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Zusammenfassung

In einem Prazisionsexperiment am Paul-Scherrer-Institut werden die hadro-
nische Verschiebung €, und Verbreiterung I'y; des Grundzustandes in pioni-
schem Wasserstoff (7H) neu vermessen. Im Rahmen der Chiralen Stérungs-
theorie stehen €5, und I'ys in direktem Zusammenhang mit den 7 N-Isospin-
streuldngen. Dariiber hinaus ist I'y; mit der 7 N-Kopplungskonstanten f;x
verkniipft. Das Experiment liefert eine direkte Uberprﬁfung der Chiralen
Storungstheorie, der Niederenergieformulierung der Quantenchromodynamik.

Im Experiment werden die Energien der Rontgeniibergange 7H,,,1; zum
atomaren Grundzustand bestimmt. Diese Energien liegen im Bereich von
3keV, wohingegen die hadronischen Effekte nur wenige eV ausmachen. Von
daher ist die Verwendung eines hochauflosenden Kristallspektrometers der
einzig mogliche Zugang zu einer prazisen Messung dieser Groflen. Die Dif-
ferenz der gemessenen Linienenergie und des rein elektromagnetischen Wertes
fiihrt auf €,. I'ys ergibt sich aus der Linienbreite nach Entfaltung von
Auflosungsfunktion und Dopplerverbreiterung.

Der Pionenstrahl am PSI wird zu einer Gaszelle innerhalb der Zyklotron-
falle geleitet, wo die pionischen Atome erzeugt werden. Von dort emittierte
Rontgenstrahlung wird durch einen sphérisch gekriimmten Braggkristall auf
einen grofiflichigen positionsempfindlichen Detektor reflektiert. Der Reflek-
tionswinkel (und somit die Energie) der Strahlung aus mH-Atomen wird iiber
den Vergleich mit einer Eichlinie bekannter Energie bestimmt. Zum ersten
Mal wurde der Rontgeniibergang eines anderen pionischen Atomes (pioni-
scher Sauerstoff) zur Energieeichung verwendet.

Ein grundlegender Teil der Mefstrategie ist die Untersuchung der Abre-
gungskaskade in mH. Rontgenemissionen aus Molekiilzustanden, die in 7wH-
Hj-Kollisionen gebildet werden, hatten eine verringerte Energie. Des weit-
eren wird die Linie durch Coulombabregung, einen Kollisionsprozess, bei
dem die Abregungsenergie in kinetische Energie der Stofipartner umgewan-
delt wird, dopplerverbreitert.

In der abgeschlossenen ersten Stufe des Experiments wurde die Einwirkung
dieser Kollisionsprozesse auf Linienenergie und -form durch Dichtevariatio-
nen des Wasserstoffgases bestimmt. Die Messung unterschiedlicher Grundzu-
standsiibergange 7H,,,_,1, erlaubte einen Einblick in die durch die Coulomb-
abregung bestimmte kinetische Energieverteilung.

Es wurde keine Dichteabhangigkeit der Linienenergie beobachtet. Man
erhdlt €15 = (7.120 4 0.012) eV, was einer dreifachen Steigerung der Mefige-
nauigkeit entspricht. Der momentane Wissensstand der Coulombabregung
erlaubt nur die Bestimmung einer oberen Grenze von I';; < 0.850meV. Die
Prazisierung von I'1y auf 1%, der endgiiltig angestrebten Genauigkeit, er-
fordert eine detaillierte Auswertung der Kaskadeneffekte und weitere Mes-
sungen an miionischem Wasserstoff.
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Abstract

In a new high precision experiment at the Paul-Scherrer-Institut (PSI), the
strong-interaction shift ¢;; and broadening I';; of the ground state in pionic
hydrogen (7H) are remeasured. From e, and 'y, the 7NV isospin scattering
lengths can be derived by the methods of Chiral Perturbation Theory. Fur-
thermore, the 7N coupling constant f;x is related to I';s. The measurement
constitutes a direct experimental test of the low-energy approach of QCD.

In the experiment the energies of X-ray transitions mH,, i, into the
atomic ground state are determined. Transition energies are on the order
of 3keV, whereas the hadronic effects are in the few eV range. Hence, the
only possibility for a precise determination is to use a high-resolution crystal
spectrometer. The difference of the measured line energy to the calculated
pure QED values for the transition gives €5, while I';; follows from the line
width after deconvolution of the spectrometer response and Doppler broad-
ening.

The pion beam at PSI is decelerated into a gas cell inside the cyclotron
trap where pionic atoms are formed. X-rays emitted there are reflected onto
a large position-sensitive detector by a spherically bent Bragg crystal. The
reflection angle (and hence the energy) of the 7H X-rays is derived from
comparison with a calibration line of known energy. For the first time, an X-
ray transition from another pionic atom (pionic oxygen) was used for energy
calibration.

A major part of the experimental strategy is the investigation of the de-
excitation cascade in 7wH. First, for X-rays emitted from molecular states
formed during collisions of 7H atoms with Hy molecules, a decrease in tran-
sition energies would be observed. Second, the line width is increased by
Doppler broadening from Coulomb deexcitation, a collision process where
the deexcitation energy of the pionic atom is converted into kinetic energy
of the collision partners.

In the first stage of the experiment, effects on line energy and shape
from these collisional cascade processes were studied through variation of
the hydrogen density. The changes to the mH kinetic energy distribution
caused by Coulomb deexcitation were investigated by measuring different
mHyp—s1, transitions.

A density dependence of the line energy was not observed. A result
of €15 = (7.120 £ 0.012) eV is derived from the data, which constitutes an
accuracy improvement by a factor of three. With the current knowledge
about Coulomb deexcitation, only an upper limit of I';; < 0.850 meV can be
given for the hadronic broadening. The information gained in the experiment
will contribute to an improved theoretical understanding of the 7H cascade,
which is indispensable to reach the envisaged final accuracy of 1% for I'y,.
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For every complex situation there is

a solution which is simple, neat and wrong.

— H.L. MENCKEN
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Chapter 1

Introduction

1.1 Pionic atoms

Pionic hydrogen is an exotic atom, a term describing atoms where a nega-
tively charged particle is captured into the Coulomb field of the nucleus and
bound into an orbital state. Examples of particles that have been investi-
gated in exotic atoms range from baryons (antiprotons and Y-hyperons) over
leptons (muons) to mesons like the kaon or the pion. All of them are heavier
than the electron, which increases binding energies and decreases the orbital
radii of the system: in leading order, which is already given by the Bohr atom
model, the reduced mass m.q of the system (myeq = %, with My
as the mass of the nucleus and m, as the mass of the captured particle) is
directly related to the binding energies B,, and Bohr radii rp:

B, = —mypeactaZ?/2n?

rg = he/(2mmyeqc?)aZ
m=n°-rp

with the Planck constant A, the vacuum speed of light ¢, the fine structure
constant «, nuclear charge Z and principal quantum number n.

Assuming a heavy nucleus, the binding energies (and thus transition en-
ergies) for exotic atoms are increased by m,/m. (with m,. as the electron
mass), and orbital radii are decreased accordingly. Even for relatively light
particles like the muon or the pion, this ratio is higher than 200 — for low
n states, the exotic atom dimensions are closer to the nuclear than to the
atomic scale.

For the formation of a pionic atom, the pion is decelerated to very low
kinetic energies (a few tens of eV) by collisions with the electron shell of the
surrounding atoms. Once slowed down, it is captured by the Coulomb field



of the nucleus, usually into a highly excited state. Various quantum cascade
mechanisms deexcite the system into the atomic ground state or levels from
which nuclear absorption occurs (Fig. 1.1). In general, the upper levels of this
cascade are dominated by non-radiative processes like Auger emission, where
the pion deexcites through the ejection of a hull electron. In the intermediate
part, radiative deexcitation starts to compete with non-radiative processes,
and it dominates in the low lying states. Measuring the energy of the emitted
photons allows the direct investigation of pionic atom properties.

X-ray

negatively charged
pions

electrons

Figure 1.1: Schematical drawing of a pionic atom. The hull electrons are emitted
by internal Auger effect as the pion deexcites to lower atomic states. In the final
part of the quantum cascade, X-rays are emitted by radiative deexcitation.

1.2 Investigation of the m/N interaction

The properties of pionic atoms are not only governed by the Coulomb in-
teraction — due to its hadronic nature, the pion will also be influenced by
the strong force of the nucleons. This allows an experimental study of the
low-energy pion-nucleon (7N) interaction, an important testing ground of
quantum chromodynamics (QCD), directly at threshold. A measurement at
threshold eliminates the need for extrapolation to zero energy, which is the
main difficulty when using results from low-energy scattering experiments.
Pionic hydrogen (7H), consisting of a negatively charged pion and a pro-
ton, is an electromagnetically bound system. The binding energies owing to
the Coulomb potential in this two-body system can be calculated very pre-
cisely by QED, which allows an unobstructed view on the hadronic effects.
Due to its short range, the strong interaction will only have a noticeable
effect for overlapping wave functions of pion and proton, a condition that, in
wH, is only fulfilled by the states with angular momentum quantum number
[ =0, i.e. the s-states. The hadronic influence is strongest in the 1s ground



state of m7H, because the overlap of the ns pion and proton wave functions
scales with 1/n? [1].

