom show that the repulsion take place up
to Ry S 3 au. [9, (b)]. So the Ry ~ 2-3 a.u. are among the appropriate values.

In Korenman’s estimation, the pHe' atomcule is approximated by a hydrogen-like
atom with effective charges Z.g (cf. Appendix A.2). For the Z.g¢ values obtained from
different wavefunctions out of three different calculations, he came up with the values of
shift and width listed in Table 5.5. In spite of the simple model and the basic approxima-

tions, his calculation (except II in the table) succeeded in reproducing qualitatively the
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experimental observation that (i) the shifts are toward longer wavelength (red shifts), (ii)
the absolute value of the shift is larger for the 597 nm transition than the 470 nm, and
(iii) the collisional widths are smaller than the shifts. Quantitatively, his estimation gives
the same order of shifts, but the widths are too large. This means that a more elaborate

treatment in the repulsive potential at small distances R S 3 a.u. are important.

Table 5.5: Theoretically calculated collisional shift and broadening for a
target at 6 K by Korenman are compared with experimental results at 5.8—
6.3 K. Calculations I-1II use different values for the effective nuclear charges
obtained from different theoreticians’ energy-level calculations. The shifts and

widths are expressed in units of [107% a.u./10*' cm™].

Transition 597 nm | 470 nm
Theory I A —0.71 | —0.55
v (Ri=2au)| 078 | 055
v (Ri=3aw)| 053 | 029
Theory 11 A —-0.37 | +0.67
v (Ri=2au)| 031 | 071
v (R1=3 a.u.) 0.05 0.46
Theory II1 A —0.70 | —0.63
v (R1=2 a.u.) 0.76 0.66
v (R1=3 a.u.) 0.51 0.41
Experiment A —-0.62 | —0.23
5 0.05 | <0.15

According to Eq. (D.40), the shift should have a temperature dependence of
Aocv%/s o T . (5.11)

We have ignored the possible temperature dependence of the observed shift for the 597 nm
resonance in Section 5.1.2, but here we modify Eq. (5.1), p. 55 to be:

A=X+s(T)p. (5.12)

From our data, s(7') = (1.22 4+ 0.02) x 597.26 nm/(g/f) at T = 6.2 K while the data at
15.2 K shows slightly larger shift:

$(15.2 K)

=1.22+£0.15.
5(6.2 K)

exp
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This is in accordance with the theoretically deduced temperature dependence of

3
15.2\ 10

= <> =1.31,
6.2

although the observation does not exclude the possibility of no temperature dependence

5(15.2 K)
5(6.2 K)

th

of the shift parameter s.
From our experimental data of the shift (A) and width (v), corresponding cross sec-
tions as defined in Eq. (D.29)* in Appendix D.2.1, p. 123 can be calculated to be

oA|=1.38+0.02A° =49+ 01au., |o|=012+006A"=04+02au (597 nm)
oAl=051+005A"=1.8+02au., |o]|<03A>=11au (470 nm),
Y

at 5.8-6.3 K. These cross sections for the elastic collisions are, as naturally expected, of
geometrical size. In contrast to this, the cross sections for inelastic quenching collisions
as observed by the lifetime shortening of the parent (37,34) state of the 470 nm resonance
at high density, which is discussed in Appendix B.3, has a much smaller cross section of
typically (2.6-9.6) x 10~* A2. On the other hand, the quenching cross section by collision
with hydrogen or oxygen molecules, as presented in Appendix B.4, turned out to be of
the geometrical size. These results mean that for collisions with helium atoms, only one
hard collision out of several thousand collisions is inelastic and results in the quenching of
the state, while when pHe™ atomcules collide with active molecules, most of the collision

will result in the quenching of the metastable state.

5.4.4 Comparison with ordinary atoms

Collisional shifts and widths for ordinary atoms and molecules have been studied both
experimentally and theoretically for a century already [80-82]. In the case of collisions
of normal atoms, especially for alkali and alkali-earth atoms, usually the observed width
is larger than the shift, and sometimes the shift is even ignored in the discussion [81],
[85, (a), Sect. 3.3]. This tendency is also true for microwave-transition lines in ordinary
molecules [86,89]. The typical shift and width parameters (A,7) are of the order of
1072 em™' /em ™ ~ 107®~~1 GHz/cm™ (~ 10 MHz/Torr at room temperature), and
compared to this, our measured shift and width parameters are 2-3 and 3-4 orders of
magnitude smaller. Also, the observed width is one order of magnitude smaller than the

shift, which is a rare case under the condition of impact dominance.™

*We use an average value for the velocity v = (v) = \/8kT /mpu = \/4/m v =290 m/s at 6 K.
XLarger shifts than the widths are also observed in high Rydberg states of alkali atoms [90-92]. But

in that case, the energy was measured with respect to the ground state and not the energy difference
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This situation can be understood by noting the weak interaction potential in the pHe*—
He collision. Alkali atoms have a single weakly-bound valence electron, and therefore
have a very large polarizability of 100-300 a.u. whilst that of helium is only 1.4 a.u. Also,
what we have observed is the laser transition between very highly excited states of the
atomcule, and therefore the main part of the potential changes are canceled and only a
small difference in the possible energy shift and broadening is observable. Therefore, the
difference in the phase shift is much smaller compared with collisions of normal atoms,
and hence a small Weisskopf radius by (see Appendix D.2). Since the main contribution
to the collisional width « comes from hard collisions with impact parameters Ry < b < by
and this region is small because Ry ~ 2-3 a.u. and by ~ 4 a.u., v will be very small; while
the shift which is related with larger impact parameters b > by is relatively large. The
interaction itself is weak (c; is small), however, and also the velocity v, is small due to
the low temperature” (thus the collision is less frequent), the shift given in Eq. (D.40a),
p. 125, should be naturally smaller in our case compared with normal atomic collisions.

Quite in contrast, in the usual cases of alkali atoms colliding with rare gas atoms,
the interaction is much stronger and accordingly by is larger, therefore the second term
in Eq. (D.40b) can be neglected. Then the ratio between the shift and the width is
A/vy & tan(m/5) = 0.73 and A < v is obtained.

between highly excited states. The observed large shifts (A ~ 10718~ 720 ¢cm~!/cm™3) are due to the
large cross sections (102-10* A2) of soft collisions with dilutely wide-spread wavefunction of the valence

electron. So the situation is different from our case.
*®Our measurement was at 6 K, while normally the measurements in the literature were performed at

room temperature or higher temperatures.



Chapter 6

Conclusions and Future Scope

6.1 Conclusions

In summary, we have observed density shifts of the laser resonance lines of antiprotonic
helium atoms in dense helium medium. The central frequency showed linear red shifts of
0.61 £+ 0.01 GHz and 0.22 + 0.02 GHz per 1 g/¢ for the 597 nm and 470 nm transitions,
respectively. These phenomena were quantitatively explained by a simple theoretical
model, and revealed the unusually small van der Waals interaction of pHe™ atomcule
with helium atoms. We have also observed selective quenching of specific metastable
states in dense helium media or by a small admixture of foreign molecules, and theoretical
explanations to these effects are awaited. This requires calculation of collisional processes
at near distances, which would also be necessary for further qualitative interpretation of
the observed broadening.

With these measured shift parameters, we have determined the vacuum wavelengths at
the zero-density limit. The values were compared with very recent theoretical calculations
on the energy levels of the pHe' “atomcule”, and they showed excellent agreement at a
level of 1075 when the relativistic and QED corrections were taken into account. This is
not only a breakthrough in the precise calculation of the Coulomb three-body systems from
the theoretical point of view, but experimentally, our measurements surpass the currently
known precision of the p Rydberg constant. This means that high-resolution spectroscopy
of pHe™ atom now offers new possibilities for measuring fundamental properties of the

antiproton.
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6.2 Future Scope

The study of pHe™ atomcule was made possible by the use of the excellent p beam
from the LEAR ring at CERN; indeed this antiproton source was the only one in the
world capable of supplying a beam of suitable purity and quality. Although the LEAR
facility was shut down at the end of 1996, we can now look forward to continue these
experiments at the new AD (antiproton decelerator) ring currently being constructed at
CERN [93]. The start of these new studies of the pHe™ atomcule is anticipated in the
first year of the AD machine period [94].

We have measured the density shifts and broadenings in transitions between highly
excited states of the p*Het atomcule. These observations were made for only two of the
many resonances discovered, and corresponding measurements for more lines are expected
in the near future.

In spite of the high density of helium at the super-critical phase, the observed shifts
were linear with density. What will happen if we perform spectroscopy of pHe™ at different
target conditions? Spectroscopy of alkali and alkali-earth atoms in superfluid liquid helium
has revealed very large shifts of resonances up to several nanometers in wavelength [95, 96].
This is well understood by means of a “bubble model”, which assumes that the each
alkali(-earth) atom is encaged in a bubble which is maintained by the Pauli repulsion
between the atom and several surrounding helium atoms. The transition from ground (s)
to an excited (p) state will change the shape of the wavefunction of the valence election,
and accordingly the shape and volume of the bubble. This will shift and broaden the
resonance line of the atom significantly, because the interaction at distances of the order
of the atomic size is quite strong. The fact that similar situations may be realized for
the pHe™ atomcule raises interesting possibilities for probing the pHet—He interactions
at near distances via the spectroscopic techniques described herein.

The above mentioned studies will be only a small part of the anticipated pHe™ work
in the AD era. Among other subjects following on to our experiments at LEAR, we
may especially mention an attempt to observe a microwave-laser double resonance which
will directly measure the “hyperfine” splitting. This subject will be discussed in Ap-
pendix B.6.



Appendix A

Formation and Level Structure
of Antiprotonic Helium Atomcules

A.1 Formation of pHe' Atomcules

Experimentally, the p beams were extracted from the LEAR facility at an energy of
21 MeV and slowed down to hundreds of kiloelectronvolts (keV) after passing through
degrader foils and windows before reaching the helium target. The p further lost its en-
ergy by ionizing helium atoms along the trajectory, until the energy became of the order
of one hartree. Note that the annihilation cross section of p in flight is negligibly small.
The first ionization potential of helium atom is Iy = 24.6 eV, which corresponds to the p
energy of 30.7 eV for *He target and 32.8 eV for *He in the laboratory frame. The forma-
tion of the pHe™ atomcule was theoretically studied by employing a classical trajectory
Monte Carlo simulation (CTMC) [97] or a coupled-channels semiclassical approximation
(CCSA) with adiabatic basis [98] and others [36]. The calculated capture cross section
increases drastically at the border energy E = I (in the center-of-mass frame) as shown
in Figure A.1, which is in accordance with the general knowledge for atomic capture (cf.

Refs. [99,100] for the cross sections of pp formation in p + H/H, collisions).

In the process of p capture, one of the two electrons of the helium atom will be removed
out, but according to the calculations, the electron does not carry out much more energy
than its initial binding energy [94, (Appendix B.1)]. This means that the p is captured in
an orbit with similar binding energy to that of the electron. In other words, the p orbit
has a similar radius to that of the electron, and this condition automatically gives a very
large principal quantum number n ~ ny = /M*/m, ~ 38 for the heavy antiproton.

The neutral pHe™ atomcule formed has a large translational energy of several electron
volts. This energy is lost quickly by collisions with low-temperature helium atoms with
less than a millielectronvolt (meV) energy at 6 K. From a naive idea with a hard elastic

sphere collision model, we find that roughly half of the energy is taken away from the
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10— . . . . .
- Figure A.1: Formation and ionization

cross sections of pHe™ as a function of in-
cident p energy E (in the center-of-mass
frame), calculated by Ohtsuki [36]. The

capture cross section 0.,y increases dras-

o () [a]

tically while the ionization cross section

Oionize drops as the energy decreases, at

the ionization potential Iy of the helium

atom. The cross sections are of the order

Incident Energy (E) of p [au.]

of the geometrical size.

pHe™ in each collision, so that the atomcule is expected to be thermalized after 10-20
collisions.* This means that the thermalization of the pHe™ atomcule is achieved within
the order of 10 ns under our experimental conditions. It is not possible to judge the idea
above from our experimental data, but we can confirm from the width of the observed
laser resonances, that the atomcule is well thermalized at the timing of the laser roughly
1 ps after the pHet formation; otherwise the resonance would have a much larger Doppler
width.

A.2 Intuitive Picture of the Level Structure

In this section, an intuitive level scheme of pHe* atomcule in a simple atomic model
is presented for a naive understanding of its level structure.

In the vicinity of n & nyg = \/M*/me (~ 38 for p*He™ and 37 for p*He™), the total
binding energy Fg of pHe™ atomcule is similar to that of the helium atom, and it is shared

nearly equally by the e~ and the p:

5 1 9 1 5 2M*
EB = Eg + Eg = 5( eeff> m662a2 + §(Zepff) FCQO[2 (Al)
~4Ry + Ip = 79.0 eV = 2.90 a.u.

where Z& and Zepff are the effective nuclear charges seen by the electron and the antiproton,
respectively. The mean radii of e~ and p are almost the same for the states with n ~ ny,

so that ZG ~ ng and Ff ~ EE. This gives Zog ~ 1/2.90 = 1.7.

*During these high-energy collisions (high energy in terms of atomic collisions), some of them may
undergo inelastic processes and annihilate. Korenman has suggested [101] that primordially the pHe™
atomcules are also formed on metastable states with 41 < n S 50 and as much as 20% of the p are
initially captured in metastable states, but that most of those extremely highly excited states are weak
against collisions and have been quenched by this thermalization processes. Evaluation of this hypothesis

has to wait for future experiments with ultra-slow p beams crossed with helium beams.



A.2. Intuitive Picture of the Level Structure 85

g He'+e+e He"+p+e
5440y 1S *E He +p n=38
(-2au) lo=24.6 e\% —
= —
-790ev Y - = n=38 —— =3
(-29au) He — -
? .
? [ (DHe++)+
/

Figure A.2: Intuitive level scheme of the He atom, the pHe™ atomcule and
the pHe™™ ion. The energy level of neutral helium corresponds to n ~ 38 for
p*He™ and 32 for p*He™ " (the quantum numbers are smaller by 1 in the case
of 3He), and the large difference in the maximum angular-momentum quantum
number (max(l) =n —1, A(max(l)) ~ 6), together with the “|Al| < 3 Auger

dominance rule” is the key to the metastability.

The Rydberg series of the pHe™ atomcule with highly excited antiproton converges
to the energy level of singly charged helium ion, that is —Fg = —2 a.u. = —54.4 eV
((pHe™)? =% He* + p). See Figure A.2.

