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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 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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- a) kinetic energy - ] b) line
0004 distribution @ 0.08] shape
< < ]
S S 005 H
] 1
$0.03 TH &z 0.06- al
o liquid o | liquid
0024 hydrogen 0.04] hydrogen
0.01 0.021
O’ L S T T O T // LA o
0 50 100 150 200 250 15 <10 -5 0 5 10 15
ENERGY (eV) TOF (ns)

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).

22



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 thick
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 Crystal spectrometer

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

nA = 2d-sin Op, (4.1)

where n is the order of reflection and A is the wavelength of an incident X-ray
scattering on a crystal lattice with a spacing d at the angle ©p (Fig. 4.6).
Inserting the photon energy F = hc/A with the Planck constant A and the
speed of light ¢ gives a direct relation between the Bragg angle ©p 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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Figure 4.6: Bragg reflection with a plane crystal. Reflected X-rays interfere con-
structively if their optical retardation s=2d-sin© is equal to a multiple of their
wave length A. The primary extinction length (the distance after which the inten-
sity of a coherently reflected beam has dropped to 1/e) for the crystals used in the
experiment is 5-6 ym at 3keV [47].
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Figure 4.7: Rocking curves of the two crystals used in the experiment, derived
from the XOP program written at ESRF [47]. The peak reflectivity P indicates
the fraction of reflected intensity at a specific angle ©.
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Johann setup 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. Johann 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 Johann spectrometer is twice the
radius R of the Rowland circle, which is defined by the focusing condition
R -sin©p (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 b and R as horizontal width and bending radius
of the cystal and ©p as the Bragg angle, the maximal shift at the edge of
the crystal (“Johann shift”) is A@; = 1(£)? cot? ©p. When integrated over

R
the whole crystal, the resultant shift of the line centroid is almost exactly

CJoha'rm = %AQJ [50]

S Crystal

Source

0

Figure 4.8: The Johann setup for Bragg spectroscopy. The crystal bending radius
R =S80 is the diameter of the Rowland circle (with the center at M) on which the
focusing condition R - sin ©p is fulfilled.
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For a symmetrical Johann 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.

Johann spectrometers use cylindrically bent crystals, but the intensity
is further enhanced by using spherically bent crystals for partial vertical
focussing, as described by J. 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 Cyeng to ©p, 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 Zeiss 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 Johann 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 AOy, the reflecting surface only needs to be limited horizontally. This
crystal aperture is used throughout all beamtimes described herein.

Corrections to the Bragg law The corrections to the Bragg angle Op
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 Ci.f
1/sin 205 [54], which amounts to roughly 1% of the Bragg angles for silicon
and quartz crystals at low X-ray energies. Cyeps, is a geometrical correction
for the average penetration depth of X-rays into the crystal. The temperature
dependence of the crystal lattice distance d is taken into account by the
crystal temperature correction Crepyp..

All corrections to the Bragg angle ©p 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 view 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).

4.1.5 The spectrometer setup 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 Op 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
O arm- Another linear motor is used for individual rotation of the crystal,
controlling the angle O¢gy (Fig.4.11). Once O¢gy is set, a ceramic piezo
element controlled by the angular encoder is used to fix this angle with the
intrinsic encoder accuracy of 4+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 view of the detector arm of the spectrometer, also with the
setup from the 7Hj, 1, measurement in the 2002 beamtime. The distance ycp is
taken 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 ©p), both motors have to be used: by changing © 4gy, a dif-
ferent target region is aimed at while the position of the reflection on the
detector area remains fixed. By changing ©¢ry, 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 Zn Ko 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 © 4z, 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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Figure 4.11: Top view of the spectrometer. The angles ©cry and © 45y define
the spectrometer setting. The Bragg angle is taken between the crystal plane and
the direction of incident and reflected X-rays.

4.1.6 CCD detectors

For the position measurement of the reflected X-rays, an array of 6 CCD
(Charge Coupled-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
Fig.4.5. b) Scan of the target with an additional rectangular aperture on the
target window. The sharp edges of the event rate distribution provided by an
aperture allow a quick determination of the optimal setting for © sras.

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].