Elastic scattering of pion and proton (7~ p — 7 p) increases the binding
energy of the ground state by about 7eV — a rather small effect compared
with the electromagnetic binding energy of 3238 eV. The strong interaction
shift €, is usually defined as the difference of the measured transition energy
and the pure QED energy: €1, = Eeyzp. —Egrp- A positive sign then indicates
an attractive interaction.

The decay channels of the s states, charge exchange and radiative capture
of the pion (m~p — 7%n and 7~p — 7n), broaden the 1s ground state by
about 1eV (strong interaction broadening I'yy).

The hadronic scattering lengths of elastic scattering and charge exchange
are related to the experimentally accessible quantities €, and ['5: €, <>
aﬁ_p rp and I'y, < afr_p .0, The exact form of this relation can be cal-
culated within the framework of Chiral Perturbation Theory (ChPT), an
effective field theory approach to QCD at low energies. A comparison of
the results derived from exotic atom data with predictions from theory and

other experimental results constitutes a direct test of the important theoret-
ical method of ChPT.

1.3 History of TH experiments

The unique chance of exploring the 7wV interaction directly at threshold that
is offered by the mH system was used in several experiments before the one
described in this work. As early as 1970, pionic X-rays from a hydrogen target
were detected at CERN [2] with a gas proportional counter situated directly
at the hydrogen gas target. Except for this pioneering measurement, all later
experiments share the same basic setup: After pions have been slowed down
into a gas target, the energy of X-rays from mH atoms formed in the target is
determined by a Bragg spectrometer and a position sensitive detector. The
high energy resolution of a crystal spectrometer is indispensible for accurate
measurements of low-energy X-rays and identifying the rather small hadronic
effects.

The next step was a measurement at Los Alamos in 1983, using a crys-
tal spectrometer consisting of several thin graphite sheets and a position-
sensitive proportional counter to measure the 7Hy,_,;, transition [3]. Due to
the instrumental line width of 19eV (a crystal with better resolution would
have caused a corresponding decrease in efficiency, and low event rates were
the main experimental challenge then), the hadronic broadening I';; could
not be investigated. Vanadium X-rays were used for energy calibration, and
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the experimental result for the hadronic shift was ¢;, = +3.9 = 1.7eV.

In 1985, a similar experiment with the same graphite spectrometer was
installed at PSI, then called Schweizerisches Institut fiir Nuklearforschung
(SIN) [4]. The increased pion flux from the proton accelerator there, com-
pared with the SMC (Stopped Muon Channel) at Los Alamos, led to an
increase in accuracy by almost an order of magnitude and without essential
changes to the experimental setup: €1, = +4.9 £ 0.5eV.

The last step in the history of 7H experiments so far was conducted by
a collaboration of Paul-Scherrer-Institut (PSI) and the Eidgendssische Tech-
nische Hochschule Ziirich (ETHZ) [5]. It started in 1985 and brought several
experimental improvements. Instead of a simple degrader, the cyclotron trap
(see Sec.4.1.2) was used to decelerate the pions before they enter the gas tar-
get. The increase in rate allowed use of silicon and quartz instead of graphite
crystals, which increased the resolution considerably. Using the electronic ar-
gon Ko line for energy calibration, this experiment culminated in a value of
€1 = +7.108 £+ 0.047 eV for the hadronic shift and I'j; = 0.868 &= 0.078 eV
for the hadronic width. This corresponds to an accuracy of 0.7% and 9%,
respectively. Apart from the gain in accuracy for €5, the result also differs
noticeably from earlier experiments.

The final aim of the experiment described herein is to measure the hadronic
energy shift €;, and the hadronic broadening I';, with an accuracy of 0.2%
and 1%, respectively. This involves several steps in a long range experimental
program. The first of these steps is described in this work.

To determine X-ray energies with such high accuracy (compared with the
energies of the measured transitions into the 7H ground state, the experi-
mental precision is on the order of a few ppm), one has to use crystals with
the best resolution possible for the spectrometer. This is experimentally
demanding because of the low rate efficiencies inherent in crystal diffrac-
tometers. Apart from optimisation of the spectrometer itself, the high pion
flux produced at the proton accelerator of the Paul-Scherrer-Institut (PSI)
and use of the cyclotron trap as a particle concentrator is instrumental in
overcoming this experimental challenge.

To increase the experimental accuracy of I'y;, it is not enough to simply
increase the statistics of the measurement. In addition to the hadronic broad-
ening, the measured line width also contains contributions from Doppler
broadening caused by Coulomb deexcitation, a process of the quantum cas-
cade which accelerates the 7H atom. An improved understanding of cascade
processes is indispensible for a precise determination of their influence on the
line width.



Chapter 2

Theoretical background

2.1 Motivation

The strong force between quarks, the constituents of both pion and proton,
is described by quantum chromodynamics (QCD). The strong or hadronic
interaction is transmitted by massless vector bosons, the gluons. Unlike pho-
tons as the carriers of the electromagnetic interaction, gluons carry (colour)
charge themselves and are therefore able to couple to each other. As a result,
the elementary processes of QCD do not just consist of emission/absorption
and pair creation/annihilation, but additionally of three- and four-gluon-
coupling vertices. Due to this, QCD in its basic form is incomputable at low
energies, even when applied to simple systems.

A lot of effort went into finding tools that make QCD an actually usable
theory. At high energies, asymptotic freedom of the quarks makes computa-
tions easier — unlike the coupling constant of the electromagnetical interaction
(the fine structure constant «), the hadronic coupling constant decreases with
increasing energies to the point where quarks can be treated as free particles.
Here, in the realm of high energy particle physics, the particle characteristics
and interactions can be described very precisely through perturbative QCD.

For energies significantly below 1 GeV (e.g. for the low-energy 7N inter-
action), Chiral Perturbation Theory (ChPT) was the most important devel-
opment. ChPT is based on the relatively simple world of massless QCD,
applying the quark masses as a perturbation [6]. In the case of pions, the
expansion variables of the perturbation calculation are the fine structure con-
stant o, momentum p and mass difference of up and down quarks (mgy —m,,).

The best results of this approach can be expected for systems including
pions, since these are the lightest particles composed of u and d quarks. For
the pion-pion-system, an experimental test of the theoretical understanding
is expected from the DIRAC experiment [7], which measures the lifetime of
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pionium (77 ~). The 7H experiment described herein will allow a precise
test of calculations for the hadronic properties of the pion-nucleon-system
(mN) at threshold. These calculations are performed in the framework of
Heavy Baryon ChPT (HBChPT), an expansion of ChPT that allows the
description of systems involving nucleons. Beyond pionic systems, the DEAR
experiment [8] at the DA®NE accelerator facility is set up to investigate
kaonic hydrogen (KH), which is especially interesting since it involves the
strange quark s, but very challenging due to the low kaon flux available.

2.2 The 7N scattering lengths

Of the possible elementary reactions involving pions and nucleons, only three
are directly experimentally accessible: the two elastic reactions 77p — 7 p
and 77p — 7tp and charge exchange 7~p — 7%n. Other channels are diffi-
cult to investigate due to the lack of free neutron targets and 7° beams. At
energies close enough to threshold, the hadronic amplitudes of these three re-
action channels consist solely of s-wave contributions. Assuming isospin con-
servation, i.e. vanishing differences of the up and down quark masses, these
s-wave amplitudes can be expressed through the isospin scattering lengths
a;. The total isospin I of the mN system is either 1/2 or 3/2, depending
on whether the isospins I, = 1 of the pion and Iy = 1/2 of the nucleon are
parallel or antiparallel to each other.

a/7-r+p_)ﬂ—+p - a3/2
Qr=psn—p — (2@1/2 + a’3/2)/3
Ur—p—snn = —\/5(@1/2 - a’3/2)/3

The characteristics of all other reaction channels at threshold can be
derived from any two of these three reactions, which are related to each
other by the “isospin triangle”:

Or—posn—p — Qrtposrtp = _\/iaﬂ*p—nron (21)

For these reactions, isospin breaking from mg; — m, is expected to amount
to about 1% [9], so within this accuracy, the strong interaction of pions and
nucleons at low energies is completely described by two reaction amplitudes
or any two combinations thereof. In this work, the isoscalar (or isospin-even)
and isovector (or isospin-odd) wN scattering lengths a* and a~ will be used.
They are related to the elastic reaction channels by

L 1

at = §(aﬂfp_mfp + Gptposatp) or



Ur=posa—p = @7 +a” and U psron = —V/20~
In leading order at the limit of vanishing quark masses, the isoscalar scatter-
ing length a* disappears due to the chiral structure of the pion — this result
is already obtained in current algebra [10]. Both experimental results and
more involved theoretical calculations do not deviate strongly from this basic
approach (Fig.2.1) — compared with the isovector scattering length a~, the
value of a* is very small.