On the other hand, the pHe™™" ion is a hydrogen-like system and its binding energies

are exactly given by the following equation (within the classical treatments):

1 _M*, ,

The Rydberg series of this ion converges to zero energy ((pHet™)F =% Hett + p),
while the binding energy of the He't ion (2.0 a.u.) corresponds to n =~ 38 (for p*HetTand
37 for p>He™™) and that of the He® atom (2.9 a.u.) corresponds to n =~ 32 (31) for the
pHe™ ™  ion

This means that the pHe® atomcule with n ~ 38 having a binding energy of ca.

2.9 a.u. will find a pHe™™ ionic state with n ~ 32 at a similar energy. This difference in
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the principal quantum number is the key to the existence of metastable states. For the
“most circular” state with [ = n — 1 = 37, the atomcule has to release a large difference
in the angular momenta, 37 — (32 — 1) = 6. According to the “|Al| < 3 Auger dominance
rule” (Section 2.3.2) based on the calculations of Auger-transition rates, a transition with
Al = 6 is by far too weak to compete with the slow radiative decay, and therefore the

pHe™ state becomes metastable.

A.3 Non Metastability Except for Helium

The anomalous longevity of antiproton (or more generally, negative hadrons) in matter
has been observed only in helium. Early works including our former group have disproven
the existence of metastability in hydrogen (Hs target) [102,103], lithium and lithium
hydride [3,12], beryllium [3], carbon [3], nitrogen [6], neon [5,11,46], argon [6], calcium
[3], krypton and xenon [46].

There are also some theoretical work to account for these results. In the case of the
hydrogen, the antiproton may form a protonium atom (pp) [99,100]. However, it is a
two-body system without an electron, so that it is very weak against external perturba-
tions and will immediately annihilate [1, 2] after any collisions with surrounding hydrogen
molecules which can easily penetrate through the protonium atom (because no Pauli re-
pulsion exists) and cause Stark mixing of the degenerate [ states (just like for pHet™)
[104]. Or they may be destroyed even at the formation stage in the case of a molecular
hydrogen target, by the weak electric field produced by the outgoing spectator hydrogen
atom. Nevertheless, the protonium atom should have long-lived states if it is isolated
in vacuum, and an experiment has been proposed, aiming at the production and spec-
troscopy of pp using cold antiproton and atomic hydrogen beams [94, (Sect. 4.2)].

In the case of lithium, no theoretical work has yet been done, except for a primitive
argument [105] which stated that multiple Auger process is too fast for the two-electron
system pLi* to have metastable lifetime. Some people have different opinions and think
that pLit atoms may be metastable when isolated in vacuum, but all agree that this atom
can not have a long life when formed in lithium metal or lithium compounds, as was the
case with the experiment.

As for the neon atom, Ohtsuki has pointed out that metastable states are indeed ex-
pected to exist around NpNet ™ nNe\/J\W ~ 83 and [ < n — 1, but that the
relatively small ionization potential I, = 10.8 eV prohibits large-/ states to be populated,
because even the maximum p energy is not enough to bring the necessary angular mo-

mentum into the system at a typical impact parameter which is the radius a of the neon

atom; i.e. n — 1> lyax = an/2M*1y/h [106].
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After these thoughts, helium seems to be the only gentle host to the antiproton, and
the exotic pHe™ atomcule is a miraculous system where all the factors harmonize to allow

longevity of p in matter.
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Summary of Achievements

of Laser Spectroscopy Experiments

In this chapter, some fruitful results not explained in the main text will be discussed.
The so-far discovered 13 resonance lines not only clarified the structure of pHe™ atomcule
but also made it possible for the first time to measure the lifetimes and populations of
individual states. We also found that certain levels are quenched in high density media or
by a small amount of foreign gases, and systematically studied these phenomena. These
data provide interesting information on collisional and chemical aspects of the exotic
atomcule, together with the data on resonance shifts and widths presented in Chapter 5.

The following discussions focus on the p*He™ atomcules.

B.1 Discovery of Resonances

B.1.1 Unfavored transitions

Most of the resonances we discovered are “favored” transitions which do not change the
vibrational quantum number v. These transitions are strong due to relatively large dipole
moments of 0.2-0.3 debye*, because the wavefunction of p overlaps very well between the
initial (parent) and the final (daughter) states (refer to Section 2.3.1). In 1995, however,
we found two “unfavored” transitions (n,l,v) = (n+1,l —1,v+2) with 10 times smaller
dipole moments which change v by Av = 2 [52]. These resonances at 726.10 nm and
713.58 nm were ascribed to (n,l,v) = (37,35,1) = (38,34, 3) and (37,34, 2) = (38,33,4),
respectively, and were the first touch of the v = 1 and 2 metastable states (see Figure 4.4,
p. 46). Since the laser power density required to saturate these weak transitions was 100
times higher than for the strong “favored” transitions for which over 80% of the population

were “shot” by the powerful laser pulses, the depopulation efficiencies for the unfavored

* 1 debye = 0.4 eag, see Appendix F.1



B.1. Discovery of Resonances

89

transitions were supposed to be low and were not known. No systematic study has yet been
performed to determine the populations and the lifetimes of these “circular” (v = 0,1)
metastable states.

The discovery of those two resonances were made with a different experimental setup

than for other resonances, namely the “analog” method explained in Section 3.5 and in

Ref. [75].

B.1.2 Double resonance

The laser-induced resonances so-far mentioned were observed only between pairs of
metastable states and short-lived states. Resonances between metastable states are hardly
visible because they do not create any distinct peak but only modify the DATS (delayed
annihilation time spectra) slightly. We attempted, however, to observe a resonant transi-
tion (38,35) = (37,34) at 529 nm which lied one-step upstream of the 470 nm resonance
in the v = 2 decay chain, in the following “double resonance” technique: the idea was to
take advantage of having two identical laser systems, and to shoot down the population
at the parent (38,35) state through two resonant transitions at 529 nm and 470 nm. We
always tuned the “blue” laser light on resonance to the 470 nm transition while sweeping
the the other “green” light around the other transition. The timings of the two lasers were
adjusted so that the two pulses overlapped in time. With this setting, we would always
observe the 470 nm resonance peak, and the “green” resonance would be observed as an
enhancement of the peak height, as the population of the (38,35) state as well as that
of the (37,34) state would be depopulated simultaneously and contribute to the resonant
annihilation of antiprotons. In fact, we succeeded in observing this double resonance at
529.622 £ 0.003 nm [51] in 1995.

This “green” resonance could also be observed without the aid of the “blue” light at
470 nm. We have observed a strong density-dependence of the lifetime of the (37,34) state,
as will be discussed in Appendix B.3, and that the lifetime is shortened to a few hundred
nanoseconds for a target of ca. 1 bar and ca. 6 K. This much shorter lifetime than the
typical decay time of the DATS spectra enabled us to directly observe a “single resonance”
of the 529 nm transition. The observed resonance peak decayed with the lifetime of the
daughter (37,34) state, which was long enough compared with the laser-pulse duration

for the accurate lifetime measurement mentioned in Appendix B.2.3.

B.1.3 Resonances so far undiscovered

Although we have observed many resonances, some transitions remain unobserved in

spite of our long search for them. Soon after the discovery of the first resonance at 597 nm,
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we tried to find a v = 4 transition (40,35) = (39, 34) expected at 673 nm. Although we
searched with a step of 0.020 nm for a wide region between 671.56 and 674.44 nm,! this
search was fruitless. The (40,35) state may not be populated or may be quenched under
the target condition used, but it may also be possible that we simply missed the resonance
in the gaps of the steps.t

We also applied the double resonance method to search for the transition (40, 36) =
(39,35) in the v = 3 series which feeds the parent state of the 597 nm resonance. The
wavelength ranges scanned were 672.70-674.30 and 674.39-674.59 nm; again we found
no resonance, which is inconsistent with our conclusion from the laser-time variant mea-
surements explained in Appendix B.2.1, that the upper feeding state does exist and
is populated. We attribute the reason for this failure, simply to imperfections in our
double-resonance technique at that time (1993).%

In 1996, we searched for two unfavored transitions at 528 nm and 533 nm both from
n = 35 to 36 without finding any significant resonance peaks.Y We used the analog data
aquisition method explained in Section 3.5, which might not have been sensitive enough
to detect a small resonance peak,! so that we can not yet conclude that the parent states
at n = 35 of these transitions are not populated.

Nevertheless, this fact that we did not observe these transitions from these n = 35
states tempted us to look for the favored transitions to these states. Inferring from
the fact that the (37,34) state was quenched by high density of the helium target while
the (39,35) state was not (see Appendix B.3), we presumed that low-lying states are
generally subject to quenching including the states (35,33) and (35,34). Then the resonant
deexcitation to these daughter states would be observed at 417 and 416 nm, respectively

(see the level diagram in Figure 4.4, p. 46 or in Color figure V). We therefore scanned

tThe target condition was unstable and fluctuated between 4.2-13 K and 460-850 mb.
!The scanning step of 0.020 nm was larger than the laser bandwidth of 0.008 nm, so if the resonance

was weak and/or the resonance width was small, we could easily miss it.
§This resonance was actually difficult to observed. In the case of the (38,35) = (37,34) = (36, 33)

double resonance mentioned in the previous section, we observed a large (more than 5 times) enhancement
of the 470 nm resonance peak when we reached the upper resonance at 529 nm, because the state (37,34)
was moderately quenched by the dense helium target (see Appendix B.3) while the upper state (38,35)
was not, resulting in a much larger population in the (38,35) state than that in the (37,34) state. In the
case of the (40,35) = (39,34) = (38,33) resonance, however, the population in the (40,35) state was
expected to be smaller than that in the (39,34) state, and the estimated enhancement of the peak height

was only 20%.
TWe scanned repeatedly for 527.601-528.002 nm and for 532.412-533.265 nm, both with a step of

0.005 nm. The target condition was 6.1 K and 550 mb.
IBut note that we did observe the 713 nm and 726 nm unfavored resonances with this analog method

(see Appendix B.1.1), almost immediately after we started scanning around the values predicted by

Korobov.
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the laser wavelengths with a step of 0.002 nm, around the values theoretically predicted
by Korobov [30].** We investigated different target pressures ranging from 120 mb to
800 mb, in order to deal with possibly differing degrees of quenching. We also searched
for the resonant transition (37,35) = (36,34) at 469 nm which lies one step upstream
of the 417 nm transition in the v = 1 cascade sequence, under the hypothesis that the
state (36,34) might be already quenched.!! In spite of these searches, we did not find any
resonances, which may indicate that both the states (36,34) and (35,33) are not quenched
by collisions with helium atoms under the target conditions examined.* In this case we
may need to search for a lower-lying transition (35,33) = (34,32) at 372 nm in order to
investigate the “favored” transitions in the v = 1 cascade series. As for the states (36,35)
and (35,34) in the v = 0 series, the scanned regions and conditions are so limited that we

cannot draw any conclusion as to whether these states are populated or quenched.

B.2 Lifetime Measurements

The successful observation of the resonant transitions offered for the first time a unique
opportunity to measure directly not only the transition energies but also the initial pop-
ulation and the individual level lifetimes of an exotic atom. There are four different types
of measurements we used to deduce the lifetimes of individual states, which are to be

explained in this section.

B.2.1 Laser-timing variant method

When the depopulation efficiency of the laser pulse is known, the area of the resonance
peak reveals the population of the parent metastable state of the laser-induced transition,
at the time of the laser irradiation. By varying the timing of the laser pulse and calculating
the decay time of the resonance peak as in Figure B.1-a, the overall lifetime of the states
in the cascade series can be determined [48,49].

Taking advantage of having two identical laser systems, we also applied two laser

**The regions scanned were 416.319-416.328 nm and 417.830-417.865 nm at 120 mb, 417.823—
417.885 nm at 350 mb, 417.809—417.873 nm at 550 mb, and 417.839—417.854 nm at 800 mb; the temper-

ature being 5.8 K for all the targets.

' The wavelengths were scanned with a 0.003 nm step for 469.464-469.527 nm at 120 mb, 469.454—
469.527 nm at 350 mb, and 469.478-469.502 nm at 800 mb; the temperature being 5.8 K for all the
targets.

HAn alternative idea that the both states might be already quenched and are short-lived, can not
be sustained, because it disagrees with our conclusion from the “DATS” measurements that the overall
lifetime of the metastable pHe™ atomcule is longer than 3 ps under the target conditions examined (see
Figure 1.2, p. 4).
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Figure B.1-a: Spectra of the time-
variant one-laser measurement. The
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Figure B.1-b: Spectra of time-variant
The peak at

the timing of the second laser (t5) shows

two-laser measurement.

for early timings the feeding from upper
states and at later times the decay of the

population.

Figure B.1: Observed time dependence of the peak height on the laser timing
for the 597 nm resonant transition (n,[l) = (39, 35) = (38, 34).

pulses on resonance at different timings. As shown in Figure B.1-b, the second peak is
small when its time difference relative to the first one is short, since the first laser shot
has already depopulated most of the population in the parent state. As the second pulse
is delayed, the second signal grows, indicating some population feeding from upper states.

The peak then decays when the pulse is further delayed, as the population in the cascade

series has already been exhausted.

Knowing that the radiative dipole transitions occur mostly along one of the constant-v

series’ (because the branching ratios for other possible transitions are small by at least

one order of magnitude due to the small dipole moment as explained in Section 2.3.1), we

used a chain-decay model neglecting the side paths as depicted in Figure B.2 to simulate

fv = 3 series: (41,37) — (40, 36) — (39, 35)

L™ (38, 34),

v = 2 series: (39,36) — (38,35) — (37,34) "2=2" (36, 33).
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the time development of the population.

N; (1)

As

t
N:(0) Figure B.2: A schema of the one-

ladder cascade model used to fit the

A

N, (D) data of the time-variant lifetime mea-

A1

N, (1)

surements.