4.1.7 Event rates and spectrometer efficiency

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 Ax of the X-ray source is exactly known,
the calculation of detected events n is quite straightforward:

n=Ax-M-e-n (4.2)

with the loss from absorption at target and detector windows M, the detector
efficiency € and the spectrometer efficiency 7, which is the product of the solid
angle of the crystal, its peak reflectivity P (Fig.4.7) and the fraction of the
source accepted by the spectrometer: n = AQ/4n - P - AS/S ~ 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) T and the X-ray yield of the radiative transition ¥ (Fig. 3.3):

Ax =N, -T.Y.

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), T ~ 1072 (Sec.4.1.2) and
Y ~ 5-107% (Fig. 3.3), the source activity is Ax ~ 2-10%s~'. Entering this
into Eq. 4.2 together with M =~ 3/4, ¢ ~ 4/5 and n ~ 108 gives an event
rate n of 1.2- 1072571 or roughly 45 per hour.

4.2 Data acquisition 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 Data acquisition, transfer and storage

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 5o above the
noise peak, where ¢ is the rms value of the noise distribution.

One 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 peak is clearly visible even after the cut at 50 performed during
data read in. The ADC offset automatically centers the noise peak 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 Linux PC for analysis via a Local Area Network (LAN)
connection that is independent of the net at PSI. Copies of the data files are
sent to another Linux PC at FZ Jiilich at once. To be insured against all
eventualities, data files are copied to magnetic tape after beamtimes.

4.2.2 The data processing software CSD

Once 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 Cluster analysis

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 (7~ + A — A’ +nn). 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: Background reduction with cluster analysis separates proper X-rays
(isolated or paired events) from background events (clustered events or tracks).
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What eventually reaches the detector is secondary background: neutron
capture (n+ A — A™ — A’ + ) 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 Zn 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 Zn 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 Zn data subjected to the old and the new cluster
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Figure 4.16: 10 hours worth of 7O data from 2002 shown without (left column)
and with (right column) cluster analysis. The spectra are direct print-outs of the
data analysis software. NN is the number of events. Upper row : ADC spectra.
Middle row: 2d-plots of the data (“scatter plots”). Lower row: x-position spectra.
For the cluster analysed scatter plot and x-position spectrum, energy cuts are
applied.
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Figure 4.17: Unmodified data from 8keV X-rays with ADC value as height.
There are two events without charge splitting (high charge in a single pixel) and
five events with charge splitting (clusters with a distinctive peak in the middle).
By setting energy cuts on the charge sum of a cluster, Cu events can be separated
from background events.

analysis shows that the old algorithm detected about 20% of the total events.
In other words, roughly 80% of Zn 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 Position corrections

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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CCD alignment 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.

Curvature 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 y2-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.

Event redistribution 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).

4.2.5 The fit routine FITOS

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 Lorentzian
distribution. Either the Gauss or the Lorentz 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: 7O data from 2002 shown before (upper row) and after curvature
correction (lower row). On the left side are 2d-plots (“Scatterplots”), on the right
side are x-position spectra. The mOg4_,5; parallel transition is clearly visible after
curvature 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 Energy calibration

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 (7O) X-rays. The calibra-
tion transition mOgp—54 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 QED.

This approach is markedly different from previous experiments, which
used fluorescence lines (e.g. the Ar Kq; for the ETHZ-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. Lines from pionic atoms that are so close in
energy (depending on the Bragg angle O g, 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/Os, 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.

From position measurement to the hadronic shift ¢;;, The steps from
measuring the mHs, .1, line and the 7Ogj_,54 calibration line to a determina-
tion of the hadronic shift ¢;, are as follows:

e The position difference Az between 7H and 7O lines is converted into
the angular difference A©. This depends on the distance ycp between
the centers of the crystal and the detector surface. Simple geometry
gives AO = 2 - arctan %.

e By subtracting the angular difference A©® from the Bragg angle Op
of the 7O transition as given by the Bragg law (Eq.refBragg) and
correcting for systematical effects (Cap), the Bragg angle of the 7H
transition is derived.

o With Op for 7H calculated, the 7Hs,_,15 transition energy follows from

the Bragg law:
he 1

- 2 8in®p

e Subtraction of the pure electromagnetic transition energy Egrp gives
the hadronic shift €q,.