0.01
| oy . L
] ==~-__ chiral perturbation N
_ ~~~__ 1 calculation L
| T L
|

0 —| . L
_ | \\\j} L
| —| ~—_ | -
S T i
= = : L
~ B
S - 7N phase shift -
_0_01; ;

B AL e e e L L Y
0.07 0.08 0.09 0.10 0.1

Cf/m !

Figure 2.1: Results from theory and the analysis of low energy scattering exper-
iments for a™ and a~. The dot shows the leading order result of current algebra
[10]. The isoscalar scattering length a* vanishes as a consequence of the chiral
structure. Diagonal and vertical bands are from analysis of low energy scattering
experiments [14], but the validity of this analysis has been disputed [15]. The
dashed rectangle is derived from the scattering data with a Heavy Baryon ChPT
calculation to third order [16]. The small solid rectangle is based on 7N phase
shift analysis from the Karlruhe-Helsinki group [17]; this approach to the problem
is being revisited with additional information from recent data sets [18].

The N coupling constant f2, which is fundamental to the understand-
ing of the w N interaction, is related to the isovector scattering length a~ by
the Goldberger-Miyazawa-Oehme (GMO) sum rule [11]

= 0= (1 + Py () =2 ),




with J as the difference in the total cross sections o for 7#+p and 7 p scat-
tering, integrated over momentum g:

1 C O — Oty
2
A Jo  \/q* 4+ m2

A recent discussion on the value of the integral J is found in Ref.[12], the
result is J = (—1.083 £ 0.032) mb. At present, the largest uncertainty in
the derivation of f2, through the GMO sum rule stems from the isovector
scattering length, so an improved accuracy for ¢~ would mean an improved
accuracy for the determination of 2 as well.

Determinations of the 7N scattering lengths from low energy pion scat-
tering, using ChPT calculations to 4" order [13], have reached an accuracy
of a few %. An overview of this and other results from theory is given in
Fig.2.1.

J = dg.

2.2.1 Derivation of a™ and a~ from ¢, and I';; in 7H

The 7N scattering lengths at threshold are related to the experimentally
accessible quantities €;5 and I'y4, the hadronic shift and broadening of the
mH ground state, by Deser-type formulae [1, 19]:

€1s 1 h
B = (146 (2.2)

B = 81+ D)1+ )’ (2.3
E; = 3238¢eV is the electromagnetic binding energy of the ground state,
rp = 222.56 fm is the Bohr radius in 7H, @y = 0.142fm ™! is the center of
mass momentum of the 7% and P = 1.546 + 0.009 is the Panofsky ratio [20]
between the absorption processes 7~ p — 7°n and 7~p — yn. In leading
order, the relation between €5, I'1; and the isoscalar and isovector scattering
lengths a™ and a~ is very straightforward:

€15 ¢ (aT +a7) and Ty o< 2(a”)?

However, at the level of accuracy projected for this experiment, higher
order electromagnetic and isospin-breaking corrections have to be applied
for a correct estimation of the w/NV scattering lengths. These corrections

are encoded in the terms é, and dr found in the Deser-type formulae above
(Eq. (2.2) and (2.3)).



Determination of §, and or The 7H experiment of the ETHZ-PSI col-
laboration [5], already introduced in Sec. 1.3, used a potential model frame-
work [21] to determine the correction terms for €, and 'y, with results of
6 = (—=2.14+0.5)- 1072 and ér = (—1.3 + 0.5) - 1072. The validity of this
potential model has been found to be insufficient, however.

Recent theoretical efforts based on effective field theory calculations result
in 6, = (—7.2£2.9)-1072 [22]. The large discrepancy is mainly due to the fact
that the potential model does not take into account all effects from QCD and
QED. To show what these effects are and how they enter into the correction
factor d., a short overview of the results from ChPT calculations of §, to
leading [23] and next-to-leading order [22] follows.

The effective field theory calculation of the relation between the hadronic
shift €, and the threshold 7~ p scattering amplitude 7,y as carried out in
Ref. [23] results in

a(lna—1)m2,,Trn
2Tm,

3,3
_a mred’]:fN
2Tm,

€1s (1 — ) + ...

with the charged pion mass m,, the reduced mass of the 7H atom m,.q =
% and the fine structure constant a. Corrections from distortions of
the Coulomb field are encoded in the term containing a(lna — 1). To take
account, of corrections from isospin breaking, the scattering amplitude 7,y
has to be investigated more thoroughly.

T»n can be expressed as the isospin-symmetric part 7% = aﬁ, psmp and
the isospin-breaking corrections 67, which can again be determined by a
chiral expansion: T,x = T.% + 67. When applied to the Deser-type relation
between €, and the pure QCD scattering length a (Eq.2.2), the

complete expression for ¢, is:

5 _ 5T
© An(1 4 mg/my)(at +a7)

Tp—TTp

—2a(lna — 1)mypea(a® +a™) + 6%

Apart from 67, the correction §”* (caused by the interference of vacuum
polarisation and strong interactions) has to be applied. This quantity was
calculated within a non-relativistic effective Lagrangian approach in Ref. [24]:
(0¥ = 0.48%). The chiral expansion §7 = §75 + 673 + ... was performed to
leading order (073) in Ref.[23], giving a result of

2

wcl - %(4f1 + f2)

07, = i

with the physical pion decay constant F), the electron charge e and the
low-energy constants (LECs) ¢;, f; and fy. The LECs are constants of the
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efficient field theory that have to be determined from experimental data. The
constant c; is related to the dependence of the scattering amplitude on quark
masses, and f; and fy express direct quark-photon interaction. Only two of
the three LEC values are known with some accuracy: ¢; was determined from
mN phase shift data [17] and f; is related to the electromagnetic part of the
proton-neutron mass difference by —e?F?fy = (m, — m,)*™ with F as the
pion decay constant in the chiral limit. However, the LEC f; is, at present
moment, not accessible to experiment and its value can only be approximated
as | fi| ~ 1.4GeV~1

Of the total contributions to the uncertainty Ad, = 42.9-10~2 in the chiral
perturbation calculation to next-to-leading order, an amount of +2.8 - 1072
is solely due to the uncertainty of f;. It remains that way when the next
order (§73) is taken into account — more low-energy constants with imprecise
or unknown values enter into the calculation, but they are suppressed by one
power of the pion mass m, compared with ¢;, f; and f, [22].

A similarly detailed chiral perturbation calculation for dr is in the works
[25], but it is already known that there is no dependence on the problematic
LEC f; in leading order, only contributions from ¢; and f, [26] — f; is only
contributing to the charge exchange channel 7=p — 7n in next-to-leading
order. This means that the uncertainty of the correction term Ar can be
expected to be far lower than for 4..

2.2.2 Derivation of a™ and a~ from ¢, and Ty, in 7D

Due to the large uncertainty of the measured value for I';; from the ETHZ-
PSI collaboration [5], the experimental constraints on the wN scattering
lengths from 7H are not very stringent. An alternative way to access a* and
a~ experimentally is available by measuring the hadronic shift of the ground
state in pionic deuterium (7D). Under the assumption of charge symmetry,
the scattering length @, sz is equal to @ +p s +p. Using Eq. (2.2), a* can
be derived directly from the sum and difference of the 77p and 7~ n elastic
scattering lengths.

Analogical to mH, the relation between the measurable quantity €5 and
the real part of the scattering length in 7D Ra,4 is given by a Deser-type
formula [1, 19]:

€1s ]_
= —4- —Ran.
Ei B (ind

Correct interpretation of the experimental value in 7D is, however, even
more demanding than for 7H due to the complications of a 3-body-problem
[12, 27]: Up to second order, Ra,4 is composed of the single-scattering term
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S and the double-scattering term D, which are related to a™ and @~ by

Lot ma/M Ot me/MP @y @y s

Rarg=S+D =
e e 1+ m, /My > 2

Deriving a value for a™ is challenging, because it is a very small number com-
pared to the isovector scattering length o~ that enters the multiple-scattering
correction terms.

The ETHZ-PSI collaboration has measured the 7Ds,_,15 transition [28],
and a measurement of the mDy,_,;, transition was carried out with a direct
predecessor [29] of the experimental apparatus described in this work. The
results of both experiments agree within experimental errors (see Table 2.1)
and the derived constraints on a™ and o~ are displayed in Fig. 2.2 along with
the constraints from 7H.

In addition to the difficulties of interpreting results from 7D, there might
be an influence on these measurements that is not accounted for — the effect
from formation of molecular states (Sec. 3.1) is expected to be much stronger
in 7D than in 7H [30] and might cause an additional energy shift.
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2.2.3 Existing data on a' and ¢~ from 7H and 7D

Constraints on a™ and a~ from recent experiments with pionic atoms are
shown in Fig.2.2. The results for ¢;; and I';; on which these constraints are
based are collected in Table 2.1.

For increased accuracy in the determination of ¢ and a~ from 7H data
alone, I'y; is the most important angle. A precise value of the isovector
scattering length o~ (which only depends on I'iy), used as input for the
GMO sum rule, would allow for a more precise determination of the 7N
coupling constant f2,. Looking further ahead, it could also give a constraint
for the low-energy constant f; when combined with a reliable measurement
and interpretation of €, in 7D.