The rate equations of the level population involving 3 metastable levels as in the figure,

are described as:

d]f’t(t) — NS (), (B.1a)
d]fft(t) — P AN (1) — AN (h) (B.1b)
d]gt(t) — DN () = MN(E), (B.1c)
d]?t(t) =M N (8) — AoNo(t) . (B.1d)

Noting that the decay rate of the last state is very fast (Ag ~ 100 ps—!) compared with
the others (A ~ 1 us™1), the population Ny(#) can be neglected, so that the annihilation
rate can be given by AgNo(t) = A\ Ni(t). The resonance peak is then proportional to
the population Ni(t) of the parent state of the laser transition, at the time of the laser
irradiation. When two lasers are applied, the second peak area can be simulated by
solving the rate equations for N; instead of Ny, with an initial condition N; (t1)) =(1-
€)N1(t1) at the time ¢; of the first laser pulse, where € is its depopulation efficiency. The
solutions for these rate equations are displayed in Appendix C.1. We obtained a set of
delayed laser-resonance measurements with different timings ¢; and ¢, of the two lasers.
Figure B.3 summarizes our data for the 597 nm resonance, with ¢; = 1.8 us (b), 2.8 us
(¢) and 3.8 ps (d) and various further delayed ¢, timings. All these data together with
the single-laser measurements (a) were fitted simultaneously to the solutions of the rate
equations and the initial populations Ni(0), No(0), N3(0) and the decay rates Aj, A, A3,
together with the depopulation efficiency €, were obtained as fit parameters, as are listed
in Table B.1-a for the 597 nm.Our results for the transition rates agreed well with those
of the theoretical calculations (see Section 2.3.1 and Refs. [14,15,19-21, 30, 37]), which

proved that these states are dominated by radiative transitions. As for the 470 nm



94 Appendix B. Summary of Achievements of Laser Spectroscopy Experiments

T
0.0500 L b): laser 1 at 1.8uso0.010

.0100 - E
.0050 w

o o

E 5 0.001
.0010 ¢

0005 [ @): one laser only

o o

0100 F c): laser 1 at 2.8us4 d): laser 1 at 3.8us0.010

o o

.0050

Peak Counts/Delayed Counts
sjuno) pafefa(/sjunoy sfead

0.0010 ¢ N =4 0.001

0.0005

I I
0 5 0 5

Laser Timing [us]

Figure B.3: The data points summarize the results of the one/two-laser
timing measurements. Simultaneous fits to all these data revealed the initial

populations and the lifetimes of the states in the v =3 decay chain.

resonance (Table B.1-b), the fit results had large ambiguities and did not give a unique
good result. Nevertheless, it indicated that the measured lifetimes were nearly 40% shorter
than calculated theoretically, which later turned out to be due to the collisional quenching
with normal helium atoms at high density, as will be discussed in Appendix B.3.

With both measurements for the 597 nm and 470 nm resonant transitions, we have
identified in total 30% of the metastable population in the v = 3 and 2 cascade series, and
the rest are expected in the more “circular” v = 1 and 0 states. This has been the first
direct measurement on the initial population of an individual state in any exotic atom,
and contributes to the clarification of the not yet well-understood formation mechanism

of these atoms.

B.2.2 Depletion and recovery measurement

The sharp resonance peak reveals the deexcited population of the parent metastable
state. This population would have decayed gradually had it not been for the laser pulse.
It is then obvious that the distinct dip observed after the peak is caused by the lack of
this population, and that the area of this dip should be the same as that of the peak.
Figure B.4 compares the DATS (b) with and (a) without the laser-induced peak, and
(¢) the subtracted spectrum shows, right after the peak, a clear depletion which recovers
after a few microseconds. The only difference between the two spectra (a) and (b) are

whether the same fraction of the population on the parent state has gradually decayed
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Table B.1: Populations and lifetimes of individual states obtained as a fit
result of the chain-decay model to the laser-time variant measurements. The
levels are indicated as the indices by their principal quantum numbers n. The

theoretical calculation refers to [36].

Ny, A Experiment Calculation
N3g 6.7+ 0.7 %
Table B.1-a: Populations Nio 404+ 0.3%
and lifetimes for the v = 3 Ny, < 1%
cascade series observed with \so 0.72+0.02 us ' 0.61 ps !
the 597 nm resonance. Mo 0.494£0.02 ps~'  0.54 ps~!
Ad2 -

Table B.1-b: Populations Ny, A Two-level fit Three-level fit  Calculation

and lifetimes for the v = 2 Nar 11+ 2% 16 + 2%

cascade series observed with Nag 12+1% 4£2%

the 470 nm resonance. The Nao 6+1%

values with “*” were inten- A3z 1.174+0.06 st 1.16 £0.05 us™t  0.73 ps~!

tionally fixed at the theoret- Ass 0.42 +0.06 ps™ *0.67 ps~ 0.67 ps™
A39 *0.60 pus~! 0.60 pus™!

ical ones in the fitting.

or got deexcited instantaneously by the laser pulse. Then this simple consideration leads
to a correct conclusion that the time constant of this recovery tells directly and exactly
the lifetime of the parent state of the resonance. It must be noted that this conclusion
is always true regardless of any cascade models. A mathematical deduction is given in
Appendix C.3.

The fact that the lifetime of a single state can be directly observed made this “depletion
and recovery” measurement very useful [57]. With this method the lifetime of the parent
state (39,35) for the 597 nm resonance was measured at 0.55 bar and 6.3 K, to be 7 =
1.5+ 0.1 ps (or A =771 =0.69+0.05 us™"), which agrees with the “laser-timing variant
method” discussed in the previous section. A wider application of this method will be

presented in Appendix B.3.

B.2.3 Decay rates of the daughter states

The decay rate of the short-lived daughter state of a laser-induced transition manifests
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itself as the decay time of the resonance peak in the time spectra. The shape of the peak,
however, is related with the complicated interaction of the laser with the atomcular states
for the duration of the laser pulse. Under our experimental conditions, the temporal profile
of the dye laser pulses typically had two peaks; the first main peak was roughly 5 ns wide
and the second peak a little broader, and they were about 10 ns apart (see Figure 5.11-a,
p. 68 for a typical temporal profile of the dye laser pulses). This complicated structure
was inherited from the pulse shape of the excimer laser with three peaks due to the
characteristic of the discharge of the high voltage of the laser. For the duration of the
laser pulse, the populations of the two resonating states were continuously mixed while
some of them decayed via Auger transition from the daughter state. This resulted in longer
decay time than the lifetime of the daughter state by a factor of 2 or more”, but it is not
easy to analyze the complicated resonance shape.Instead, the lifetime of the daughter
state was deduced from the decay constant of the resonance peak after the laser pulse
terminated. Due to the fading shape of the laser pulse lasting up to 30-40 ns and the fact

that even the small power at the tail can cause a significant amount of transitions (because

"If the laser is very powerful and the Rabi oscillation is fast enough, the two (parent and daughter)
states will always have the same population. The Auger decay then occurs for the half of the population,
so that the apparent lifetime will be twice as long as if there were no light. If the laser power is weaker
than is enough for saturation, the fraction of the population on the daughter state averaged over the

duration of the laser pulse will be even smaller, therefore longer lifetime.
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Figure B.5: Top: Temporal shape of the resonance peak for the 597 nm
(left) and 470 nm (right) lines at different densities. Bottom: The lifetimes of
the daughter states were obtained from the exponentially decaying tail of the
peaks after the laser pulse terminated. The obtained values [57] (which do not
exhibit any significant density-dependence) agree with what was estimated by
theoretical calculations of the Auger-decay rates (CI: Ref. [36], VC: Refs. [37,
38], ME: Ref. [39]).

the total power was much more than enough for saturation), only the very last part of
the resonance peak could be used for the fitting, and therefore the statistical error was
large. Figure B.5 shows the temporal shapes of the resonance peaks for the 597 nm and
470 nm lines, and the lifetimes obtained of the daughter states are presented [57], which
agree with the theoretical estimations of Refs. [36-39] explained in Section 2.3.2. Note
that the shape of the laser-induced annihilation peak for the 597 nm resonance resembles
that of the simulation in Figure 5.11-b, p. 68 (although the collisional parameters and
the power density are not the same).

This method was more useful for the determination of longer or intermediate (ca. 100 ns)
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lifetimes of the daughter states for which we could neglect the first 40 ns without losing
much statistics. This was the case when the daughter state was one of the metastable
states, whose original lifetime of ca. 1 us was shortened due to the quenching effect either
by high-density or by the foreign gases (see Appendices B.1.2, B.3 and B.4).

B.2.4 Natural linewidth measurement

If the lifetime of a state is very short, it can be observed as a broad natural width of
the resonance line. Such is the case for the “unfavored” resonance observed at 713 nm.
The transition is assigned as (n,[,v) = (37,34,2) = (38,33,4) and the daughter state can
decay via Auger transition to a pHe*™ ionic state of (n,l) = (32,31) with a multipolarity
|Al| = 2. According to Section 2.3.2, the Auger process is 3 orders of magnitude faster
than for the daughter states of other laser transitions for which |Al| = 3, and the rate is of
the order of 10 s~!. In fact, the observed resonance width was as wide as 67 £ 6 pm® =
40+4 GHz. From the equation based on the uncertainly principle (note that I" is the full

width at half maximum of the Lorentzian),

1
Avr=s—  (AWALSH), (B.2)

™

the lifetime of the daughter (38,33,4) state was deduced to be 4.140.2 ps.¢ This result was
consistent with recent calculations of the Auger transition rates by Korobov (3.2 ps) [39],
Kartavtsev (5 ps) [37], Révai (3.7 ps) [40], and Kino (4.8 ps) [25], in spite of theoretical

difficulties in the treatment of coupling between the states with the continuum.

B.3 Lifetime Shortening by Collisions with Helium

Atoms

We have seen in Chapter 5 that the resonance frequencies of pHe™ atomcules shifted
and broadened at high-density conditions. Another effect of frequent collisions with sur-
rounding helium atoms was the quenching of metastable states observed as shortening of
lifetimes. The first indication of this quenching effect due to high density of the helium
target was the fact that the lifetime obtained of the (37,34) state — the parent state of the
470 nm transition at the bottom of the v=2 radiative-cascade chain — was significantly
shorter than expected from the theoretical calculations (as shown in Table B.1-b) and

that it fluctuated and seemed to depend on the target conditions.

tpm: picometer = 1072 m = 10~ nm, see Appendix F.1.

O ps: picosecond = 10712 s, see Appendix F.1
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Figure B.6: DATS (delayed annihilation time spectra) with resonance peaks
for 597 and 470 nm transitions, taken at different target densities. The height
of the induced-resonance peak shrinks drastically for the 470 nm resonance at
high densities due to collisional quenching of the parent state, while the 597 nm
peak is not affected. The fast-decaying component at early times apparent at

high-density conditions also implies shortening of certain metastable states.

Figure B.6 shows DATS taken at different target densities with laser pulses on res-
onance for the 597 and 470 nm transitions. The height of the induced-resonance peak
becomes drastically short for the 470 nm resonance at high densities above 1 bar at ca.
6 K, while no significant change is observable for the 597 nm peak. The shrinkage of
the peak can be ascribed to the shortened lifetime of the parent (and upper) state(s) of
the 470 nm transition; by the time the laser is fired, the parent state is already almost

emptied as the fast-decaying component at early times may imply.

We studied this phenomenon more systematically in later years [57], directly measuring
the parent-state lifetimes with the new and more reliable “depletion and recovery” method

explained in one of the previous sections (B.2.2).

The results are summarized in Figure B.7. The graphs plot the decay rate (1)), or the
inverse lifetime (= 771), against the number density of the helium target. The parent state
(37,34) of the 470 nm resonance is subject to strong quenching due to frequent collisions

with helium atoms at high densities. The decay rate first increases linearly with density N
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Figure B.7: The decay rates, i.e. the inverse of the lifetime, of the (39,35)
and (37,34) states are plotted as a function of the target density. The for-
mer state, that is the parent state of the 597 nm “orange” resonance, has a
constant lifetime, while the latter, that is the parent of the 470 nm “blue” res-
onance and also the daughter state of the 529 nm “green” resonance, is subject
to collisional quenching and its lifetime shows a strong density-dependence.
The extracted decay rates at the zero-density limit agree with values from
theoretical calculations on the radiative transitions (BO: Refs. [19, 20], VC,.q:
Ref. [37], ME,.q: Ref. [31]) and the sum of the radiative and Auger transi-
tion rates (CI: Ref. [36], VCayug: Refs. [37,38], MEjy,: Ref. [39], ME g
Ref. [40]).
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in the relatively low density region, and then increases more dramatically at around N ~
2% 10?" em™®, corresponding to 1-2 bar at ca. 6 K. Since the (37,34) state is the daughter
state of the 529 nm resonance, its lifetime could be obtained by measuring the decay
time of the 529 nm resonance peak (see Appendix B.2.3), although the measurements
were possible only for relatively high densities for which the state-lifetime is shortened to
several hundred microseconds (see Appendix B.1.2). This measurement gave consistent
results with the ones obtained by the “depletion and recovery” measurements for the
470 nm resonance.

In sharp contrast to the drastic quenching effect for the (37,34) state, the lifetime of the
parent state (39,35) of the 597 nm resonance was not at all affected. The observed lifetime
was constant independent of the target density and was in accordance with theoretically
calculated values. Also for the (37,34) state, the extrapolated decay rate 7(0) = (A(9))~1 at
the zero-density limit agreed very well with theoretical values of the radiative transition
rate, with or without the small but not negligible Auger transition rate being added.

From the observed shortening of the state-lifetime (A™'), the collisional quenching

cross section can be calculated by applying the following equation
A =29 4 Nyo, (B.3)

where the thermal velocity is given by"

Wm:\/fzﬁw. (B.4)

Thus we obtained o = (2.6-9.6) x 107 ¢m? for the (37,34) state. The lower value is
for the relatively low density region where the decay rate A shows a linear dependence on
the density, while higher values are for denser conditions. This quenching cross section
is more than three orders of magnitude smaller than that for the shift of the resonance
frequency (see Section 5.4.3, p. 79).* This means that only one hard collision out of
several thousand collisions is inelastic and results in the quenching of the parent state.
We observed that the parent state (37,34) of the 470 nm transition in the v = 2
radiative-cascade series was subject to quenching while the parent state of (39,35) of the
597 nm transition in the v = 3 series was not affected by the high density of helium.
Together with an experimental indication that an upper state (38,35) in the v=2 ladder
is also quenched at 2-5 bar at ca. 6 K, we can assume either an n-dependence or a v-
dependence of the quenching by helium atoms. It is interesting that this tendency is

opposite for the observed density-shifts, which was larger for the 597 nm transition than

YRefer also to Eq. (5.6¢), p. 62, Section 5.4.1, and the footnote on p. 79.
*This difference in magnitude originates in the different typical units used: 102! GHz/cm ™3 for the

density shift whilst 1072! pus™!/cm ™3 for the quenching and GHz = 103 us 1.
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for 470 nm. Also, the quenching effect by aggressive hydrogen molecules was stronger for
high-n states.