Electromagnetic transition energies To determine the transition en-
ergy of the calibration line 7Ogp,—,5, and the electromagnetic transition energy
of the mH,p 1, lines, QED 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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| Transition | 7rO6h—>59 | 7TH3p_>15
Klein-Gordon + vac. pol. 11 | 2880.5011eV 2878.8489eV
vac. pol. (higher orders) +0.0033eV +0.0293eV
Recoil + Magnetic corr. +0.0015eV -0.0510eV
Self-energy -0.0121eV
Vertex -0.0070eV

| total energy Eqep | 2880.5059eV | 2878.8081eV |

Table 4.1: Electromagnetic transition energies and QED corrections for mOgp_;54
and wH;p,,15. The uncertainty of the 7O value is ~1meV and that of the 7H
value is ~6eV [61].

Bragg angles Op and corrections Cg, The energies of all relevant mea-
sured transitions are given in Table 4.3, along with the important Bragg an-
gles ©p and the refraction correction C,.s. As the largest correction to ©p,
Crep has to be taken into account during the spectrometer setup and not
only in the analysis.

Other corrections to the Bragg angle © g that have to be applied to both
the 7H and the 7O line are collected in Table4.2. Only the differences of

Silll
| Corrections to Op | mOgnsy | 7Hszp1s | Change of A© |
Crohann -11.58”/3 -11.66"/3 -0.03”
Chend. +6.27” +6.25” -0.02”
Clepth -0.36” -0.37 -0.01”
CTemp. -0.498” - 2 | -0.497” - 2 +0.00”
Cres. -24.28” -24.20” +0.08”
| Total correction Cao | +0.02” |
Qu 101
| Corrections to Op | mOgnssy | wHzp1s | Change of AO |
Coronamm 145773 | -1467/3 20.03
Cbend. + 5.59” + 5.57” - 0.02”
Clepth -0.32” -0.33” -0.01”
CTemp. -2.704” -2 | -2.699” - 2 +0.01”
Cres. -28.28” -28.19” +0.09”
| Total correction Cao | +0.04” |

Table 4.2: Corrections to the Bragg angle ©p from the spectrometer imaging
properties for the Silll crystal used in the 2000 and 2002 beamtimes and the
Qu 101 crystal used in the 2001 beamtime. An explanation of these corrections is
found in Sec.4.1.4.
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these corrections, explained in Sec.4.1.4, have to be taken into account for
the measured angular distance A©. They are summed up in the angular
distance correction Cag.

For the lattice distance of the Silll crystal 2d = 6.2712016(1) A at
T =25°C is used [59]. For the Qu101 crystal, 2d = 6.686277 A [60] is used.
As a natural material, quartz has a lattice distance that may vary quite a bit.
This systematic uncertainty can be neglected, however, due to the calibration
with a nearby line of known energy.

Silli
| Transition | Energy [eV] | Op | O+ Cres. | Cres. |
7Ha, 1, (QED) 2878.308
mHsp15(QED) + €14 2885.916 43°14°26.74” | 43°14’50.94” | 24.20”
7T1606h_>5g 2880.506 43°20°31.377 | 43°20’55.65" | 24.28”
Ar Koy 2957.685 41°56’49.05” | 41°57'12.24” | 23.19”
7Beasaa (1€) 2844116 | 44°2°16.44° | 44°2°41.28° | 2484
Zn Koy (Si333) 8638.860 43°21°31.27”7 | 43°21°34.00” | 2.73”
7Hy15(QED) 2429.506
THop15(QED) + €14 2436.614 54°13’54.78” | 54°14°29.28” | 34.50”
Ge Kay (Si444) 9886.420 53°7’14.70” 53°7’16.87” 2.17”
7Hap1s(QED) 3036.094
THap15(QED) + €15 3043.202 40°30’57.09” | 40°31’19.21” | 22.12”
Ga Ka; (Si333) 9251.679 39°5222.37” | 39°5224.78” | 2.41”
| 7Csg—sas | 2973.826 | 41°40’5.05” | 41°40°28.03” | 22.95” |
Qu 101
| Transition | Energy [eV] | OB | O+ Cres. | Cres. |
7Hsy15(QED) 2878.808
mHszp 15 (exp.) 2885.916 39°58’52.59” | 39°59°20.79” | 28.20”
7T1606h_>5g 2880.506 40°4’17.68” 40°4°45.96” | 28.28”
806454 2883488 | 40°1'18.29” | 40°146.52” | 28.23"
| Ar Koy | 2957.685 | 38°49°30.58” | 38°49°57.67” | 27.08” |
| 7Csgmras [ 2973826 | 38°34'31.20° | 33°34°58.04" | 26.84" |