An unambiguous and accurate experimental result for all elastic scattering
in both 7H and 7D and charge exchange in 7H would even allow a test
of isospin conservation through the isospin triangle (Eq.2.1). The biggest
challenge in an improved measurement of the hadronic broadening I'y; is to
disentangle it from Doppler broadening caused by Coulomb deexcitation, a
process of the mH cascade described in the next chapter.

In principle, the elusive f; could be determined best from measurements
of reaction channels with a significant effect from isospin breaking — one
possible route, mentioned in Ref. [22], would involve a combination of the 7p
elastic scattering amplitudes to measure isospin breaking:

T7r+p—>7r+p + Tw—p—m—p - 2T7r0p—)7r0p-

At present, however, there is no experimental information about the cross
section m’p — 7%, and it would be hard to come by. A possible access route
would be neutral pion photoproduction off protons yp — pr® [31].

Measurement | Reference | €15 [eV] | Ti5 [eV] | Density
mHsp 15 Schroder et al. [5] 7.108+£0.013+0.034 | 0.868+0.0404+0.038 | 15bar
mD3p 516 Chatellard et al. [28] | -2.430£0.050+0.050 | 1.020+£0.170+0.040 | 15bar
TDap 415 Hauser et al. [29] -2.469+0.035+0.042 | 1.093+£0.103+£0.013 | 2.5bar

Table 2.1: Results from recent experiments with 7H and 7D, given as value +
Agiar £ Agys. Also noted is the density of the target gas (in equivalent
pressure).
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Figure 2.2: Experimental results from mH and 7D for a™ and a~, with the theo-
retical prediction from current algebra [10] included for orientation. The vertical
band labeled I'y; shows the constraint on a~ from the ETHZ-PSI mH experiment
[5], corrected for Coulomb deexcitation (see Sec.3.1). The three diagonal bands

labeled €], ? show the result from Ref. [5] without the correction factor d, (solid
lines), with §. derived from a potential model [21] (dashed lines) and from an ef-
fective field theory calculation [22] (filled band). The diagonal band labeled €T, ¢
is from the 7D3p, 15 and 7Dyp_,1, measurements of the ETHZ-PSI collaboration
[28] and the PSI measurement of the 7Dy,_, 1, transition [29] corrected for 3-body
effects [12].
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Chapter 3

The atomic cascade in pionic
atoms

Pions are captured into a hydrogen atom in a highly excited state, typi-
cally with a principal quantum number of n ~ \/Z:: = 16 and high angular
momentum quantum number /. Before the pions undergo radiative transi-
tions into the ground state that can be observed by experiment, they will
go through a number of different non-radiative processes. While these pro-
cesses, called the atomic cascade, are not directly observable, their effect on
the line yield and shape is very noticeable. Therefore, an understanding of
the cascade is crucial to the success of the experiment. More detailed de-
scriptions of pion capture and the atomic cascade can be found in Ref.[32]
for hydrogen and Ref. [33] for hydrogen and other light atoms.

In the more general case of light pionic atoms, the most important de-
excitation mechanism is the internal Auger effect, where the binding energy
gained from the pion is converted into kinetic energy of an ejected electron.
After the whole electron hull has been removed, radiative transitions are the
only possible means of deexcitation and dominate the remainder of the cas-
cade. This is not true for solid targets, where the electrons are promptly
refilled from the surrounding electron gas.

Radiative transitions with Al # +1 are strongly suppressed in light
atoms, although they are important for heavy nuclei. The radiative tran-
sition width T'x is roughly proportional to the cube of the energy difference
AFE [34]. This means that, from a given initial state, transitions with the
largest An are favored and radiative lifetimes in the upper part of the cas-
cade (with high n and high [) are long compared with the collision rate.
Radiative transitions from states with maximum [ = n — 1 are called circular
transitions. Since they come from a hydrogen-like system consisting of the
nucleus and a single pion, the energies of X-rays from these transitions can
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Figure 3.1: Cascade Processes in 7H and the hadronic influence on the ground
state 1s. For details about the various cascade processes, see Sec. 3.1.

be calculated very precisely as long as the overlap of pion and nucleus wave
functions can be neglected (i.e. for [ > 2).

The cascade in mH exhibits a very different behaviour. After the breakup
of the Hy molecule and emission of the eventually remaining electron, the
internal Auger effect is no longer available as a deexcitation mechanism. Of
more consequence is the fact that the 7H atom is an electronically neutral
system that can easily penetrate into the Coulomb field of the surrounding
H, molecules: collisional cascade processes are far more important than for
other pionic atoms. Due to this, the behaviour of the 7H cascade is strongly
dependent on density.
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3.1 Cascade processes in pionic hydrogen

Radiative deexcitation Apart from nuclear reactions between pion and
proton and weak decay of the pion (7= — p~7,), radiative deexcitation
is the only non-collisional process. Regarding the latter, the pion lifetime
T.— = 26 ns is long compared with typical cascade times — for liquid hydrogen
as an extremely fast example, experimental results give 7.;, = 2.3 £ 0.6 ps
[35].

External Auger effect This is a radiationless deexcitation of the mH sys-
tem through the ionization of a target Hy molecule — the binding energy is
mainly converted into kinetic energy of the emitted electron. Transitions
with An = 1 and Al = —1 with minimal possible energy difference are fa-
vored (T 449 o< 1/v/AE) [36], which means that the shape of the population
distribution of the [ sublevels is roughly preserved as long as only Auger
transitions take place.

Stark mixing Since the 7H atom is electrically neutral, it can penetrate
into the Coulomb field of the surrounding H,, which causes the substates
with different angular momentum quantum number [ to mix. This allows
transitions nl; <+ nly, mixing the population of the various [ levels. Since
pions that reach ns states have a high probability of reacting with the nucleus
before reaching the lower part of the cascade, this leads to a drastic reduction
of X-ray yields with increasing density, the Day-Snow-Sucher effect [37].

Nuclear reaction With an overlap of the pion and proton wave func-
tions (only significant for s states), the pion can undergo charge exchange
7~p — 7'n or radiative capture 7~ p — yn. Apart from decreasing the yield
of radiative K-transitions (absorbed pions are lost), this additional decay
channel decreases the lifetime of the s-states. Accordingly, the width of X-
ray transitions into these states is increased. The nuclear transition width
decreases for higher n states (I'y, = I'y;/n?) according to the geometrical
overlap [1].

Elastic transitions While elastic collisions do not effect the nl sublevel of
the 7H, they decelerate the collision partners and thus influence the kinetic
energy distribution of 7H atoms.

Coulomb deexcitation Similar to Stark transitions, but states with a
different value of n are involved: 7~ H,) +Hy — 7~ H(y) + Hy. Transitions
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with An = 1 dominate, and the width of this process grows with higher n.
Since the transition energy is converted into kinetic energy of the collision
partners, this process essentially determines the kinetic energy distribution
of 7H [38].

This is especially important in the final part of its cascade — although
the width of Coulomb deexcitation is lower than that of Auger or radiative
deexcitation at this stage, it will have a far more pronounced effect on the
kinetic energy of the 7H whenever it does occur, since there is more binding
energy to convert. Peaks in the kinetic energy distribution that derive from
Coulomb transitions at the end of the cascade will cause a specific Doppler
broadening corresponding to the energy of the transition. In effect, the line
shape of radiative transitions is folded with ”"Doppler-boxes” whose height
depends upon the intensity of the peak in the kinetic energy distribution
(Fig. 3.2).

These Doppler-boxes have been identified in time-of-flight measurements
of neutrons created by the charge exchange reaction 7 p — 7n in 7H [39).
Coulomb deexcitation has a similar influence on the measured width of radia-
tive transitions into the 7H ground state, but the kinetic energy distributions
will probably be different: while charge exchange only occurs out of ns states,
radiative deexcitation into the ground state occurs out of np states with a
different cascade history. This is especially true for the circular 7Ho, ;15
transition. In addition, the kinetic energy distribution is changed by elastic
collisions.
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Figure 3.2: a) Calculated Ej;, distribution of 7#H atoms. b) Calculated neu-
tron time-of-flight spectrum for the reaction 77 p — 7%n derived from the Ej;,
distribution in a).
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Molecular state formation During collisions, a 7H atom and an H,
molecule can form a hybrid molecular state in a reaction mp+Hs — (ppm)pee.
Similar states have been observed in muon catalyzed fusion (uCF) experi-
ments [40, 41] and in a recent experiment at PSI measuring the proton radius
with ground state transitions in muonic hydrogen [42].

The metastable molecular states deexcite or decay by several possible
processes: they can decay through n/N nuclear reactions, revert back to a
separate mH and Hy or deexcite by emitting an electron (Auger decay), a
photon (radiative decay) or one of the protons in a process called Coulomb
decay.

Due to the different binding energies of these molecular states (which
were calculated in Ref. [43]), a radiative transition from such a state would
have a slightly lower energy compared with the same transition in an isolated
mH atom.