Figure B.8 shows the radial probability densities of the pHe' atomcule for the two
states under discussion, which were reconstructed using effective nuclear charges obtained
with an intuitive model (as in Appendix A.2) applied to the calculated energy-levels by
Korobov [30]. The p’s wave packet is more to the outside for higher n, while the electron
wavefunction is slightly shrunken inside. This fact may give some hint to the observed
collisional effects with different state-dependences, but we will have to wait for some

theoretical works in order to account for these interesting results.
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Figure B.8: Radial probability densities of the pHe™ atomcule for the (39,35)
and (37,34) states are drawn. Wavefunctions were reconstructed from effec-
tive nuclear charges obtained from the energy calculations by Korobov [30].
Generally, the p’s wave packet (#P(R)) is more to the outside for higher-n
states while electron wavefunction (¢°(r)) is shifted inward. This fact should
be somehow connected with the observed different state-dependences of the
quenching (lifetime-shortening) by helium and by foreign gases, and of the col-
lisional shift and broadening of the resonances, although no good explanations

are yet given from the theoretical side.

B.4 Quenching Effect by Foreign Gases

In the previous section, we have seen the effect of inelastic collisions of a pHe™ atomcule

with helium atoms at high-density conditions. In this section, we will discuss collisional



B.4. Quenching Effect by Foreign Gases

103

quenching effects due to foreign atoms and molecules. We observed larger cross sections
for rare-gas atoms than for helium, and much stronger quenching by even a tiny admixture

of molecular gases. These studies open a new field of chemistry for the exotic atomcules.

B.4.1 Quenching by rare gases

In a series of extensive studies in 1992, our group (excluding the author) examined
the effects of additive rare gases by measuring the decay-time constants of the “DATS”
[46]. They observed significant shortening of pHe™ lifetime at a concentration of typically
10% for the admixed neon, argon and krypton gases. Xenon, however, acted as a stronger
quencher of metastable pHe™ atomcules, and less than 10~ admixing ratio was enough
to quench the major fraction of the atomcules.

The quenching cross sections were deduced from these measurements, to be oq =
1-2x1072% ¢cm? for Ne, 3-5x 1072° cm? for Ar, 1-5x 107 cm? for Kr and 2-4 x 10718 cm?
for Xe. The lifetimes were obtained by fitting the DATS to cascade-chain models explained
in Appendix C.2 and the values for the cross section vary depending on the models
used. All values above are for measurements at room temperature (RT). They made one
measurement at 470°C for Ar, and observed a large cross section of 1-2 x 107! cm?.
In order to account for the factor 3—4 difference compared with the value at RT, an

—E./kT

Arrhenius-type temperature dependence o4 o< e was assumed and an activation

energy F, of ~ 0.1 eV was extracted [46].

B.4.2 Quenching by hydrogen gases

Molecular gases act as strong quenchers of metastable pHe™ molecules, and even ppm-
order impurities distorted the DATS shape drastically. For this reason, special care was
taken about the purity of the helium gas target when we studied the metastability, as
mentioned in Section 3.2, but at the same time, systematic studies with intentionally
admixed molecular gases provided much interesting information on the “chemistry” of
pHe™ atomcules.

Especially, we studied intensively the effect of hydrogen gases (H,), including deu-
terium (Ds), at a typical temperature of 30 K* [46, 54-56.

Figure B.9 shows the time spectra (DATS) at different hydrogen concentrations.

It shows, for higher concentrations, a more pronounced fast-decaying component with

#This temperature was chosen so that hydrogen has large enough vapor pressure while other impurity
gases have much too small vapor pressure. Especially it was important to assure that the lowest tem-
perature in the target vessel and in the transfer tube was higher than the temperature which allows the
vapor pressure of admixed hydrogen. The temperature of 30 K was chosen because it is higher than the

liquefying temperature of 21 K for hydrogen at 1 atm, and the required condition above is well satisfied.
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Figure B.9: DATS for hydrogen-admixed helium gas targets at 30 K with dif-
ferent hydrogen concentrations. The fast-decaying component at early timings
becomes more pronounced and shorter-lived as the concentration is increased
from 0 to 1000 ppm, while the spectra at later times are not affected. This sug-
gests state-dependent quenching mechanisms of pHe™ atomcules by collisions

with hydrogen molecules.

shorter lifetimes at early times of the spectra; while the spectra at later times does not
change so much. This indicates that certain metastable states get quenched strongly,
while others are persistent against collisions and remain metastable. This speculation
was confirmed by further studies using laser resonances, which revealed stronger quench-
ing effects for higher-lying (i.e. larger n-) states. Data also showed that the quenching
is stronger for smaller angular momentum /. Quenching cross sections were deduced to
be 5-28 x 107'% c¢m? for n = 39 (35 < [ < 38) states, 1-7 x 107'% cm? for n = 38
(35 < 1 < 37) states, and 1 x 107! ¢m? for the (37,34) state [56], and are in accordance
with values of 2-10 x 107!6 cm? obtained from the DATS measurements [46]. These are
of the geometrical size, which means that the metastable pHe™ is totally quenched when
it collides with a hydrogen molecule, in marked contrast to the case when it collides with

rare gas atoms including helium.
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B.4.3 Hydrogen-assisted inverse resonance

The fact that our annihilation-spectroscopy technique is applicable only to pairs of
metastable—short-lived states, limited the observable transitions to the ones at (or near)
the border between the metastable and the Auger-fast domains in the (n,l)-state diagram.
We have seen in Appendix B.1.2 that a transition between normally metastable states
can be observed if the lifetime of one of the states is shortened by some quenching effect.

This condition is exactly met by making use of the state-dependent quenching effect
with a small amount of hydrogen gas. By controlling the concentration of admixed hy-
drogen in the helium gas target, we could selectively shorten the lifetimes of states with
higher principal quantum number n as compared to those of lower n’. Then the excita-
tion of the population on a n’-state to a n-state would result in a visible resonance peak
in the DATS. This method, named the “hydrogen-assisted inverse resonance”® (HAIR)
method, opened access to transitions between extremely “circular” states with higher an-
gular momenta [ and vibrational quantum numbers v = 0,1,2 [55]. Thus we observed
5 new resonances between n = 39 and n’ = 38, and between 38 and 37 (see the level
diagram, Figure 4.4, p. 46), in the very last minutes of our beamtime in 1996. The ob-
served resonances were not observed as sharp peaks, but rather, as long-tailed humps,
due to intermediate (~ 100 ns) lifetimes of the daughter n-state and small differences in

the lifetimes between the two resonating states.

B.4.4 Effect of other molecular gases

Our former studies in 1992 included measurements for nitrogen and oxygen gases at
room temperature [46]. The obtained cross sections were g, = 3-9 x 107'® ¢cm? for N,
and 1-2 x 107 cm? for O,. The value for N, is comparable to that of Xe and smaller
than for Hy, while the value for O, is even larger than for Hs,.

In 1996 we studied both DATS and laser resonances in a more controlled condition at
100 k© [59]. An interesting characteristic of the DATS with oxygen admixture is that the
overall shape corresponds to a single exponential. In all other spectra, from pure helium
targets at low or high density to rare-gas and other molecular admixtures, the DATS
had downward-bent shapes when plotted in semi-logarithmic scales, with or without a
fast-decaying exponential component of typically hundreds of nanoseconds. These snaky
shapes were an indirect evidence of the cascade-chain models and of state-dependence of

quenching influence, but for the case of oxygen-admixed targets, the simple triangle shape

®The name “inverse” resonance was adopted because the pHet was excited up in this method, instead
of deexcited down in our normal cases.
©Cf.: the temperatures which give the vapor pressures of oxygen of 1 atm and 1 Torr are 90 K and

54 K, respectively.
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suggested (almost) equal quenching to all the metastable states. Observed DATS were
fitted to a four-level cascade-chain model with side branches which had equal quenching
rates, and the resultant quenching rates showed a linear dependence on the number density
of the oxygen molecules (not the relative mixing ratio but the absolute concentration).

2 was obtained.

An overall quenching cross section of 1.1 x 107'° cm

Laser studies (time variant method) for the well-known 597 nm and 470 nm resonances
clarified the quenching cross sections for those individual parent states. Thus we obtained
o = 1.6 and 1.1 x10™" c¢m? for the (39,35) and (37,34) states, respectively. Therefore
the cross section was only slightly higher for the higher-n state.

To conclude, studies on quenching effects by abundant helium atoms at high-density
targets, or by admixed foreign rare gases and (diatomic) molecular gases, have provided
a lot of interesting information on the collisional interaction of pHe™ with atoms and
molecules. Unfortunately, there has been almost no theoretical work on this subject so
far, but we hope that many theorists are interested and will perform some calculations or
give some explanations in the near future.

So far we have only examined rare-gas atoms and non-polar molecules. Our future
plan would include measurements with targets containing molecules with finite dipole
moments. Certainly more drastic quenching effects can be expected, and some more

interesting phenomena are awaited.

B.5 Hyperfine Splitting

The pHe' atomcule has three angular momenta; an orbital angular momentum [
which is mainly carried by p, the spin s5 of the antiproton and the electron spin se.

These angular momenta couple together to form:

F=1 + Sp (B.5a)
J=F +se. (B.5b)

The dominant effect is splitting of the energy levels into a doublet (F* = [ + 1/ and
F~ =1—1/,) separated by a frequency vy caused by the interaction of the large p orbital
momentum with the electron spin. This splitting is called “hyperfine” (HF) structure®.
The p spin causes an additional smaller splitting for each of the HF states, which is called

here the “super-hyperfine” (SHF) structure.

®Some people may call it a fine structure (FS), but we use the terminology HFS because normally the
word FS is used for self-interaction while HFS is for interactions between an electron and the nucleus,

and our case corresponds to the latter.
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Figure B.10: Hyperfine (HF) and super-hyperfine (SHF) structures of the

levels and the transition scheme for an unfavored transition. The SHF struc-

tures are shown only for the (n,l) state. The splitting observed by laser spec-

troscopy is the difference of the HF energies (hAvyp = | hvgp —higg |) between

the parent and the daughter states.

Table B.2: Hyperfine splitting of levels calculated by Bakalov and Korobov
(84] for p*He™. The values are in GHz. Although the splittings themselves

are large, the difference between the levels, which are observable by laser

transitions, are small. In general, “unfavored” transitions have larger splitting

(difference) than the “favored” ones.

(n,l,v)=(n',I',v") | A [nm] type vur |GHz] | vgp [GHz] | Avgp [GHZ]
(39,35,3)=-(38,34,3) | 597.26 | favored 10.632 11.138 0.507
(38,35,2)=(37,34,2) | 529.62 | favored 11.753 12.216 0.462
(37,34,2)=(36,33,2) | 470.72 | favored | 12.216 12.586 0.370
(37,35,1)=>(38,34,3) | 726.10 | unfavored | 12.906 11.138 1.767
(37,34,2)=(38,33,4) | 713.58 | unfavored 12.216 10.483 1.732
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The HF and SHF structures have been calculated” by Bakalov and Korobov [83, 84]
using the best three-body wavefunctions of Korobov [30]. The level and transition scheme
is shown in Figure B.10 and the values are presented in Table B.2.Because of the large [,
the electric-dipole laser transitions are subject to the selection rule Ase = Aspy = 09. This
means that, although the level splittings are large, the splittings in the laser transition
frequencies are small. In 1996, we observed a HF splitting in the (n,l,v) = (37,35,1) =
(38,34,3) “unfavored” transition at 726 nm [53]. Figure B.11 (upper figure) shows the
observed resonance profile® with a clear doublet splitting of 1.70 + 0.05 GHz, in good
agreement with the theoretical prediction of 1.77 GHz [84]. In the figure, As corresponds
to the transition v, in Figure B.10 and Ag the v_. The much smaller SHF structure is

beyond the reach of our current observation.

T T T T ]
A=298%0.09 pm |
=1.70 + 0.05 GHz |

Figure B.11: Top: An “unfavored” tran-
+ 1 sition (n,l) = (37,35) = (38,34) was ob-

. 1 served at 726.10 nm with a hyperfine split-
0 %%N ,+T ‘+T+ ting of 1.7 GHz [53], the value matching with
009 theoretical predictions [83,84]. The experi-
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We also observed an asymmetric profile of the doublet by making an alignment in

©YKartavtsev also calculated the HF splitting but obtained a different value [41].
©OThis selection rule is also applicable to the magnetic dipole transitions whose experimental achieve-

ment is expected in the near future (refer to Appendix B.6). Note that the transition which flips the

electron spin is weaker by 3 orders of magnitude and therefore cannot be observed.
~The data were fitted, as shown in the figure, to a sum of two Lorentzians convoluted with a measured

laser bandwidth of 1.2 GHz. The statistical factor (20 4+ 2)/2l ~ 1 in the intensities of the two peaks were

set to unity for simplification.
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the population: we used two laser light beams in succession, one being fixed on one of
the resonance wavelengths (Ag) while stepping the wavelength of the second laser ()).
The lower graph of Figure B.11 plots the resonance intensity (or the resonance peak
area) against A of the second laser. It is evident that the first laser has depopulated
a considerable fraction of the population from the sublevel B of the parent state* and
caused a population difference between the two sublevels. This measurement ensures that
the observed doublet is related to two different sublevels which are not mixed together.
This technique of inducing population asymmetries becomes important when we perform
microwave resonance spectroscopy directly between the hyperfine sublevels in the near
future (refer to Appendix B.6).

Note that the laser bandwidth was 1.2 GHz (in narrow-band mode), which was the
narrowest possible for this “red” light, but still was comparable to the observed splitting.
Therefore, special care was taken to optimize the power and the size of the laser beams
in order to minimize power broadening while retaining enough depopulation efficiency.
Actually, a different power density was used for the two observations in Figure B.11,
resulting in the different power-broadened widths of the resonances.

According to the theoretical calculations, the differences of the HF splitting between
the parent and the daughter states are larger in the “unfavored” transitions than in the
“favored” ones. The splitting in the latter which is smaller than our laser bandwidth

could hardly be observed, except for one indication mentioned in Section 5.3.

B.6 Future Experiments

Apart from continuation of many sorts of experiments, we will attempt observation
of microwave-laser double resonance in the new AD facility now under construction
at CERN. The idea is to use a kilowatt-class high-power microwave at a frequency of
12.9 MHz to resonate the atomcules between the hyperfine sublevels of the (37,35) state
and to observe the resonance using the “unfavored” laser transition at 726 nm. Actually,
two laser pulses will be used; the first pulse will make an alignment in the population by
selectively depopulating one of the doublet states, while the second pulse will be used to
probe the state-population. The microwave will be applied for the period between the two
laser pulses, and the oscillating magnetic field will either inverse or equalize the popula-
tion of the two substates. The microwave resonance is expected to measure the hyperfine
splitting directly, with a much better resolution than the observation by lasers mentioned

in the previous section. A more detailed explanation on the experimental planning is

*The other sublevel A is also affected because of the overlap of the two resonances, and part of its

population has been lost. (Compare the resonance intensities in the two figures.)
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given in Ref. [94, (Sect. 2.5)].