Table 4.3: Energies and Bragg angles ©p with the Silll crystal used in the
2000 and 2002 beamtimes and the Qu 101 crystal used in the 2001 beamtime for
the mHyp 15 transitions and the calibration line 7r1606h_,5g. The wH transition
energies are given as the pure electromagnetic energy Fgrp and total energy with
the experimental result for €15 from the ETHZ-PSI experiment [5]. Also displayed
is the Ar Koy fluorescence line, necessary for the spectrometer setup of the 7Hzj, 15
measurement, and the Zn Koy, 7Bess_34 (with 1 electron in the K shell), Ge Koy
and Ga Ka; lines used to monitor the spectrometer stability. C.y. is the index of
refraction correction (see Sec.4.1.4).

46



Chapter 5

Experimental results

Deriving values for the hadronic shift ;5 from the experimental data is, in
principle, a rather straightforward procedure. The two-dimensional image of
the reflection on the CCD detector array is converted into a one-dimensional
spectrum, which is then numerically fitted. Comparison of the fitted line
position with that of a calibration line of known energy gives the total en-
ergy of the transition, from which €;; can be derived through subtraction of
the QED value of transition energy. There are, however, numerous compli-
cations throughout this procedure, some of them tied to uncertainties of the
measurement process itself, some of them tied to the physical interpretation
of the measured parameters.

These various systematic errors are explained in detail throughout the
presentation of the experimental results. For the calculation of the hadronic
shift €5, the result from the test beamtime of 2000 is used as a thorough
example of the various steps from measured data to final result. The de-
scriptions of the two production beamtimes in 2001 and 2002 will build upon
this and provide additional explanations of the systematic uncertainties spe-
cific to these measurements.

Derivation of the hadronic broadening I';, is a more involved process: the
contribution of I'y; to the measured line width has to be separated from the
response width of the crystal and Doppler broadening from Coulomb deexci-
tation. An outline of the analysis approach is given, along with preliminary
results.

Before the analysis of data from the three 7H beamtimes conducted so
far in the years 2000, 2001 and 2002 is described in detail, an overview of
the general measurement strategy and the physics goal for each beamtime is
given.
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5.1 Measurement overview

5.1.1 Strategy

As noted in Sec. 3.2, the influence of cascade processes on transitions into the
mH ground state can be investigated by using two experimental parameters:
the density of the hydrogen target and the initial np state from which the
transition into the ground state occurs.

The cryogenic target (Sec.4.1.3) allows measurements with densities up
to liquid hydrogen (LHj). At pressures significantly lower than 3.5 bar, the
stop rate of pions — approximately proportional to the target density — is
too low to permit an efficient measurement. Given in equivalent pressures,
the mHj,_,15 line was measured at 3.5 bar, 28.5 bar (a median value with high
expected rate) and ~700 bar (liquid hydrogen), providing a range of densities
over more than two orders of magnitude.

The study of the three transitions 7Hy, 15 (2.9€V), mHsp 515 (2.8€V) and
mHop 415 (2.4€V) was conducted at an equivalent target pressure of 10 bar
where maximal rates could be expected (Fig.3.3). As explained in Sec.3.1,
different Doppler contributions to the line shapes allow to test models of
the mH cascade with a very reliable consistency check: if the line width
contribution from Coulomb deexcitation is properly understood, the value
for I';; has to be the same for all np — 1s transitions, since the hadronic
influence on the np states is negligible.

Measurements target density
wH transition | 3.5bar 10bar 28.5bar LH,
2p — 1s °
3p — 1s ° ° ° °
4p — 1s °
5.1.2 2000

Four weeks of preparatory beamtime were used to test the apparatus and to
determine event rates of pionic X-rays for the experiment. This was necessary
to plan for the production runs that were to come later. The response func-
tion of the Si111 crystal was measured with a pionic carbon line (7'2Cs447)
from CH, target gas.
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Figure 5.1: 7Hsp_,1, transition and 7O calibration line from the 2000 beamtime,
measured with a Silll crystal at a target pressure equivalent to 3.5 bar. The count
rate was 10 events/h, the Peak-to-background ratio of the 7H line is 20 to 1.