Additionally, Coulomb decay causes an acceleration of the emitted pro-
ton and the 7H atom, leading to Doppler broadening similar to the case of
Coulomb deexcitation, but with considerably smaller kinetic energies. The
lifetimes of both radiative and Coulomb decay from metastable molecular
states are estimated to be higher than those of Auger decay by at least an
order of magnitude, but there is no experimental data to verify this. Inves-
tigating the possible influence of this mechanism on the measured transition
energies is an important part of the experiment.

As noted in Sec. 2.2.2, the radiative decay from molecular states is prob-
ably enhanced in 7D compared with 7H [30]. Accordingly, an influence on
the measured transition energy could be more noticeable in a deuterium mea-
surement. Within the experimental accuracy of previous measurements, no
such effect was observed (see Table2.1).

Different levels of the cascade The stages directly after pion capture
were assumed to be dominated by the external Auger effect, but new theoret-
ical calculations [44] indicate that Coulomb deexcitation is the main process
in the upper part of the cascade (Fig.3.1). Due to the small energy differ-
ences in this domain, this does not change the kinetic energy distribution
appreciably.

For main quantum numbers n ~ 5 — 8, Auger deexcitation is the most
important process. Transitions with Al = —1 dominate; the rarer Al = 0
and Al = +1 transitions fill up the circular transition states. In the final
stages of the cascade (n = 1 — 5), radiative transitions begin to take place
along with the other processes. Circular transition rates are strengthened by
radiative transitions with An > 1. Coulomb deexcitation in this stage has a
marked effect on the kinetic energy distribution.
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The density dependence of the mH X-ray yields from a recent cascade
model incorporating the kinetic energy distribution of the 7H atoms through-
out the cascade [44] shows a general yield increase with decreasing density
(Fig.3.3). The reason for this is twofold; 1) a weakening of the collisional
processes (Auger and Coulomb deexcitation) that compete with radiative
deexcitation and 2) less pions get channeled into s states by Stark mixing,
from where they can undergo nuclear reactions only.

Radiative transitions, which favor high transition energies AFE, increase
the population of circular states. This is reflected in the development of
relative yields for various 7H,,,_,1, transitions (Ko, Kf and Kv) at very low
pressures, where radiative transitions dominate the cascade.

10° 10° 10" 10°
Density (in units of liquid hydrogen density)
Figure 3.3: Density dependence of absolute X-ray yields in 7H for the three K
transitions from a recent cascade model calculation [44] (Ko = 7Hgp 15, KB =

wH3p515 and Ky = mHy;,515). Liquid hydrogen density is equivalent to a pressure
of roughly 700 bar at room temperature.
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3.2 Investigation of cascade effects

Unlike the other cascade processes whose influence is limited to the rate of
radiative transitions, molecular formation and Coulomb deexcitation affect
the observed properties of these transitions: the energy of the transition
will be changed when the pion deexcites from a molecular state, whereas the
increase in kinetic energy from Coulomb deexcitation increases the line width
through Doppler broadening. Separation of these cascade influences from ey,
and I'y; is an important goal of the experiment.

Since both processes are collisional, their strength is dependent on the
density of the target gas. Measurements at different target densities allow
an investigation of this dependence. Neither the formation rate of molecular
states, nor the ratio of radiative decay to non-radiative deexcitation pro-
cesses from these states, are known well enough to ensure that they cause
a detectable change of the measured transition energy. The contribution
of Doppler broadening from Coulomb deexcitation to the width of the 7H
ground state, on the other hand, is very noticeable and the largest con-
tribution to the systematical uncertainty of the experimental value for I'y,
(Fig. 2.2).

Apart from measuring at different target pressures, another experimental
handle to shed more light on Coulomb deexcitation is available by measuring
different np — 1s transitions, namely 4p — 1s, 3p — 1s and 2p — 1s —
yields of transitions from higher np states are too low in comparison. When
comparing results from these three transitions, the additional high energy
components in the kinetic energy distribution from the last steps of the cas-
cade should be identifiable. For this, a good signal-to-noise ratio of the
measurement, is indispensable, since it is almost impossible to identify the
peak tails from Doppler broadening in the presence of a high background.
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Chapter 4

Experimental setup and data
analysis

4.1 Experimental approach

The main components of the experimental setup (Fig.4.1) and their tasks are
as follows: pions from the beam are cycled into a thin-walled gas target by
a strong magnetic field (cyclotron trap) to form pionic atoms. X-rays from
radiative transitions in these atoms are reflected onto a position-sensitive X-
ray detector surface by a spherically bent crystal. The detector consists of a
large array of Charge-Coupled Device (CCD) detectors. The energy of the
resultant lines is tied to the line position on the detector through the Bragg
reflection condition (see Eq. (4.1) in Sec.4.1.4). To determine the energy of
the 7H transitions, pionic calibration lines with precisely known energies are
used.

As has been noted in Sec. 3.2, a good signal to noise ratio is essential for a
proper understanding of Coulomb deexcitation and its influence on the width
of the measured lines. The two possible levers for this ratio are suppressing
background and improving the event rate, both of which have to be optimised
without compromising the resolution of the spectrometer. In the following
descriptions of the experimental components, this optimisation process has
been highlighted.
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Figure 4.1: Basic measurement principle with the main components (see text).

4.1.1 Pion production at the PSI accelerator

The proton beam facility at PSI, shown in Fig. 4.2, is distinguished less by its
energy (590 MeV) than by a proton current of up to 1.7mA. Tt is thus ideally
suited for the high rate production of pions, the lightest mesons. A high pion
rate is essential to counteract the low efficiencies of high resolution crystal
spectrometry. The secondary 7E5 beam line, designated for high pion flux
at low energies, channels pions created in the collision of the primary proton
beam with the carbon production target E (length 40 mm or 60 mm) into the
experimental area.

The pion momentum can be varied from 30-120 MeV /c with 10% momen-
tum acceptance and 2% momentum resolution. The focal beam cross section
is 15x20 mm? with an angular divergence of 450x 120 mrad?. For the 7H
experiment, a pion momentum of 110 MeV /c is optimal for injection into the
cyclotron trap (see Sec.4.1.2). At this setting, the beam intensity is about
4-10° 7~ /s. This strong pion flux causes a high neutron background in the
area (roughly 150 N/(mA s cm?)) by the absorption of pions in matter. To
prevent the secondary Compton background from reaching the CCD detector
array, a concrete shielding is constructed around the spectrometer, as can be
seen in the overhead view of the experimental setup (Fig. 4.3).
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NA-Hall Experimental Hall

chkramer 10-09

Figure 4.2: An overview of the accelerator facility at PSI. After extraction from
the ring cyclotron R, the proton beam hits the production targets M and E. Pions
created by the collision and muons from pion decay are focused and guided into
the various experimental areas by individual beam lines. The pionic hydrogen
experiment is situated in the wE5 area at one of the five secondary beam lines
coming from target E.
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Figure 4.3: Setup of the experiment during the 2002 measurement. The pion
beam (at the top of the picture) is decelerated into the cryogenic gas target inside
the cyclotron trap. X-rays from pionic atoms are reflected onto the CCD detector
array by the Bragg crystal.

4.1.2 Cyclotron trap

For the formation of 7H atoms, the pions from the beam have to be slowed
down to kinetic energies of a few eV. Due to the short lifetime of 7,- = 2.6 -
10785, this deceleration has to be accomplished rather quickly. At the same
time, a high stop density has to be achieved to allow precision spectroscopy.
Both conditions are met by using the cyclotron trap[45], which is placed
directly at the entrance of the pion beam line into the 7E5 areal.

A strong magnet field (created by two superconducting Helmholtz coils)
perpendicular to the incoming pions forces them onto a circular path (Fig. 4.4).
Several degraders on the path slow down the pions until they reach the target
cell. The settings for beam line magnets and the degraders of the cyclotron
trap were carefully optimised before beamtimes with X-rays from pionic neon,
measured by shielded Ge detectors positioned on the axis of the magnet out-
side the bore hole, which have a far higher rate efficiency than a crystal
spectrometer. At a gas pressure of 1bar, about 1% of the pions from the
beam are stopped in the Ne gas at optimal beam line settings.
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4.1.3 Cryogenic target

Measurements at different densities are a central part of the experiment, as
outlined in Sec.3.2. Simply controlling the density by varying the target
gas pressure is not a possibility — if the target walls were thick enough to
withstand these pressures, they would completely block the low-energy X-
rays from pionic atoms. Therefore, the density has to be increased by cooling
down the target gas.

The cryogenic target (Fig.4.5) is a cylinder with a diameter of 67 mm
and a length of 160 mm, positioned on the axis of the magnetic field. The
gas volume itself has a diameter of 59.2mm and a length of 140.5mm. To
change the density of the target gas, it can be cooled down to a temperature
of 20°K (liquefying the hydrogen). Expressed in equivalent pressure (at room
temperature), this gives a range of up to ~ 700 bar. Cooling is done through
an external coldfinger so that the target stays at its position within the
vacuum during temperature changes.