Appendix C

Cascade Models and Their Solutions

C.1 Laser-Timing Variant Method

Here are presented the rate equations and their solutions used to fit the data of the

laser-time variant method mentioned in Appendix B.2.1.

Two-level model

In a two-level model where only one upper state (#2) feeding the metastable parent
state (#1) of the laser transition is considered, the rate equations for the state populations

are written as

d]?t(t) — MNy() (C.1a)
d]zlt(t) — FN(t) = NN (B), (C.1D)

where N; and N, denote the population of the lower and upper metastable states, respec-
tively, and A\; and A, the radiative transition rates from these states. The solution of the

rate equations is given in the following:

Ny(t) = Ny(0) e A2t (C.2a)

)\2 Aot )‘2 —Ait
2 N1(0) — No(0 . C.2b
)\1—)\26 +< 1( ) 2( ))\1_)\2>e ( )

Ni(t) = N2(0)

The intensity of the first laser I1(¢;) is directly connected with the population of the
parent state at the time ¢; of the laser shot, while that of the second laser I,(t,) at time
ty (> ty) reflects a part of the population which has escaped deexcitation by the first laser
pulse, plus some feeding from the upper metastable state during the pulse interval. The

fit functions for the first and the second peak intensity (or the area) are given by the
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following equations with fit parameters N;(0), N5(0) as initial populations, A;, Ay as the

radiative transition rates, and € the depopulation efficiency of each laser pulse:

Il(tl) ZGNl(tl) (C3a)
]2(t2) = GNl(tQ — tl) (Cgb)
- A
Ni(ty — tq) :NQ(tl)—)\ 2)\ e A2(t2—t)
17— A2
A
+ ((1 — ONi(t) = Na(tr) 1 QA ) e Millzmt) (C.3¢)
17— A2

Three-level model

Similarly, in the three-level model where one more metastable state (#3) upstream
in the single cascade chain is taken into account as shown in Figure B.2, p. 93, the rate

equation is given as

d]\ft(t) — ANs(1) (C.4a)
1\5@) — AN (1) — AN (b) (C.4D)
d"\gt(t) — AaNy(t) = MM (8) (C.4c)
and their solutions are
Nj(t) = N5(0) e s (C.5a)
Ny(t) = M(O)ﬁ e Ml <N2(0) — N3(0) o f‘ A3> e Nt (C.5D)
Ni(t) = N5(0) x A_Z s A_"’ " ECUNE ﬁ <N2(0) - N3(0)A2A_3A3> L
+ <N1(0) - Ng(O))\l)f)\S A2A—3A3 - AlA—2A2 (C.5¢)
[Nz (0) = Ny(0)5- A ASD et
The fit functions are written in the form
L(t) =eNy (1) (C.6a)
L(ty) =€eNy(ty — t,) (C.6b)
Ni(ty — t1) = N3(t1) " )f - )\:_3 I e Aa(2tn)
N )f N <N2(t1) - Ns(tl))\2)f))\3> o (27
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)\1—)\3)\2—)\3 )\1_)\2

+ ((1 —€)Ni(t1) — Na(t) (C.6c)

A
[zv?(tl) Nyl D e M(t-it)
2 7 3

More levels

It is possible to extend the model with more levels in one ladder or to add side levels
or side decaying branches. Here we will not exhibit any of these models in detail, but
it should be straightforward to formulate the rate equations and their solutions. These
models as well as the first two were used in the fitting of laser-resonance peaks [48,49],
and also the shape of the DATS [12,13,46,59], as in the following section.

C.2 Downward-Bent Shape of the DATS

The cascade model in the previous section is not only useful for fitting the laser-
resonance peaks but also is capable of expressing the DATS (delayed annihilation time
spectra) which have downward-bent shape when plotted in semi-logarithmic scales, as
mentioned in Section 1.2.

In order to intuitively comprehend the property of the solutions Eq. (C.5) to the three-
level decay-chain model, one may assume that all the metastable states have the same
lifetime, 1.e. Ay = Ay = A3 = A, which is a realistic approximation. Then it can be shown
that the population at a later time ¢ consists of three components: each contribution from
the initial population on each of the three metastable states. Eq. (C.5¢) is reduced to

Ni(t) = N (0) e ™ + Ny(0) te ™ + N3(0) ge)‘t : (C.7)

The first term derives from the initial population on the last metastable state and con-
tributes to the decaying component of the early times, while the second and third terms
originating from the populations on upper states grow first before they decay, and con-

tribute to the spectra at later times.

C.3 Depletion and Recovery Measurements

In this section, the shape of the depletion and recovery spectra discussed in Appen-
dices B.2.2 and B.3 will be mathematically deduced.
We remark only on the parent and the daughter states of the resonance, and number

them as #1 and #0, respectively, to be consistent with the previous sections. Assuming
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a population flow scheme in Figure C.1, which includes all possible flow paths and thus

is a general expression, the rate equations can be written as

AN, (1)

L AGERAG (C.8a)
(/\1 — )\Iiad + /\({thers)
dNy(t
dot( ) _ —XoNo(t) 4+ XNy () + Vo (1) - (C.8b)

Here Vi(t) contains feeding from the upper state (#2) in the v-constant ladder, but also
includes other possible side feedings from different states. Similarly, the daughter state
may also receive population flow Vj(¢) from side branches. Moreover, the parent (#1)
does not necessarily have to cascade into the daughter state (#0), but a fraction may
decay to other states (\9thers),

Vi ()

Ny (t) O Ny(t+1)

)\others /
1

g VNV Laser
No(®) O No(t+T;) l/ <o

/

Ao

A

Figure C.1: A general population flow scheme showing all possible flow and
decay paths of the parent and daughter states of a resonant transition. The
laser on resonance modifies the populations N (t) and Ny(t,) to Ni(t; + 7)
and Ny(t, + 7).

Now we consider the effect of the laser resonance. Part of the population at the time
(1) of the laser pulse on the parent state (#1) gets deexcited to the daughter state (#0)
and annihilates, with an depopulation efficiency €.* If the duration of the laser pulse is

much shorter than the typical state lifetimes (which is true: 3040 ns versus 1 us), the

*The definition of the depopulation efficiency €’ is different from that of € in the previous Appendix C.1
and in D.1.1. Here only the populations which annihilate within the duration of the laser pulse are
counted while previously the deexcited population which stays at the daughter state and annihilates

after the end of the pulse is also included.
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parent population right after the end of the pulse is Ny (t; +7,) = (1 —€') Ny(t;) and then
follows the same equation as Eq. (C.8a). The population of the daughter state Ny (t +17)
is not easy to calculate because it involves a complicated interaction between the laser
and the atomcule (cf. Appendix D.4), but we know that the population Ny(t) evolves
according to the rate equation as in Eq. (C.8b) after the laser pulse is over (t > t; + 7).

Now we compare the time spectra with and without the laser resonance peak. The

differences in the populations between the two cases are

d (Ni(t) = Ny (1))

dt == (Nu(t) = Mi(1)) (C.9a)
d (No(t) — No(t : N
(Mo )dt (1)) =—Xo (No(t) = No(t)) + AP (Ni(t) = Nu(t)) . (C.9b)

An important point is that since the feedings (Vp, V) from upper states or side levels are
not affected by the laser resonance, those terms cancel by subtraction between the two

cases. The solutions for the population differences can be expressed analytically as

Ni(t) = Ni(t) = (Ni(#)) = Ni(ty)) e M0 (C.10a)

5 Ard (N (#) — Ny (8
No(t) = No(t) = ( )\(Oz)\l )

+ (N2(t'1) — Ny(t}) —

o (t—t))

A (N (#) — Na(#))
Ao — A1

) e Mo(=1) (C.10b)

where t| = t; + 7 is the time at the end of the laser pulse. The difference in the p
annihilation rate is given by Ao (Ng(t) — No(t)), which decays first with the fast Auger-
decay rate \¢ of the daughter state (as explained in Appendix B.2.3) and then recovers
with that of the parent state (A;). Therefore, the lifetime of the parent state (#1) can be
directly measured to be 7, = A\[! without any ambiguities, if the lifetime of the daughter
state is much shorter than that (A\; < \g). Since we have started with a generalized flow

scheme, this result is always true, independent of whatever cascade model may be used.
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Appendix D

Interaction of Light with Atoms
and Effect of Collisions

D.1 Quantum Mechanics of Light-Atom Interaction

In the following sections a general quantum-mechanical treatment of the interaction

between atoms and the light field is summarized.

D.1.1 Rabi oscillation

Generally, the Schrodinger equation is expressed as

oY

where H = Hy + H' is the total Hamiltonian of the system and 1) the wavefunction. Let
us now consider two quantum-mechanical states 1) and |i), which resonate with an
external light field polarized in the z direction (see Figure D.1):

E . .
H(t)=—p-E(t) = —pEycoswt = —p —2 (e 4 et . (D.2)

2

2y
AVANY, hv g
W)

Figure D.1: Two-level atom interacting with an external field.
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We define eigenstates
Uy = upe Wt/ n=1,2 (D.3)

of the unperturbed Hamiltonian Hy, with their eigen-energies W,,. The wavefunction of

the two-level atom can be written as a linear sum of the two states:

U(t) = ar1(t)yr + ax () . (D.4)

Substituting this into the Schrédinger equation (D.1) gives the following differential equa-
tion for the probability amplitudes

.. da iwo
lhd—tl =ayH}, e ! (D.5a)
d
lh% arHl, et | (D.5b)
where
Wy — W
Hiyy = (uy |[H |uy)  and  wy = % : (D.6)

Substituting Eq. (D.2) into Eq. (D.5) and by neglecting the quickly oscillating term

eti(Wtwo)t (rotating-wave approximation) we obtain

17‘1%5; = 1_2(2 ay el @ wo)t (D.7a)
hdd—? = if ap e W)t (D.7b)

where
0= 1Eo (D.8)

is called the Rabi (angular) frequency. Substitution of Eq. (D.7b) into the time differential
of Eq. (D.7a) gives
d2a1 da1 (9]

The transition probability is calculated by solving the equation above under the initial
condition a; =1, a; =0 (t = 0):

a (t)|2 _ 22 \/92 (W—wp)?t
? Q2+(w—w0) 2 ’

(D.10)

and is plotted in Figure D.2.
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A

W) 104

| W) 10

Figure D.2: A plot of the Rabi oscillation. When the frequency w of the
external field matches the transition frequency wy (on-resonance), full conver-
sion of the population between the two states occurs after t = 27 /{2, where

(2 = uFEy/h is the Rabi (angular) frequency.

D.1.2 Density matrix

We now introduce the density matrix p whose elements are defined in the following

equation:

Prm = Apal, e T (Wa=Wa)t/h (D.11)

The density matrix is very useful because it describes not only a single atom but also
the statistical average of an ensemble of many atoms. It can be shown that the density

matrix obeys the Schrodinger equation expressed in the form

Ldp

or equivalently,

ih el > (Hoeprm — Pk M) — 1 g Pam (D.13)
k

When we consider only two states, the diagonal elements of the density matrix
pi1 = lai]?,  pa=la)* =1—py (D.14)
represent the population of each state while the non-diagonal elements
pr2 = araz et = pj, (D.15)

represent induced oscillating dipole moment, or the complex polarization.
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D.1.3 Optical Bloch vector

If we consider a vector p with its components

Pe = pa1 + p1a = 2Re{p12} (D.16a)
Py =1i(p21 — pr12) = 2Tm{p1o} (D.16b)
Pz = P11 — P22 (D.16c)
and a virtual force vector G with
Gy = —% (Hy, + Hiy) = 2 coswt (D.17a)
Gy = (M — Hiy) =0 (D.17D)
G,=wp, (D.17¢)
then the vector p precesses around the vector G, i.e.
d
3P = G x p. (D.18)

Note that p is a unit vector since

ol = /o + oy + 02 = \]au + ezl = 1. (D.19)

When we look at this vector p in a frame rotating around the z axis with the laser

(angular) frequency w, the vector is expressed as p in the new frame coordinates:

P11 =P, P =Pr, P = pme (D.20)
and
Pz = P21 + P12 (D.21a)
Py =1(p21 — pr2) (D.21b)
p>= P11 — P22 = Pz - (D.21c¢)

The vector p = (py, py, p-) is called the “optical Bloch vector”, and when the rotating-
wave approximation is applied, it precesses around a fixed vector G = (2,0, —Aw) with a
nutation (angular) frequency 2 = /2% + Aw? (Aw = w—wy), according to the following

“optical Bloch equations”:

dd’;‘” = Awp, (D.22a)
dp ~

d—ty = —0p, — Awp, (D.22b)
dp, .

E = pr s (D22C)

as illustrated in Figure D.3. The projection of p vector is exactly what is shown in
Figure D.2.
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Figure D.3: A scheme of the optical Bloch vector precessing around a vector
G. Full conversion of the population is achieved when G is along the p, axis,

e w= Wy

D.1.4 Power broadening

Generally, the resonance width broadens at a higher laser intensity I than a value
sufficient to cause saturation. This “power broadening” can be explained easily from
Eq. (D.10). The resonance signal is proportional to |as|? which is expressed in the form of
a Lorentzian having a half width of the Rabi frequency 2 o< v/I. Pictorially, the situation
is understood by considering the direction of the vector G. The higher the laser power,
the more tilted the vector is toward the horizontal plane for the same detuning Aw, and
the p vector precesses with a larger amplitude. This means that the same resonance

intensity is achieved for larger detuning; therefore the resonance width is broader.

D.1.5 Relaxation effects

Frequent collisions which change the phase of the oscillating atoms can be treated
as relaxations of the states, under certain reasonable approximations below. There are
two different types of collisions: one is elastic or adiabatic, which does not change the
state of the atom and the other is inelastic or diabatic, for which the atomic state and
its energy are subject to change. Figure D.4 shows two states under the influence of

inelastic relaxation (I'y and I'p for each state), resonating with the light field. Apart
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from these relaxations, the atom is subject to elastic collisions with a rate 7,. Here we
assume the following conditions (impact approximation) which are applicable in most

cases to low-density conditions.

7y
VAL
Fa W)

I's

Figure D.4: A model of a two-level atom which is subject to relaxation and

is interacting with an external light field.