The same transition (7Hs, 1) as in the previous 7H experiment [5] was
investigated. By filling the target cell with a mixture of Hy /O, at 3.5 bar, the
calibration line (7'°Ogp_5,) could be measured simultaneously with the 7H
line (Fig. 5.1). Due to this, slight mechanical instabilities of the spectrometer
affected both lines in the same way and did not influence the result. The
gathered statistics were enough to allow a first calculation of ;5 with roughly
the same accuracy as in [5].

5.1.3 2001

The first production run of 8 weeks was devoted to the investigation of the
density dependence of the mHs,_,;, transition. Given in equivalent pressures,
the 7H line was measured at 3.5 bar (same as for the 2000 beamtime), 28.5 bar
(a median value with high expected rate) and ~700 bar (liquid hydrogen). At
3.5 bar, the 7O calibration line was again measured simultaneously with the
mH line; for higher densities, 7O measurements were conducted in between
the 7H blocks. In the latter case, a roughly equal mixture of O and 2O
was used instead of natural oxygen to provide two calibration points instead
of just one.

A Qu 101 crystal was used throughout this beamtime, since the theoretical
resolution is a bit better than for Si111l. There was, however, no visible
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improvement in the response function measurement, which was again done
with the 7'2Csy_,4; transition, measured from CH, and CoH, target gases to
identify Coulomb explosion effects (see Sec.5.3.1).

Mechanical stability was problematic during the 2001 run — during the
setup of the experiment, spectrometer and detector were not in mechanical
equilibrium, so the connecting vacuum tube was bent a little by the weight
of the detector housing. This tension gradually discharged during the beam-
time, triggered by, for example, the closing of pressurised vacuum valves or
the vibrations of the experimental hall caused by crane driving.

As documented in Fig.5.2, this discharge process was observable as a
change of line positions on the detector. The calibration of the 7H line with
7O has to be corrected for these “jumps” of the spectrometer by fitting a
curve to the plotted position development over time. Based on this curve, the
fitted positions of 7H and 7O lines are shifted before the distance between
them is calculated. To put things into perspective, it should be kept in mind
that the accumulated position shift of ca. 5 pixels amounts to only 0.2 mm.

= 774 * — TIC + 109.5 pixel
§772 A — TO + 75.5 pixel
c
2 770
(7]
@]
0 768

766

764

200 400 600 800 1000

Time in hours

Figure 5.2: Peak positions of 7C, 7O and 7H measurements in 2001. The time
development is approximated by a parabolic fit z(t) = A + Bt + Ct2.

5.1.4 2002

The production run of 2002 had its emphasis on the investigation of Coulomb
deexcitation through measurement of different 7H,, ;s transitions. Since
there are no nearby pionic lines to calibrate the energy of the mHy,_,1, and
mHgp_s14, only the mHj3, 1, provides data on €y,.
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The crystal was the same as used in the 2000 beamtime (Sil1l11). The
response function was not measured again, mainly due to time constraints.
Prompted by the mechanical problems of 2001, an air cushion system was
installed at the detector chamber, with the idea that frictionless movement
would make it easier to set up the spectrometer without creating mechanical
strain on the components. While principally sound, this did not completely
remove the stability issues. Sheer inertia of the heavy (~300kg) detector
housing still bends the vacuum connection between crystal and detector,
causing slight (ca. 1 pixel) jumps of line positions.

To monitor such position shifts, two methods were used. For the first
mH/7O block, the beryllium foils placed in the target cell were used, so that
the mBeys_;34 line at 2844 eV could be measured simultaneously with 7O and
mH (Fig.5.3. While the 7Be transition would be sharp enough to calibrate
the energy of the 7H line, but its larger energy distance compared with the
70 line would increase the systematical error arising from asymmetrical de-
focusing. Additionally, the transition energies of pionic X-rays from solid
targets are modified by the unknown electron shell configuration — while
electrons are emitted by internal Auger effect, they get replenished immedi-
ately from the electron gas around the pionic atom. Similar to fluorescence
X-rays, the energy of the line is not exactly known, even if its position can
be determined very precisely. In a consecutive measurement of 7H and the
7O calibration, however, the simultaneously measured 7Be line can be used
to correct for shifts of the spectrometer position.