For stability tests with lines from pionic beryllium running simultaneously
with the measurements, several beryllium foils are placed within the target.
The axial target position can be changed without breaking the vacuum to
move the beryllium foils into or out of the pion stop distribution, which has
an axial extension of 40 mm (FWHM) and ~ 60 mm (FWTM) .

Figure 4.4: Photograph of the cryogenic target within the cyclotron trap. The
pion beam enters through the Kapton window in the upper left corner. The thic
plastic degrader to the right of the target and the degrader foils above and to the
left decelerate the pions into the target cell.
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Figure 4.5: Side view of the cryogenic target cell and the target window. The
beryllium foils, used for monitoring the spectrometer stability with pionic beryl-
lium X-rays, were present only in the 2002 measurement.

The target window facing the crystal has to be thin enough to let pass
enough pionic X-rays in spite of their low energy (3keV and less). This
is accomplished by reinforcing the very thin Kapton foil (7.5 um thickness)
against pressure with a stabilising structure. The window structure consists
of horizontal connections to prevent asymmetrical shading of the target stop
density. For the test beamtime in 2000, a target window with a hexagonal
grid structure was used. A more thorough description of the target can be
found in Ref. [46].

4.1.4 Cry tal pectro eter

X-rays from the target region are reflected by the crystal spectrometer if they
fulfill the Bragg reflection condition for constructive interference

n =2 -sin (4.1)

where n is the order of reflection and  is the wavelength of an incident X-ray
scattering on a crystal lattice with a spacing at the angle (Fig.4.6).
Inserting the photon energy F = / with the Planck constant and the
speed of light gives a direct relation between the Bragg angle and the
energy .

For the experiment, a silicon and a quartz crystal were used due to their
excellent resolution for X-rays in the few keV range (AE/FE ~ 10~*). Their
diffraction patterns for plane crystals (rocking curve) are shown in Fig.4.7.
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Incident X-ray
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Figure 4.6: Bragg reflection with a plane crystal. Reflected X-rays interfere con-
structi ely if their optical retardation s 2d sin is equal to a multiple of their
wa e length . The primary extinction length (the distance after which the inten-
sity of a coherently reflected beam has dropped to ) for the crystals used in the
experiment is 5- mat e [47].
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Figure 4.7: Roc ing cur es of the two crystals used in the experiment, deri ed
from the X P program written at ESR [47]. The pea reflecti ity indicates
the fraction of reflected intensity at a specific angle
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ohann setu  The use of a horizontally bent crystal to increase the in-
tensity of a Bragg spectrometer for an extended X-ray source is a rather old
idea. Its early development was hindered for a while by a work of E. Wagner
[48] that stated the impossibility of fulfilling both the Bragg condition and
the normal law of reflection (emission angle =incidence angle) for a curved
crystal surface. While this statement was correct, H. H. ohann discovered
that in a practical application, the error incurred by this is rather small and
can easily be quantified [49].
The bending radius of the crystal in a ohann spectrometer is twice the
radius  of the Rowland circle, which is defined by the focusing condition
- sin (Fig.4.8). Since the crystal only touches the Rowland circle in
one point, X-rays reflected elsewhere on the crystal will appear to be shifted
to higher energies. With and  as horizontal width and bending radius
of the cystal and as the Bragg angle, the maximal shift at the edge of

the crystal ( ohann shift ) is A = ¢(—)?cot> . When integrated over
the whole crystal, the resultant shift of the line centroid is almost exactly
n = %A [50].
S Crystal

Source

0

Figure 4.8: The ohann setup for Bragg spectroscopy. The crystal bending radius
R S is the diameter of the Rowland circle (with the center at M) on which the
focusing condition sin is fulfilled.
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For a symmetrical ohann setup, the positions of X-ray source and de-
tector are interchangeable. This means that the line image on the detector
is exactly mirrored within the target — only X-rays from within this mirror
image can be reflected to the detector.

ohann spectrometers use cylindrically bent crystals, but the intensity
is further enhanced by using spherically bent crystals for partial vertical
focussing, as described by .Eggs and K. Ulmer [51]. This helps to counteract
the low efficiency that marks all crystal spectrometers. The bending process
also leads to a small change ,, to , explained in detail in Ref. [52].

The crystals used in the experiment have a diameter of 100 mm and a
bending radius of 3 m, which is a compromise between count rate and res-
olution. They are attached to glass lenses with a diameter of 120mm by
adhesion forces between the thin crystals (thickness 0.3 mm) and the glass
surface. Their manufacture is an involved process, done in collaboration with
Carl eiss company [53]. Elliptically bent crystals would provide complete
vertical focussing, but apart from the technical challenges, a different ratio
of bending radii is necessary for each wavelength.

The size of the reflection surface can be changed by placing apertures in
front of the crystal to decrease the influence of ohann broadening A and
other small geometrical corrections [50]. The optimal compromise between
high rates and good resolution, determined in a set of measurements with
different apertures, is a rectangular aperture with a width of 60 mm — since
the leading contribution to the geometrical broadening of the crystal response
is A, the reflecting surface only needs to be limited horizontally. This
crystal aperture is used throughout all beamtimes described herein.

orrections to the ra la  The corrections to the Bragg angle
described above are specific to bent crystals, but there are some effects that
have to be taken into account for all crystal spectrometers.

The refraction of photons upon entering the crystal changes the simple
geometry of the Bragg condition for constructive interference by lengthening
the path of the photon inside the crystal. This gives a correction
1/sin2  [54], which amounts to roughly 1% of the Bragg angles for silicon
and quartz crystals at low X-ray energies. p 1s a geometrical correction
for the average penetration depth of X-rays into the crystal. The temperature
dependence of the crystal lattice distance is taken into account by the
crystal temperature correction p-

All corrections to the Bragg angle for the different experimental se-
tups are collected in Sec.5.1.1. The validity of these corrections has been
tested with Monte Carlo simulations for X-ray tracking (details are found in
Refs. [55, 56]).
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Figure 4.9: Side iew of the target arm of the spectrometer. The setup shown is
from the mH3j,_,1; measurement in the 2002 beamtime.

Apart from these changes of the reflection angle that are important for a
correct measurement of the hadronic shift €;,, the crystal response function
has to be well known to identify its contribution to the total measured line
width, from which I'y; is derived. In addition to the rocking curve for a flat
crystal, it also incorporates the changes to the line shape arising from the
use of spherically bent crystals. The investigation of the crystal response
function is part of the analysis process for the hadronic broadening I';, and
described there (Sec.5.3.1).

4.1. he pectro eter etup at PSI

The different parts of the spectrometer are seen in detail in Fig.4.9 and
Fig.4.10. Adjustment of the spectrometer for different Bragg angles is
done online with two stepping motors without the need to enter the exper-
imental area. The crystal housing is connected to the detector arm, which
is rotated around the crystal by a linear motor that controls the arm angle

. Another linear motor is used for individual rotation of the crystal,
controlling the angle (Fig.4.11).  nce is set, a ceramic piezo
element controlled by the angular encoder is used to fix this angle with the
intrinsic encoder accuracy of 0.14 seconds of arc. A detailed map of the
spectrometer control is found in Appendix B.
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Figure 4.10: Side iew of the detector arm of the spectrometer, also with the
setup from the 7H3, 1, measurement in the 2002 beamtime. The distance is
ta en from the center of the crystal surface to the center of the detector surface.

To set up the apparatus for a certain X-ray energy (and corresponding
Bragg angle ), both motors have to be used: by changing , a dif-
ferent target region is aimed at while the position of the reflection on the
detector area remains fixed. By changing , both the target region and
the reflection position are changed. Verification of the spectrometer position
is done with X-rays from a fluorescence target, for example the n Ka; line
for measuring the mHs,_,1, transition. With typical fluorescent X-ray event
rates of ~ 10000 per hour (compared with pionic X-ray rates of 10-100 per
hour), position checks can be done within minutes.

When the spectrometer is correctly positioned, a target scan is performed
to determine the optimal position of the detector arm. By measuring the
event rate with small increments of , the active target surface is mapped
(Fig.4.12). The fastest way to perform such a scan is to fill the gas cell of the
target (Fig.4.5) with argon (at room temperature and ~ 500 mbar pressure)
and irradiate it with an X-ray tube.
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the spectrometer setting. The Bragg angle is ta en between the crystal plane and
the direction of incident and reflected X-rays.

4.1. CC detector

For the position measurement of the reflected X-rays, an array of 6 CCD
( harge oupled-Device) detectors is used. CCD detectors are semiconduc-
tors operating on the same basic principle as other semiconductor photon
detectors: incident photons move electrons from the valence band into the
conduction band, thereby creating charge in the form of electron-hole pairs.
Their pixel structure, however, allows storage of a localised charge. CCDs
are normally used in astronomy and, in everyday life, digital cameras.

The CCD detectors of the experiment are made from silicon of ~ 300 ym
thickness, with a fully depleted region of about 30 um. This is optimal for
photons in the few keV range with a penetration depth of a few ym. Charge
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Figure 4.12: a) Scan of the target using a target support structure as shown in

ig.4.5. b) Scan of the target with an additional rectangular aperture on the
target window. The sharp edges of the e ent rate distribution pro ided by an
aperture allow a quic determination of the optimal setting for

created deeper within the silicon bulk material by high-energy photons will
spread into adjacent pixels (charge splitting).