(i) the collisional relaxation is a random and stationary process;

(ii) strong collisions change the phase randomly in a short time interval (the sudden

approximation), so that the phase memory is totally lost after each collision;

(iii) the duration of the collision (7.) is much shorter then the interval between collisions
(v 1), and the observation time (At) must be even longer (1. < vt < At);

C

(iv) the duration of the collision is so short that the collisional processes can not be
traced by the light field; that is, the period of the Rabi oscillation is much longer
than the duration of the collision (7. < 271).

In the assumption above, the possible shift of the resonance line is not treated, because
the second assumption of complete randomness in the phase shift does not allow any
resonance shift, so that the effect of collisions appears only as a broadening of the line.

The modified optical Bloch equation is then given as the following [45, 85]:

dps N i

G = Awby = Vb (D.23a)
dp . .

G = e = by — Awp, (D.23b)
dp, .

dpt = pr — FBpll + FA,O22 s (D23C)

where
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I'n+ 1%

. (D.24)

’YT:’Yp_F

is the total relaxation rate. Here 7, is called the transverse relaxation rate, and I'y and
I's the longitudinal relaxation rates. Note the half-contribution (i.e. the factor 1) of

inelastic relaxation to the transverse relaxation.

D.2 Studies on Collisional Effects

Throughout this section the atomic units are used. Refer to Appendix F.1.

D.2.1 Theoretical treatments

The collisional effects on the form of spectral lines of ordinary atomic systems is a
subject of extensive investigations, especially in plasmas. The theory of these effects has
a long history (see, e.g. [80-82]). One successful approach was the impact approximation
that we are going to discuss here, which assumes the collisions to take place instanta-
neously. The following discussions consider only adiabatic perturbations, and do not
include transitions between different states of the atom.

Let us consider an atomic oscillator which is perturbed by collisions with surrounding
atoms so that consequently the frequency of oscillations varies in time. Let V(R) be the

interaction potential, the oscillation can be described in the form

f(t) =exp{iwot +in(t)} , (D.25a)
n(t) = /t Kt (D.25b)
K(t) = V(R()), (D.25¢)

where wy is the unperturbed frequency, () is the frequency shift and 7(¢) the phase of the
oscillation caused by the interaction. Since we neglect here inelastic (diabatic) channels
(I'n = I's = 0 in Figure D.4, p. 121), the phase is a real number. The line shape is given

by the Fourier transformation of the function f(¢):

At/2 2

1
I(w) = i /
(u)) Atlinoo ‘ \/M —At/2

Usually, the macroscopic target conditions such as gas pressure and temperature do

f(t)e “dt

(D.26)

not vary with time, and the functions f(¢) are stationary random processes. Then the
power spectrum [(w) can be rewritten as a Fourier transformation of the correlation
function @(7) (Wiener-Khinchin Theorem):
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I(w)= 71rRe {/Ooo D(T) e_i‘”dr} ) (D.27a)
®(7) = lim Alt [ j:; fr@) ft+r)dt = {f(0)f(r)) - (D.27b)

In the last equation above, the time averaging was replaced by averaging over the statis-
tical assembly as denoted by angle brackets.
It can be derived that

AP(T) = = B(7) (1 —e ") = —d(r) (A —iy) AT (D.28)

and the complex shift of spectral line due to elastic collisions at impact parameter b > by
is given by the equation
00 :
A —iy=—iNv / (1 —e ) 21hdb = —iNv (04 — i0,) , (D.29)
by

where N is the number density of the medium, v is relative velocity of colliding atoms,
n(b) = ni(b) — ny(b) is the difference of the phase shifts between the two states of the
resonance.

From Eq. (D.28) it follows that
do
dr

and by substituting Eq. (D.30) into Eq. (D.27), we obtain a Lorentzian resonance shape:

—(A-iy)d, d=e a7 (D.30)

_ 7 1
Tw)= o PEy (D.31)

At large impact parameters the phase shift is determined by the van der Waals po-

tential
06 oG ;
where o = 1.383 a.u.” is the static polarizability of helium atoms and
6= {37} (D.330)
_ u:’l"ﬁ—Fre — 27'He++ = (1 —|—§) ’f‘ﬁ—i—’;’e (D33b)
Tp = ’I“ﬁ — THet++ (D33C)
To=Te — {grp +(1-9) ’I°He++} (D.33d)
Mf
P
== D.33
¢ M5 + Mye++ ’ ( °)

in which g is the dipole operator of the pHet atomcule. The potential V;(R) corresponds

to the dispersion force [87], and the contribution from dipole-induced dipole interaction
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Y

b ear trajectory was used for the

R(t)

Figure D.5: A classical rectilin-

calculation of phase shifts. The

interatomic distance is given by

the equation R(t) = (/b + (vt)2.
a

is averaged out due to the fast rotation of the atomcule (see Section 5.4.1). Using the

simplest approximation for the phase

m(b) = [ Vi(R(®)dt (D.34)
and the rectilinear trajectory shown in Figure D.5 (R(t)? = b* + (vt)?) at b > Ry, we
obtain

3o
o) = -2 (6, - Gy) (D.35)
and
2
A—iy= _ch,-ﬁWf‘ {1(wo) +iL(z0)} , (D.36)
where
1
5 —5 1
Cif R1> (371’ ) 5
_ _ (B = (2" — , D.37
w= (< (2)) . w=(Faci-a (0.57)
and
I(zo) = /mo z Psinxde, (D.38a)
0
L(wo) = / P21~ cos ) dar. (D.38D)
0

The integrals above can be expressed in terms of incomplete gamma-functions. At thermal
velocity v ~ vy = (/2T /p (p1 being the reduced mass between the pHe' atomcule and a
helium atom) and R; ~ 1 a.u., the parameter z, is large (~ 300 at T = 6 K; see next

section), and the integrals are reduced to

2% _/8\ . 1 B

I, = 5 F<g> sin - — T, /5 {cos zo + O(z, 1)} , (D.39a)
25 /8 M

=" T(5)eon ] = "~ finm + O )} . (D39)

*The atomic unit of polarizability is 4meg(ao)?.
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7/5 /5

The terms of order z, '~ can be omitted, but the term ~ xSQ in the second integral

must be retained. Figure D.6 plots functions I; and I, together with the approximated
/

expansion to the x, *% order. Tt shows that the approximation is good enough even for a

small value of xy ~ 2 and hence for R; ~ 3 a.u.

3 11(Xo)

X0

Figure D.6: The integral functions I (zo) and I(x) are plotted (solid lines).
/

The approximated expansion to the z, *% order reproduces the original func-
tion well enough, even for small values of zy (dotted and dotdash lines). There,
the oscillation is not described by the approximated expansion, but this dis-
crepancy can be neglected, since the positive and negative discrepancies cancel

out in the process of integration over the velocity distribution.

Averaging Eq. (D.36) over velocities with Maxwell-Boltzmann distribution (Eq. (5.6¢),
p. 62), we obtain

A= —Nc,-f%;/s A sin % , (D.40a)
R 2
v= Nc,-f%;/s A cos — — 2¢/m (—1> , (D.40b)
5 br
where vp =1/2T /1, (D.40c)
10 9 8
A= —\/77r<—> F(—) ~ 4917 (D.40d)
3 5) 5)
&)
br = . (D.40e)
Ur

The impact parameter by is usually called the Weisskopt radius and is defined by the

condition

n(br) =1. (D.41)
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Therefore to an order of magnitude,
o, ~ why’ (D.42)

while the shift cross section 0,4 is determined by more distant collisions b < by.
Coming back to Eq. (D.40), to calculate the shift and the broadening, it is necessary to
know the values of G; and, for the broadening, the repulsion radius ;. In the framework

of a hydrogen-like model with effective charges ZF;(j) and Z%(j),

Ll = () ey 48
(e N, 3 D.43
) (M*Zi'&(j)) < >j+(Zeefo>) o

where
<7"2>j = ;nQ {Gn*+1-31(1+1)} (D.44)

is the mean radius of the excited hydrogen-like state.

D.2.2 Collision parameters for the pHet atomcule

For the metastable states of pHe™ where n ~ 39, [ ~ 35, and \/M*/me = ng = 38;
and ZP. ~ 1.7, 78 ~ 1.6, —AZP ~ AZE ~ 1/n,

2 2 O
<r >(n,l) B <T >(n—1,l—1) ran (D-45a)
4 2AZE | 6AZS
Gng) = Gnor,i-1) ~ (1+28) s+ o (D.45b)
(n,l) (n—1,1-1) 7\2 \3 (Z¢ )3
1 n (Zeff) (Zeﬁ') eff
10
3 1
cgc = ga (Gi —Gy) ~ 6 a.u. (D.45c¢)
At 6 K, the thermal velocity is
vp =210m/s ~ 10 *a.u. , (D.46)
so that
bra4 a.u., (D.47a)
R\ 7P
o= (b) ~ 10° at Ry =1 a.u. (D.47b)
T
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D.3 Calculation of Dipole Moments

According to Wigner-Eckard theorem, tensor operators can be divided into a geomet-
rical part and a physical part. The dipole moment p is a tensor operator of first rank

and is expressed as

L 1 I

/ / n _ (_1\L-M

) (B, Llullf', L), (D48)

where (3, ' represent indices of states apart from the quantum numbers L and M, and
q is the polarization of the photon. The reduced dipole matrix element {3, L||u||5’, L")
does not depend on the magnetic quantum numbers M, M’, and the Wigner’s 35 symbol
is related with the Clebsch-Gordan coefficient:

Lol L —1)h=btM
( 77’;1 77’; M ) = (Q)ﬁ (l1l2m1m2|LM> . (D49)

From the equations above, the dependence of the dipole moments on the direction of the

angular momentum and the (laser) photon polarization is derived.

. [ 1 1+1 B im | U+m+2)([+m+1)
7 (m 1 —(m+1) =(=1) \I(2l+3 Ty ey (D0
‘ [ 1 1+1 ) 2(0—-m+1)(l+m+1)
i (m 0 —m (20+3) (20 +2) (20 + 1) (D-50b)
_ [ 1 I+1 e l—m+2)(l—m+1) .
7 (m -1 —(m—1) =07 ¢(2l+3)(2l+2)(2l+ 1) (D-50¢)

Now we consider the relation between the dipole moment and the lifetime of a spon-
taneous radiative transition. The Einstein’s A coefficient is written as
4 wi

253
3he?

2
Ay = {Limi |ngltymy)| (D.51)

where the sum is taken over all allowed transitions with different photon polarization. It

can be shown that the sum does not depend on m; since

2

i 1 1 1
> Tl = (D.52)
-y m; ¢ —my 20+ 1
so that the transition rate is expressed using the reduced matrix element as

4w pl

-1 _ if Htot
T =A = 3 ha (D.53a)

2

o _ | (@llulliy)) (D.53b)
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D.4 Simulation of Laser-Induced Resonant Transi-

tions

The optical Bloch equation (D.23a) under the condition of relaxation can not be solved
analytically. We therefore wrote a computer program which simulated the Rabi oscillation
and calculated the depopulation efficiency, to be compared with the observed resonances.

The laser light was about 80% polarized linearly, according to the specification of
the dye laser. If we take the 2z axis along the polarized electric field E, the resonances
between two sets of 2/ + 1 & 70 magnetic sublevels (denoted by the quantum number m)
are treated as 7 transitions. We consider either a “favored” or “unfavored” transition,
i.e. l; =1 =1y =1—1 for the simulation. The Rabi (angular) frequency is calculated for
different m states from Eq. (F.18), p. 139, and Eq. (D.50b):

Dot [GHZ] =27 X 0.4370 X pi0q [debye] x /P(t) [kW /em?] (D.54a)

-1 1
QU = 0D x V2141 ( !/ / )‘ : (D.54b)
m 0 —m

For the calculation of the power density P(t) defined in Eq. (F.15), p. 138, a typical
temporal shape of the laser pulse with two peaks (Figure 5.11-a, p. 68) was used.

As for the relaxation rates, the elastic collision rate 7, was the parameter whose value
we wanted to determine by comparing the observed width and the simulation result. I'y
was given by the Auger decay rate of the daughter state while the small I'g was neglected.
The transverse relaxation rate vy was given by Eq. (D.24), p. 122.

With initial conditions p( m = = 1/(21; + 1), pg’;) = 0, o™ = 0 and [)ém) = 0, the
time-evolution of the (274 1) different optical Bloch vectors p'™ is given by the following

equations:

Ap(m) . o

o= Awp( — ™ (D.55a)
A glm)

Zt = — 2:p0"™ = g™ — Awp™ (D.55b)
Apg1 Qw ~(m)

m D.55

A = o Py (D.55¢)
Ap(m) Qw ~(m (m)

AL 9 Pé ) — L'apa; (D.55d)

[ =T = o) (D.55¢)

"We must consider (21; + 1) initial states and (21; + 1) final states, but in fact, the —m state and the
m state follow the same equation since _Q,(fm) = QSJ"), so that only half the number of states needed to

be considered in the actual computation.
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The total populations in the parent (initial) state and the daughter (final) state are given

by the sum of the diagonal components of the density matrix:

Nit)=Ni(tr) > A () (D.56a)
N=Nm) Y AP, (D.56b)

and the depopulation efficiency of the laser pulse and the resonance peak area are given

as

Nz(tl + Tl)
Ni(ty)
GNi(tl) = Nl(h) — Nz(tl + 7'1) , (D57b)

e=1-—

(D.57a)

where ?; is the starting time of the laser pulse and ¢; 4 7; is the end of the pulse.

The multiple m states oscillate at different nutation frequencies £2/™ = \/ (!27(:”))2 + (Aw)?.

By summing up these oscillations, the resultant effect was the average frequency 2/ and
an additional relaxation with a typical time constant of 7 / . No collisional mixing
between different m states was taken into account, which would not have much effect
anyway.

We consider below the case of the (39,35)=(38,34) resonance at 597 nm. The dipole
moment fi; was determined from the lifetime of the parent (39,35) state, which reflects
the transition rate by spontaneous emission. A value 77! = 0.620 ps™' was adopted
to give puor = 0.649 debye from Eq. (D.53a), by comparing the measured lifetime and
the theoretically calculated dipole moment discussed in Appendices B.2.1, B.2.2 and
B.3. The Auger decay rate I’y was known by measuring the decay constant of the
resonance peak after the laser pulse terminated (see Appendix B.2.3). We took a value
Iy = 0.0845 ns™! [57].
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Precise Measurement
of Transition Wavelengths

This appendix supplements the shift and width measurements presented in Chapter 5.
The wavelength calibration method which was critical for the arguments in the main text
is explained in more detail in the first section, and the obtained full experimental results
on the shift and width are tabulated in the latter section here.

E.1 Calibration of the Wavelength

E.1.1 Reference cells

For a fine calibration of the wavelength in the case of the narrow-band mode, absorp-
tion spectra of the standard molecular lines were taken and referred to. Iodine (**1,)
vapor was used for the 597 nm resonance while tellurium (***Te,) was used for the blue
470 nm line. An enclosed cylindrical glass cell of 2.5 ¢cm diameter and 10 ¢cm length con-
taining a small amount of iodine/tellurium solid was put in a heating oven and heated to
260/650°C, respectively, in order to (i) have enough vapor pressure and (ii) to populate
(ro-vibrationally) highly excited molecular levels. The iodine cell had a side-stem of 29 cm
length so that its tip emerged from the oven. Since the vapor pressure inside the cell is
determined by the temperature of the coolest spot, the tip was covered with a heating
wire and its temperature was adjusted to about 80°C,* so as to minimize the pressure
while retaining enough absorption intensity. With this condition the vapor pressure is
some tens of Torr, and the possible shift of the reference frequency can be ignored whilst
the lines are subject to Doppler broadening of the temperature at the hottest spot. In the

case of tellurium, the boiling point is very high,’ and such a procedure was not needed.

*Todine: melting point at 114°C and boiling point at 185°C under the atmospheric pressure.
tTellurium: melting point at 449°C and boiling point at 988°C under the atmospheric pressure.
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Table E.1 shows the reference molecular lines used for the calibration, quoted from

Refs. [72,73].

Table E.1: List of reference Iy and Te, absorption lines used for the wave-

length calibration. The identification number of the lines and the wave num-

ber values are taken from Refs. [72,73] and listed, together with calculated

corresponding vacuum wavelengths. Symbols a—f correspond to the lines in
Figure 5.5, p. 56.

1281, reference lines [72]
line | No. | wave number | vac. wavelen.
# | fom )]
4509 | 16742.0419 597.29871
4510 | 16742.2272 597.29210
4511 16742.3125 597.28905
4512 | 16742.4869 597.28283
a | 4513 | 16742.7148 597.27470
b | 4514 | 16742.9009 597.26806
c | 4515 | 16742.9484 597.26637
d | 4516 | 16743.0984 597.26102
e | 4517 | 16743.4965 597.24682
f | 4518 | 16743.5754 597.24400
4519 | 16743.8554 597.23402
4520 | 16744.0762 597.22614

130Te, reference lines [73]

No. | wave number | vac. wavelen.
# | fem )

59 21242.6542 470.75097
60 21243.4691 470.73291
61 21245.9655 470.67760

E.1.2 Data acquisition

Since our spectroscopic method was to fire each laser pulse to a single atomcule and to
count one by one each p annihilation, it took about 10 minutes to gain enough statistics
for the resonance signal in the DATS spectrum at a fixed wavelength. Therefore, it took
typically 1-3 hours to obtain a resonance curve, depending on the peak intensity 7.e. the
transition strength and the laser power. The heavy load to the laser, firing at more than
200 shots per second continuously, caused the dye solution to deteriorate rapidly. In fact,
sometimes the output power even decreased within a few hours. We therefore did not

let the laser stay at one wavelength for a long time, but instead, scanned the wavelength

quickly over many cycles in order to average out the different laser powers.
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For most of the data presented in Chapter 5, the pHe™ resonance data were taken with
respect to the wavelength meter and the device was later calibrated against the reference
lines. In the analysis program, the recorded wavelength-meter values were selected into
bunches and the peak area for each corresponding DATS spectrum was counted, normal-
ized to the total delayed annihilation count, and plotted against the calibrated average

wavelength of the bunch.

The laser bandwidth, which needed to be deconvoluted in fitting the resonance curve,
was roughly known from the interference pattern of the wavelength meter, to be typically
1 GHz. More precisely, it was determined from the widths of the absorption lines in the
iodine/tellurium cells and from the interference peaks measured by a spectrum analyzer,
as FWHM = 1000 4+ 100 MHz for the 597 nm resonance and 1000 + 150 MHz for the
470 nm line, after the Doppler width of the iodine (520 MHz FWHM) or the tellurium
(860 MHz FWHM) was subtracted from the former widths.

The center and the width of the resonance were determined by fitting the resonance
profile with one or two (representing hyperfine-splitting) Voigt functions, as explained in
Sections 5.1.2 and 5.3.2.

Aiming at a more precise determination of the transition wavelengths, we also took one
set of pHe' resonance data simultaneously with the signals of the calibration standard,
as well as the interference pattern in the spectrum analyzer with a 3 GHz free spectral
range and a finesse better than 125 (specified value). In this “on-line calibration” data
acquisition, the hardware logic and the software program were both modified, so that the
reference data should be taken alternately with the pHet data. It was not possible to
synchronize the data-taking of the both signals, because the pHe™ required a large number
(> 10%) of laser shots per wavelength with a rough step and within a narrow range around
the resonance, while the reference data required only tens of shots per wavelength but the
sampling steps had to be small and the range wide. Therefore, the data-acquisition modes
were switched automatically between the two, according to the following scheme: the scan
for the reference data started from far outside the pHe™ resonance region, sweeping quickly
with a small step of 0.10 pm. When the wavelength came close to the resonance, the pHe™
data were acquired, staying at one wavelength-point for a few minutes. Then the next
four quick steps were only for the reference data, and at the fifth step again the pHe™* data
were taken before the reference data, and thus the resonance signals were obtained every
five steps until the wavelength came out of the resonance region. After that, again only
the reference data were taken and the whole set of calibration data was accomplished.

Part of the data so obtained is presented in Figure 5.5, p. 56.
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E.2 Full Data of the Density Shift and Width

Measurements

Tables E.2 and E.3 list all the raw data of the shift and width measurements.

Table E.2: List of all raw data of the shift and width measurements for
the 597 nm resonance. Listed are the run number of each measurement, the
calibrated target temperature (7'), the target pressure (p), the density (p)

and its error (0p), the energy of the laser pulse (£), the vacuum wavelength

measured by the wavelength meter (Awyr) and its statistical error (dAgat ), the
calibration correction to be added to the measured value (AX . = Acalib, —
Awnm ) with its systematic error in parenthesis (0.000z(y) = 0.000z + 0.000y),
and the Lorentzian full width of the resonance (I", obtained by the hyperfine-
doublet fit) and its statistical error (0I"). The temperature sensor had an
intrinsic error of 0.1 K, and the error of the density was dominantly given
by this uncertainty. The last row in italic style shows data of the on-line
calibration measurement, for which the wavelength value is a calibrated one
(Acaib.) and its error includes both statistical and systematic (calibration)

errors (0\aps) for the absolute vacuum wavelength.
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run # | T [K] | p[mb] | plg/lf]£ dp | € [mI] | Awm £ IAstar [nm] AN calib. I' £ 67" [nm]
220 6.2 533 4.34+0.08 | 0.105 597.2595 + 0.0001 | +0.0006(3) 1.88 £ 0.20
222 6.2 536 4.37+0.08 | 0.039 | 597.2597 + 0.0002 | +0.0006(3) 1.37 & 0.57
223 6.2 536 4.37+£0.08 | 0.030 | 597.2597 £ 0.0002 | +0.0006(3) 1.11 4+ 0.47
225 6.3 537 4.38+0.08 | 0.200 | 597.2595 £+ 0.0001 | +0.0006(3) 2.77+ 0.21
226 6.2 535 4.37+0.08 | 0.400 | 597.2594 + 0.0001 | +0.0006(3) 3.34+ 0.34
227 6.2 530 4.33+0.08 | 0.019 | 597.2589 + 0.0003 | +0.0006(3) 0.47 + 1.55
228 6.2 994 8.52+0.18 | 0.042 | 597.2628 £ 0.0002 | 4+0.0006(3) 1.42 £+ 0.64
229 6.3 966 8.21+0.17 | 0.070 | 597.2621 £ 0.0002 | 4+0.0006(3) 2.62 4+ 0.24
231 6.2 927 7.88+0.16 | 0.038 | 597.2621 + 0.0002 | +0.0006(3) 1.48 £ 0.33
232 6.2 934 7.944+0.16 | 0.300 | 597.2619 + 0.0002 | +0.0006(3) 4.69 + 0.38
233 6.2 932 7.944+0.16 | 0.017 | 597.2618 £ 0.0003 | 4+0.0006(3) 1.02 + 0.73
235 6.2 314 2.51+0.04 | 0.044 | 597.2577 £ 0.0002 | +0.0006(3) 1.24 £+ 0.36
236 6.2 314 2.51+£0.05 | 0.025 597.2584 + 0.0004 | +0.0006(3) 0.52 £+ 1.97
237 6.2 316 2.524+0.04 | 0.200 | 597.2580 + 0.0001 | +0.0006(3) 1.88 £ 0.23
238 6.2 314 2.50+0.04 | 0.100 | 597.2582 + 0.0002 | +0.0006(3) 0.67+ 0.87
239 6.3 314 2.494+0.04 | 0.060 | 597.2580 £ 0.0002 | +0.0006(3) 1.19 £+ 0.32
240 6.2 311 2.48 +0.04 | 0.420 | 597.2578 £ 0.0001 | +0.0006(3) 2.19 4+ 0.22
241 6.2 177 1.40 £0.02 | 0.250 | 597.2573 + 0.0006 | +0.0006(3) 0.54 4+ 1.08
242 6.2 177 1.40 £0.02 | 0.200 | 597.2577 + 0.0002 | +0.0006(3) 0.85+ 0.37
402 6.2 180 1.4240.02 | 0.078 | 597.2576 = 0.0001 | +0.0006(3) 1.06 £ 0.24
404 6.1 163 1.31+£0.02 | 0.033 | 597.2574 + 0.0006 | +0.0006(3) 0.43 £+ 0.92
405 6.1 168 1.34 +£0.02 | 0.030 | 597.2574 + 0.0002 | +0.0006(3) 1.35+ 0.41
406 6.2 177 1.40 £0.02 | 0.021 | 597.2575+ 0.0003 | +0.0006(3) 1.82+ 0.75
407 6.2 949 8.10+0.17 | 0.410 | 597.2629 £ 0.0003 | 4+0.0006(3) 5.56 £ 0.71
408 6.2 937 7.99+0.16 | 0.400 | 597.2625 + 0.0004 | +0.0006(3) 6.78 £ 0.90
409 6.2 547 4.46 +£0.08 | 0.390 | 597.2595 + 0.0002 | +0.0006(3) 4.44 + 0.44
410 6.2 306 2.444+0.04 | 0.390 | 597.2580 £ 0.0003 | 4+0.0006(3) 3.68 & 0.55
411 15.3 997 3.16 +£0.02 | 0.320 | 597.2588 £ 0.0003 | 4+0.0006(3) 2.904 0.45
412 15.2 1003 3.19+0.02 | 0.050 | 597.2592 + 0.0001 | +0.0006(3) 1.24 £+ 0.23
716 5.8 1552 16.0 £0.5 0.105 597.2681 + 0.0003 | +0.0001(3) 5.83 & 0.59
717 5.8 1571 16.3 £0.5 0.070 | 597.2682 + 0.0004 | +0.0001(3) 6.44 4+ 0.84
718 5.8 1984 22.3 £0.9 0.030 | 597.2728 £ 0.0005 | 4+0.0001(3) 7.59 £ 1.80
719 5.8 2075 23.8 £1.0 0.023 | 597.2741 + 0.0004 | +0.0001(3) 7.79 £ 0.85
726 5.8 2912 454 +4.3 0.047 | 597.2884 + 0.0005 | 40.0001(3) | 16.1 =+ 1.65
728 6.3 4545 78.0 5.6 0.065 | 597.3118 £ 0.0022 | 4-0.0001(3) | 33.7 =+ 8.16
735 5.8 7964 126.6 £1.7 0.085 597.3569 = 0.0011 | +0.0001(3) | 17.7 =+ 2.70
768 5.8 541 4.78+£0.10 | 0.035 | 597.2602 £ 0.0002 calib. 3.36+ 0.28
run # | T [K] | p[mb] | plg/f] £ dp | € [mI] | Acatib. £ 0Aaps [nm] - I' £ 67" [nm]
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Table E.3: List of all raw data of the shift and width measurements for
470 nm resonance. See caption of the previous Table E.2 for the explanation
of listed items. The resonance width I" was obtained from the single-peak fit,

instead.

run # | T [K] | p[mb] | plg/lf] £ dp | € [mI] | Awm £ 0Astat [nm] | AXcaiin. | I’ £ 01" [nm]

801 5.3 962 10.32 £0.29 0.41 470.7238 & 0.0017 | —0.0002(6) | 1.42+ 1.86
802 5.4 971 10.10 £0.27 | 0.50 470.7237 + 0.0016 | —0.0002(6) | 1.25+ 1.31
803 5.4 990 10.36 £0.28 0.20 470.7239 + 0.0012 | —0.0002(6) | 1.13+ 0.90
804 6.3 1153 10.02 £0.22 0.45 470.7239 + 0.0002 | —0.0002(6) | 1.34+ 0.33
805 6.2 1169 10.23 £0.23 0.19 470.7236 + 0.0011 | —0.0002(6) | 1.01 + 1.68
814 6.4 1185 10.13 £0.32 0.83 470.7239 + 0.0004 | —0.0002(6) | 2.18 + 0.64
815 6.3 1167 10.14 £0.22 0.83 470.7241 + 0.0004 | —0.0002(6) | 2.91+ 1.09
820 6.3 546 4.42 £0.08 0.31 470.7228 = 0.0012 | —0.0002(6) | 1.36 £ 0.29
821 6.2 545 4.45 £ 0.08 0.31 470.7229 + 0.0001 | —0.0002(6) | 1.01+ 0.13
822 6.2 544 4.46 £ 0.08 0.14 470.7229 + 0.0007 | —0.0002(6) | 0.73 + 0.62
823 6.2 529 4.31 £0.08 0.14 470.7229 &+ 0.0001 | —0.0002(6) | 0.83+ 0.12
824 6.2 543 4.44 £0.08 0.06 470.7229 + 0.0002 | —0.0002(6) | 0.45+ 0.41
825 6.2 546 4.4740.08 0.03 470.7230 + 0.0011 | —0.0002(6) | 0.40 + 0.08
826 6.5 190 1.44 +0.02 0.30 470.7225 + 0.0001 | —0.0002(6) | 0.60 + 0.08
827 6.2 183 1.44 +0.02 0.25 470.7225 + 0.0001 | —0.0002(6) | 0.39 £ 0.06
828 6.3 180 1.40 £ 0.02 0.13 470.7225 &+ 0.0001 | —0.0002(6) ok ek
(6)
(6)
(6)
(6)
(6)
(6)
(6)

830 6.5 1120 9.32+0.19 0.21 470.7238 £ 0.0006 | —0.0002(6 0.79 £ 0.33
831 6.3 815 6.83 +0.14 0.23 470.7234 £ 0.0005 | —0.0002(6 0.69 + 0.21
832 6.2 180 1.43 +£0.02 0.05 470.7225 £ 0.0010 | —0.0002(6 0.27 £ 0.07
632 6.0 1177 10.99 £0.26 0.18 470.7241 £ 0.0006 | —0.0002(6 1.35+ 1.03
634 5.8 1660 17.5 £0.6 0.26 470.7249 £ 0.0017 | —0.0002(6 1.17 £ 1.61
635 5.8 1660 17.5 £0.6 0.12 470.7245 £ 0.0008 | —0.0002(6 4.37+ 2.42
652 5.8 2477 323 £1.9 0.30 470.7277 £ 0.0007 | —0.0002(6 1.38 &£ 1.30
701 5.8 587 5.21+£0.11 0.21 | 470.7224 £ 0.0002 calb. 2.47+ 0.29
704 5.8 498 4.37£0.09 | 0.16 | 470.7229 %+ 0.0003 calib. 1.20+ 0.15

run # | T [K] | p[mb] | plg/f] £ dp | € [mI] | Acatib. £ 0Aaps [nm] - I' £ 67" [nm]
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Units, Notation and Terminology

F.1 Conversion between Various Units

basic units

Units of length, time, frequency, and energy with prefixes used in this paper are
summarized in the table in the next page.