To read out the whole CCD, the stored charges are shifted into a line
readout section. This section is then read out before the next pixel row is
moved into the readout section. Through this process, a charge map of all
pixels is created which can then be analysed or displayed as an image.

To allow continuation of data taking during the readout (which takes
about 20s), the CCDs have a storage area with the same number of pixels
as the image area. For the read out, the stored charges are transferred from
the image area into the storage area, which only takes 10 ms. While the
data is read out from storage, the image area is immediately available for the
measurement again.

The exposure time for a single CCD frame should not be too high to
prevent the loss of too many events from pionic X-rays through double hits
— at present, the cluster analysis (see Sec.4.2.3) is not able to distinguish a
pionic event if it lies within a background cluster. With the exposure time of
1 min that was used throughout the measurements, about 1% of the image
area gets illuminated by background events.

The image area of each individual CCD has 600 x 600 pixels of 40 x 40 pm?,
giving a total detector area of 48 mm width and 72 mm height with a 2x3
CCD chip array (Fig.4.13). The large area of the detector array allows the
simultaneous measurement of lines with similar energies, a very important
feature for the energy calibration of the apparatus described in Sec.4.3.
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Figure 4.13: Photo of the CCD detector array.

Apart from the positional information, CCD detectors provide the ex-
cellent energy resolution (ca. 160eV at 3keV) of semiconductor detectors
for each individual pixel, which is important for background reduction (see
Sec.4.2.3). In the energy range of the experiment (2-4keV), the CCDs used
in the experiment have a very high quantum efficiency € of 80-90%. A de-
tailed description of the CCD detector array is found in Ref. [57].

4.1. ent rate and pectro eter e ciency

While the experimental setup does not allow a measurement of absolute X-
ray yields due to the lack of an absolute rate normalisation, relative event
rates of the various measured transitions with different target densities can
be compared. If the total activity of the X-ray source is exactly known,
the calculation of detected events n is quite straightforward:

n= - e (4.2)

with the loss from absorption at target and detector windows , the detector
efficiency € and the spectrometer efficiency , which is the product of the solid
angle of the crystal, its peak reflectivity  (Fig.4.7) and the fraction of the
source accepted by the spectrometer: =A /fdx- -A / =1078 [56].
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In the case of pionic X-rays, however, determination of the source activity
is rather difficult. The factors that enter into the calculation are the number
of pions from the beam N, the stop efficiency (pions stopped in the target
cell) and the X-ray yield of the radiative transition  (Fig.3.3):

=N, -

The number of pions entering the area cannot be determined absolutely,
as the fraction of pions stopped in the target gas is not exactly known.
Therefore, the normalisation for /N, has to come from the proton current of
the primary accelerator beam. The beam at PSI is usually very stable and
as long as this is the case, this is a reliable method. If the meson production
target is not hit quite right, however, the relation between proton current
and N, degrades.

Nevertheless, a rough calculation of the expected 7H X-ray rates can
be performed: with N = 4-10%s™" (Sec.4.1.1), = 1072 (Sec.4.1.2) and

~ 5-1072 (Fig. 3.3), the source activity is ~ ~ 2-10 s~'. Entering this
into Eq.4.2 together with =~ 3/4, ¢ ~ 4/5 and =~ 10® gives an event
rate n of 1.2- 1072571 or roughly 45 per hour.

4. ata ac isition and processing

The hardware and software that handles the storage and analysis of the
raw CCD data has to be reliably stable and safe against data loss. Beyond
that, it also has to be fast enough to allow realtime online analysis — any
experiment that depends upon accelerator beamtime cannot afford blind
measurements with a lot of time between data taking and feedback from
analysis. In this section, an overview of the data acquisition network and the
software analysis tools is given, with special emphasis on the conversion of
the two-dimensional CCD data into position spectra.

4.2.1 ata ac ui ition tran er and torage

The six CCD detectors are read out by a Virtual Basic program running on
a Win95 PC. Their energy calibration is done with a Fe source inserted
in front of the CCD array (Fig.4.10). To get rid of the huge amount of
data from thermal noise, only events above an ADC threshold set by the
user are recorded after being corrected for the noise offset (Fig.4.14). For
all measurements of this experiment, the threshold was set at 5 above the
noise peak, where is the rms value of the noise distribution.

ne data file for each CCD is produced, consisting of a data header (with
date, time, comments and general information) and the events themselves.
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Figure 4.14: ADC plot of CCD data without cluster analysis. The tail of the
thermal noise pea is clearly isible e en after the cut at 5 performed during
data read in. The ADC o set automatically centers the noise pea at channel 0.

Each event is encoded as a 5-byte number with 2 bytes for the ADC value
and 3 bytes for the pixel position. Compared with the default data structure
— a standard 4-byte integer for both ADC and position — this reduces the
amount of data by another 37.5%.

Data files usually consist of 60 frames with 1 min exposure time each.
While longer data taking without interruption is possible, the amount of
lost data in the (very rare) case of an error during CCD readout would be
increased. Additionally, 1 hour blocks of measurements were found to provide
a good time schedule for monitoring of the experiment via online analysis and
inspections of the spectrometer settings. When a data file is finished, it is
transferred to a inux PC for analysis via a ocal Area Network ( AN)
connection that is independent of the net at PSI. Copies of the data files are
sent to another inux PC at F ulich at once. To be insured against all
eventualities, data files are copied to magnetic tape after beamtimes.

4.2.2 he data proce ing ot are CS

nce the data files are transferred and copied, the CSD program is used to
produce spectra from the raw data. After reduction of background events
above the noise peak through cluster analysis (see Sec.4.2.3), energy spec-
tra, position spectra or two-dimensional plots can be created. For a further
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suppression of background, an ADC spectrum with events from the detector
region around the line reflection is used to precisely determine the energy
cuts for each CCD. With these energy cuts applied to the data, final spectra
are produced.

The correct conversion of raw CCD data into position spectra is a non-
trivial and integral part of the experiment — if these spectra are to provide
accurate information, the data has to be correctly interpreted. In the follow-
ing sections, the most important challenges of data processing are explained
in detail.

4.2.3 Clu ter analy i

As has been noted in 3.2, a good signal-to-noise ratio is of crucial importance
to the success of the experiment, especially as regards I';;. Cluster analysis
makes use of the different structure of background events and X-ray events
(Fig.4.15). X-rays from pionic atoms with only a few keV energy will deposit
charge within a few pym of the detector material. This will result in only one
activated pixel of the CCD, or two adjacent pixels if the X-ray hit close to a
pixel border.

The background in the experimental area consists of beam-induced Comp-
ton background — most of the negatively charged pions from the beam get
absorbed in solid matter (1~ + —  +mnn). Heavier nuclei will then deex-
cite by ejecting more neutrons in addition to y-rays. The concrete around the
spectrometer shields the detector from the high neutron background through
moderation of neutrons by the water content of the concrete.

cluster analysis

0

\ \. ﬁy

—

X

Figure 4.15: Bac ground reduction with cluster analysis separates proper X-rays
(isolated or paired e ents) from bac ground e ents (clustered e ents or trac s).
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What eventually reaches the detector is secondary background: neutron
capture (n+ —  —  +) results in high energy photons. As noted in
Sec. 4.1.6, these photons penetrate beyond the depleted region into the silicon
bulk material of the CCDs, which leads to clusters of several pixels through
charge splitting. By keeping only isolated events for further analysis, high-
energy background events are sorted out. In addition, the Bremsstrahlung
background built up by high energy electrons from p-decay has to be sepa-
rated from pionic X-rays, which is accomplished by applying energy cuts to
the cluster-analysed data. Figure4.16 demonstrates the effectiveness of this
method of background suppression.

The old algorithm for the cluster analysis (described in Ref. [58]) worked
by pattern recognition: each activated pixel and the eight surrounding pixels
were checked against fixed patterns. An isolated pixel was stored as a real
(so-called type 1) event. In the case of exactly one other activated pixel, the
vicinity of that pixel was checked — an isolated pair was stored as a type 2
event for adjacent pixels and type 2A for diagonally adjacent ones. All other
cases (three or more activated pixels in the 3x 3 pixel block or non-isolated
pixel pairs) were discarded.

While this worked very well with X-rays from pionic atoms with energies
up to 4keV, it was not well suited for lines of higher energies (e.g. the Ga Koy
line at 9.25keV or the n Koy at 8.64keV used to monitor the spectrometer
stability in the 2002 beamtime), since photons from these sources also strike
deep enough into the CCD bulk material to cause charge splitting. To allow
a proper investigation of high energy X-ray spectra, a new algorithm for the
cluster analysis was implemented.

A typical n Koy X-ray produces clusters of 5-15 pixels (Fig.4.17). For
clusters of this size, there are so many possible forms that pattern recognition
is too involved to provide a workable solution.