It is noteworthy to list the following conversion equations:

1A=01n1m=10"%cm (F.1a)

1 a.u.=0.5292 A, (F.1b)
1 A% =107"% cm? (F.2a)

1 aw.=0.2800 A” (F.2b)

1 nm® =102 cm?. (F.3)

dipole moment

10
1 debye=10""® esu = 3 X 10%° C/m
= 0.3934 e aq (F.4)

*In this section 3* always means a defined number 2.99792458 (exact) = 1078 ¢/[m/s].
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10°7der | prefix || length | time | frequency | energy
24 Y
21 V/
18 E
15 P PHz
12 T THz
9 G GHz,ns ' | GeV
6 M MHz, us™ | MeV
3 k keV
2 h
1 da
0 - m S Hz, s7! eV
-1 d
—2 c cm
-3 m mm ms meV
—6 W pm s peV
-9 n nm ns
—10 A
—12 P pm ps
—15 f fm fs
—18 a
—21 v/
—24 y

pressure

1 bar = 1000 mb (millibar) = 10° Pa = 1/1.013 atm = 760/1.013 Torr (F.5)

density

The density of the helium is given as follows:

N =1mol/l =6.022 x 10* cm > < p = 4.0 g// (F.6)
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F.1.1 Conversion of energy units

E=FkT, k=0.8617x10"*"eV/K, 1eV=11600K (F.7)
e=1.602x10 " C, 1eV=1.602x10"] (F.8)
¢=1299792458 m/s = 30 GHz cm (F.9a)

1 cm ! = 3*0 GHz (F.9Db)

h = 4.136 eV /PHz (F.10a)

1 PHz = 4.136 ¢V, 1 GHz =4.136 peV = 48.0 mK (F.10b)

F.1.2 Units frequently used in laser physics

¢ (=30 [GHz ecm]) =v [0.1 PHz] - A [100 nm] (F.11)
¢ (=10000)=v [em™'] - X [um] (F.12)
example:
600 nm < 16 667 cm ' = 0.500 PHz (= 500 THz) = 2.07 eV
3*0 [GHz cm)]
Av |GHz| = ———— AN F.13
vt = -2 LA o (F.13)
example:
3*0
A=600nm : Av [GHz] = — & AN [pm]
/ ) [mJ /em?] dr [em?] = TA (F.14)
t1+T,
I [mJ/cm?| :/ ‘p ) [MW /cm?] dt [ns] = Pr (F.15)

*In this section 3*0 always means a defined number 29.9792458 (exact) = 10~ 7 ¢/[m/s].
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1
p:§c{goyE|2+u0|H|z}
1
=ceo|E? = 5060E02 (F.16)

Eo [V/em] = 1/0.75346 P [mW /cm?] = 0.8680 / P [mW /cm?] (F.17)

22 [GHz] = 0.5034 i [debye] E [V/m]

=0.4370 p1 [debye] /P [kW /cm?] (F.18)

F.1.3 Atomic units

The atomic units are widely used in atomic physics and this paper is not an exception.

The basic units are defined as the following:

me=1au. [9.109 x 107% kg] (F.19a)
h=1au. [1.055x 10 Js] (F.19Db)
e=1au. [1.602x 107" C], (F.19¢)
and also implied are:
4reg=1 [4m x 8.854 x 1072 F/m] (F.20a)
k=1 [1.381 x 10 % J/K] (F.20D)
e? 1
o= = —
dreohe ¢
1
in other words, c¢= — =137.0 [2.998 x 10° m/s], (F.20¢)
(e

where the values and units in the MKSA system are also written in square brackets.
The unit of lengths, velocity, time, and energy are the Bohr radius, electron velocity, one
cycle of electron motion, and twice the Rydberg energy of hydrogen atom (at the limit of

infinite nuclear mass) :

h
ap= =1lau [0.5292 x 107" m] (F.21a)
MeCO
v=ca=1au. [2.188x 10° m/s] (F.21b)
t=" =1 aun [2419x10717s]. (F.21c)
v
2Ry =mec’a® =1 au. [27.21 eV =43.60 x 107" J] (F.21d)
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F.1.4 Natural units

In high-energy physics, the natural units are often used. This unit system is based on

the following physics constants:

me=1 or 0.5110 MeV (F.22a)
h=1 (F.22b)
c=1 (F.22¢)

with implicit assumptions
dreg=1 (F.23a)

2
4dmeohc
in other words, e = /a =0.08542. (F.23Db)
A useful equation is

he=1=1973 [MeV fm = eV nm] . (F.24)

In the convention which uses MeV as a unit for energy and mass (instead of setting the

electron mass to unity), units of length and time are given by

1 MeV™!'=197.3 fm (F.25a)
he/MeV
{ | Mev—t = MMV o 10722 s (F.25b)
C

F.2 Terminology

|Al| < 3 Auger dominance rule The Auger transition rate has a dramatic depen-
dence on the angular momentum change |Al|, taken away by the outgoing electron.
In the p*Het atomcule, the Auger transition dominates over the much slower ra-
diative transition if |Al| < 3 is achieved, while the opposite is true for states with
min(|Al|) > 4.

propensity rule As for metastable states of pHet atomcules, the radiative (electric
dipole) transitions occur mainly along a decay chain which keeps the vibrational
quantum number v constant. In the atomic picture, this is because the well-localized

antiproton’s wavefunctions overlap best between the states when An = Al = —1.

favored transition We call the radiative transitions which obey the propensity rule
above, by the name “favored”. We have found 8 favored transition in p*He* atom-

cule and 3 in p3*He™.
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unfavored transition A type of radiative transition with An = —Al = 1 which
changes v by Av = 42. The transition rate is two orders of magnitude smaller
than for the favored transition, but is larger than other allowed transitions Al = +1
with different An. Two resonant transitions of this type were observed in p*He™

atomcules.

DATS Delayed annihilation time spectra of antiprotons originating in the metastable

pHe™ atomcules.

vacuum wavelength Wavelength of laser light, measured in vacuum. Symbol A. We
always refer to vacuum wavelengths throughout this thesis, and never to any wave-

lengths measured in media.

density shift The centers of the resonance lines shift by an amount depending primarily
on the density of the target. The term “pressure shift” is usually used instead to

mean the same phenomenon, but we will avoid using this term here.

power density Peak power (which may be a function of time) of the laser pulse, divided
by the spot area. Denoted by P.

energy density Energy of one laser pulse (symbol £), divided by the spot area (A).
Denoted by 1.

quantum numbers We use n,l,m,L,v, F,J, and A as quantum numbers. See the

next section (“notation”) for an explanation of each quantum number.

hyperfine (HF) and super-hyperfine (SHF) structures The word “hyperfine” is
used in a slightly different context from the normal terminology. The hyperfine
splittings of pHe™ states are caused by the interaction between the large angular
momentum of the antiproton and the electron spin, while the SHF splitting is related

with the antiproton’s spin.
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F.3 Notation

~ mean value of a physical value

{~) mean value or statistical average
of a physical value

a mean radius of an atom /atomcule

ao Bohr radius of hydrogen

ai,as  probability amplitude

A cross-section area of the laser spot

Aiy Eisntein’s A coefficient

« =1/137 fine structure constant

« polarizability

o =*He ™" alpha particle = nucleus of

helium four.

b impact parameter

by Weisskopf radius

3,5 quantum numbers of the states
c speed of light

cif = bTv%/ 5

Cs coefficient in the representation

of van der Waals potential

d dead time of the laser after one
shot

A shift of central frequency

O~ error of a physical variable

A~ difference of a physical variable

AFE energy difference

At time window, observation time

Aw = w —wy difference or offset in an-

gular frequency

Av = Aw/21  frequency detuning

Ay Doppler width (FWHM)

| Al multipolarity

At observation time

e =2.71828 base of natural logarithm

e (>0) electron charge

e”, et electron and positron (particles)

E F electric field

Ey amplitude of oscillating electric
field

E, activation energy in Arrhenius equa-
tion

Eg binding energy

E energy of laser pulse

~exp index for experimental values

€ depletion efficiency of state pop-
ulation by a laser pulse

€0 dielectric constant in vacuum

f fraction of delayed annihilation

F(F =1+ sp) aquantum number

~ index for the final state

d(1) correlation function

¢, P, ¥  wavefunctions

G7 Gm,y,m G; G:v,y,z

virtual force vector act-

ing on an optical Bloch vector

@ = (i)

v
5

gamma ray (high-energy photon)

Lorentzian half width
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¥ collisional broadening (half width)
Y transverse relaxation rate

Yp rate of purely elastic collisions

r Full width

Iy longitudinal relaxation rate

I'y, Iy decay rate from the daughter state

(Auger rate), and from the par-

ent state (including side branches)

I'(zx)  Gamma function

h Planck constant

h=h/2r  reduced Planck constant

H magnetic field

H,Ho,H  Hamiltonian (total, unperturbed
and perturbation)

n phase shift

i=+/—1 imaginary unit

1 energy density of laser light

I(w) power spectrum

Iy first ionization potential

I (o), I2(x0)
of shift and broadening

an integral for calculation

~; index for the initial state
] index for an unspecified state

J(J:F—i—Sp:l—Fse—Fsﬁ) total an-

gular momentum

k Boltzmann constant

K* kaons (meson particles)

K shift of angular frequency

[ azimuthal quantum number, or-

bital angular momentum

L =1
14
A
Ao
A=r71"1

A©) = (7)1

A

m

me = 0.511 MeV/c?

M
M

Mp, M, =938 MeV/c?

Myge++

rotational quantum number, an-

gular momentum
mean free path (in [nm))
vacuum wavelength (in [nm])

extrapolated vacuum wavelength

at zero-density limit
transition rate

extrapolated transition rate

at zero-density limit

angular momentum of electron along
the molecular axis, a quantum

number

magnetic quantum number
electron mass
magnetic quantum number
mass of pHe™ atomcule

antiproton /proton

mass
mass of helium nucleus

reduced mass between antiproton

and helium nucleus

multiplicity: the number of “hit”

counters, and its mean value
dipole moment

dipole moment vector or opera-

tor

reduced mass between the pHe™

atomcule and a helium atom
magnetic permeability of free space
muons (lepton particles)

principal quantum number

ng = /M*/me typical value for n
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N number density

N,N state population, and population
after the first laser irradiation

v frequency

Ve collision rate

vt interval between collisions

p,p rate of delayed annihilation and
that free from pre-pile-up

P power density of laser light

D antiproton (particle)

pHe™, (pHe™)?  antiprotonic helium atom-

cule

pHe™ (pHe™ )%  antiprotonic helium ion

m = 3.14159 ratio of the circumference
of the circle to the diameter

7t laser transition with Am = +1

7+, 1  pions (meson particles)

q polarization of photon

Qp,Qp charge of proton/antiproton

T rate of incident p beam

r radius of an atom(cule)

T position vector

R R internuclear distance, interatomic
distance

Ry interatomic repulsion radius

R, R,, Rt rates of useful delayed events
(with and without laser, and the
total)

Ry = 13.6 eV =1/ a.u.  Rydberg energy

Ry(p)*®, Ry(p)>® Rydberg energy of pro-

ton and antiproton (bound to a

negative and positive particle, re-

spectively, with a virtual infinite

mass)
p density of helium target
P, Pnm  density matrix
P; Pay,zs Py Pzy  Optical Bloch vector
s shift parameter
S,Se,5p  spin (of electron, antiproton)
s,p,d...;S,P,D... stateswithl=0,1,2...
o collisional cross section
04 collisional quenching cross section
oa,0, collisional cross section for reso-

nance shift and broadening

o=1/2y2In2

Gaussian sigma

o laser transition with Am =0
o,m,0... electron states with A =0,1,2...
t time

t,ty timing of the first and second laser

irradiation after p capture

ty =t +m7 time at the end of the (first)
laser pulse

T temperature (in [K])

~th index for theoretical values

T lifetime

T duration of laser pulse

Te duration of collision

Up time-independent wavefunction

v=n—1[—1 vibrational quantum num-

ber
v, velocity

vy =1/2kT /. most probable velocity
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V(R) interatomic interaction potential

Vo, Vi feeding to the daughter and par-

ent states of the resonance

w width of the beam gate and the

pile-up veto signals
W, Wy, W, energy (of each state)
w = 27wr angular frequency

wo = |W1—Wsy|/h resonance angular fre-

quency

2 =pFE/h  Rabi angular frequency (at

w=uwyp)

= \/902 + (w—wp)? nutation angu-
lar frequency

2% =./Ivyy Rabiangular frequency at

saturation
~zy-  index for the three coordinates
zo = (R /br)™
§ = Mp [ (Mp + Mye++)  amass ratio be-

tween two nuclei in pHe™ atom-

cule
A nuclear charge

ZB., 78  effective nuclear charge for p

and e”.
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