The new algorithm works as follows: during the analysis, the pixels are
checked for ADC charge row by row. If the charge of a pixel is above a
certain threshold (set by the user), its position and charge are stored in a
temporary buffer and it gets a tag. Then the four directly adjacent pixels are
checked with the same procedure, except that an already tagged pixel will
be ignored. In this way, a whole cluster of connected pixels is mapped out.

As soon as this search routine runs out of hit pixels not tagged yet, the
center of the cluster (weighted by ADC charge) is calculated. The cluster
is then stored as a single event positioned at the weighted center with an
energy equal to the ADC charge sum. The number of pixels in the cluster is
also stored — when producing spectra, this allows to display only events that
have a certain number of activated pixels.

A direct comparison of n data subjected to the old and the new cluster
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Figure 4.16: 0 hours worth of # data from 2002 shown without (left column)
and with (right column) cluster analysis. The spectra are direct print-outs of the
data analysis software. is the number of e ents. pper row ADC spectra.
Middle row 2d-plots of the data ( scatter plots ). Lower row x-position spectra.

or the cluster analysed scatter plot and x-position spectrum, energy cuts are
applied.
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Figure 4.17: nmodified data from e X-rays with ADC alue as height.
There are two e ents without charge splitting (high charge in a single pixel) and
fi e e ents with charge splitting (clusters with a distincti e pea in the middle).
By setting energy cuts on the charge sum of a cluster, Cu e ents can be separated
from bac ground e ents.

analysis shows that the old algorithm detected about 20% of the total events.
In other words, roughly 80% of n X-rays will cause charge splitting that
spreads their signature over more than 2 pixels. For pionic X-rays with
energies from 2-3keV, 3-pixel-events amount to less than 1% and there are
practically no bigger clusters. A slight increase (3-5%) of 1- and 2-pixel
events is due to the fact that isolated pixels lying diagonally adjacent to a
bigger cluster were disregarded by the old algorithm and are correctly treated
as individual events by the new one.

4.2.4 Po ition correction

After cluster analysis, the positions of the remaining events have to be cor-
rected for the alignment of individual CCDs relative to each other and for the
curvature of the reflection. Both corrections cause a rebinning of events into
the pixel grid, a process wrought with some complications that are discussed
in some detail below.
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D ali nment The position of events after read-in would only be correct
if the individual CCDs were perfectly and seamlessly aligned with each other.
In reality, however, there are gaps on the order of 0.3 mm between the CCDs
and they are slightly askew, with relative rotations of 1-6 mrad. Events are
rotated around the center of each CCD to keep the change in position for each
event as small as possible. Then all events on a CCD are shifted to correct
for the relative CCD position. A detailed account of how these parameters
were measured is found in Appendix A.

urvature correction As has been noted in 4.1.4, the reflection geometry
of the spectrometer always leads to a curved rather than a straight reflex on
the detector. To determine the real line width and position, this curvature
is approximated by a parabolic function A + Bx + Cx2. CSD gets the
parameters A, B and C by dividing each CCD into several horizontal slices,
calculating the centroid of each slice and performing a 2-fit through these
centroids. To reduce the influence of background events on the curvature fit,
an iterative method is used: for subsequent fits, only events that lie close
enough to the last fit performed are taken into account. The width of this fit
interval is set by the user. After a certain number of fits, the result converges
and gives the final parameters for the curvature correction. Fig.4.18 shows
the effect of curvature correction in 2d- and 1d-plots.

vent redistri ution To be reasonably accurate, all three corrections of
event positions — rotation, shift and curvature — have to be carried out with
real numbers, i.e. with fractions of pixels. However, the position of an event
is expressed with integers; a pixel is either activated or not, the detector does
not provide any information about the event position within the pixel. To
handle this, we assume an isotropic distribution of events and determine the
exact position of a single event randomly (one roll for x- and y-coordinate).
The corrections are then carried out with these real number coordinates; the
new position of the event within the pixel grid is determined by the pixel
it finally lands in. Since this process is redone every time a spectrum is
produced, spectra from one and the same data set will differ slightly from
each other.

An isotropic distribution of events is the easiest assumption to make, but
it is not correct and some information is lost thereby. A more thorough
method would take the position of the pixel into account — on the flank of
a peak, there will obviously be a gradient in event density over the area of
one pixel. Disregarding this information causes peaks to broaden a bit with
each redistribution of events, but for the typical widths of 7H lines, this does
not cause a noticeable effect: A FWHM of 25 channels is increased by 0.1
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channels after 5 redistributions. To reduce this inaccuracy as much as possi-
ble, all position corrections are carried out at once instead of consecutively,
which means one random rebinning instead of three (for rotation, shift and
curvature correction).

4.2. he t routine 1 S

Spectra produced by CSD are numerically fitted by this program, which al-
lows a fit of position, height and width for up to 30 peaks in a spectrum. The
line model is a Voigt profile, a convolution of a Gaussian and a orentzian
distribution. Either the Gauss or the orentz width (FWHM) is a free pa-
rameter, the other width has to be fixed. Peaks can be coupled together
in any parameter — this is useful for the fit of lines with well-known energy
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Figure 4.18: = data from 2002 shown before (upper row) and after cur ature
correction (lower row). n the left side are 2d-plots ( Scatterplots ), on the right
side are x-position spectra. The #  _, parallel transition is clearly isible after
cur ature correction has been applied.
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differences or intensity ratios. The background, described by a flat, linear or
parabolical function, can be fixed or used as another free parameter.

While a Voigt profile serves well enough as a description of line shapes
in the determination of peak positions (for the measurement of €;,), it is not
accurate enough for the extraction of the hadronic broadening I';; from the
measured line width. Another analysis approach also considering asymmetric
line profiles is used for this, described in Sec. 5.3.

4.3 Energ cali ration

In order to determine the energy of the measured 7H transition, a calibration
line of known energy is necessary. The position difference of both lines cor-
responds to an angular difference which, in turn, corresponds to an energy
difference through the Bragg condition. It should be emphasised that the
determination of the line energy depends upon the position of the measured
line relative to the calibration line, not its absolute position. This reduces
the influence of a large number of systematic effects, especially those related
to the imaging properties of the spectrometer, since both lines are changed
by almost the same amount.

In a new experimental approach taken in the measurement described here,
the energy calibration comes from pionic oxygen (7 ) X-rays. The calibra-
tion transition 7  _, is not subjected to the hadronic influence of the
oxygen nucleus. Its energy, only dependent on electromagnetic interactions,
can thus be calculated very precisely by the methods of ED.

This approach is markedly different from previous experiments, which
used fluorescence lines (e.g. the Ar Kq; for the ETH -PSI measurement [5])
for calibration. While electronic X-rays are provided with far higher rates,
the achievable accuracy is limited due to their large natural width and the
many satellite lines from multiple ionisation. Without knowing exactly which
lines make up the spectrum, the energy information provided is not precise
enough for the envisaged accuracy.

In addition, the uncertainty of 3 ppm in the mass of the charged pion
fully enters into the mH measurement when fluorescence lines are used for
calibration. With pionic calibration lines, this systematic effect is decreased
by a factor of seven, since the pion mass is also factored into the energy of
the calibration line. Fluorescent lines are, however, used for monitoring the
stability of the apparatus, because in this case only the position shift of the
line is relevant.
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The calibration line has to be measured with the same spectrometer set-
ting as for the 7H transition. ines from pionic atoms that are so close in
energy (depending on the Bragg angle | the CCD array covers an energy
range of about 70-100eV) are hard to find in the low keV region. Since the
transition energy for pionic atoms in solid targets is influenced by electron re-
filling, the calibration line has to come from a gaseous target, which increases
the difficulty of the search. For this reason, there are no pionic calibration
lines for other transitions (7Hgp—y1s and mHyps15).

By filling the target cell with a mixture of Hy/ o, a simultaneous mea-
surement of 7H and calibration line can be accomplished. Time dependent
uncertainties that could arise from crystal temperature or mechanical insta-
bilities of the spectrometer will affect both lines in the same way and cannot
influence the result for the angular difference. A simultaneous measurement
was only possible at a target density of 3.5 bar, since oxygen will freeze out
at the temperatures necessary for measurements at higher densities.

rom osition measurement to the hadronic shift ¢;;, The steps from
measuring the mHs, .1, line and the #  _, calibration line to a determina-
tion of the hadronic shift ¢;, are as follows:

The position difference A between 7H and m lines is converted into

the angular difference A . This depends on the distance between
the centers of the crystal and the detector surface. Simple geometry
gives A =2 -arctan 5

By subtracting the angular difference A from the Bragg angle

of the 7 transition as given by the Bragg law (Eq.refBragg) and
correcting for systematical effects (), the Bragg angle of the 7H
transition is derived.

With for mH calculated, the mHj,_,1, transition energy follows from
the Bragg law:
1
E=—.
2 sn
Subtraction of the pure electromagnetic transition energy E gives

the hadronic shift €q,.

lectroma netic transition ener ies To determine the transition en-
ergy of the calibrationlinew _, and the electromagnetic transition energy
of the mH,p 15 lines, ED corrections to the basic point Coulomb potential
energies have to be included. These corrections and the total result for both
lines are shown in Table4.1.
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