For the remainder of the 7Hj,_,1, data, only the zinc Ko line was used as
a stability monitor. Zinc measurements were performed every morning and

| a b
[ mBe (47-3d) ) mBe (4f-3d) )
|
o .
2 H (3p—T1s) 3
. mBe (4d-3p)
‘ i dﬂBe (4d-3p) 1
i
I i
| :J% _j.;
2840 2850 2860 2870 2880 2890 2840 2842 2844 2846 2848 2850
energy/eV energy/eV

Figure 5.3: a) Simultaneous measurement of the 7Bess_,34 with the wHgj, i,
transition; b) shows the 7Be line (used to monitor the spectrometer stability) in
detail. The parallel transition 7Besq 3, is clearly visible.
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evening during both 7H and 7O measurements, and as for 7Be, the idea was
to use the zinc Ko line as a bridge between 7H and the 7O calibration line.
This is described in more detail in Sec. 5.2.3.

Each of the three 7H transitions measured in this beamtime (7Hs, 15 in
blocks 2002-1&2, mHy, 15 in 2002-3 and wHy, 15 in 2002-4) required a dif-
ferent mechanical spectrometer setup. Gallium and germanium fluorescence
X-rays were used to check the spectrometer stability for the mHy4,_,15 and
mHgp_,1, transitions, respectively.

5.2 Results for €,

5.2.1 2000

Several short measurements of 7H were conducted during this test beamtime.
Since the 3p — 1s transition was taken simultaneously with the 7O calibra-
tion line, small jumps of the line positions due to mechanical instabilities did
not influence the position difference between them. This means that the dif-
ferent blocks of measurements can be added together for analysis. The data
files used for spectrum creation are given in Table 5.1, which is explained in
the following two paragraphs.

Fit of the peak positions The position spectrum from the second data
block is shown in Fig.5.1. Apart from the statistical error of the numerical
fit Ay of the 7O and the mH peak, the influence of the various processes
of spectrum creation as described in Sec.4.2.4 has to be taken into account:
for the conversion of the two-dimensional hit pattern on the CCD array into
a position spectrum, the data has to be corrected for the image curvature
caused by the spectrometer geometry (Ceyrve and Agyrpe) and for the slight
offsets of the individual CCDs from a perfect rectangular grid (no discernible
effect on line position).

The curvature fit is always determined from the 7O line with an interval
of + 3 pixels aligned to the curvature (see Sec.4.2.4). To test the sensitivity
of the position distance Az on the curvature parameters, another spectrum
with a curvature correction based on an interval of 4 pixels is produced.
The change to the position difference when fitting these spectra gives the
correction Cryrpe and the error A yrpe-

The corrections for curvature and CCD alignment require a random re-
binning of all events into the two-dimensional pixel grid. To determine the
effect of this rebinning on the line position, 1000 spectra are created and
numerically fitted for each measurement. The distribution of fitted positions
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| Measurement: | 2000 (3.5 bar) |

Data files 107-113 + 133-161 + 231-256

Transition 7O mH

Position [pixel] 732.549 822.388

Ay + 0.258 + 0.685

Aredist. + 0.029 + 0.032

Crurve and A yre -0.029 £ 0.029
Afifmegion + 0.010
| Az [pixel] | 89.810+0.733 £0.034 |

Table 5.1: Result from 2000 for the position difference Az of the mHsp, 15 and
the mOgp_s5¢ transition, given as value & Agpar & Agys.

is a Gaussian and can be evaluated itself by FITOS. Its center gives the posi-
tion result used for further analysis, its standard deviation o gives the error
A7"edi5t.-

There are very few systematic errors involved in the fitting process itself.
A wrong model of the crystal response function will shift both calibration
and mH line, and A titregion, the effect of the chosen fit region on the position
is miniscule. Both of these effects are far more important for determination
of the line width.

In addition to the 7'%QOgp_5, transition used for calibration, two of the
parallel transitions are also strong enough to be noticeable. In the fit routine,
their position is fixed relative to the circular 6h — 5¢ transition, whereas
their relative intensities are free — their energies are well known, but there
is too little information about the cascade mechanisms that determine the
populations of the [ substates to provide accurate intensity ratios of parallel
transitions.

The target gas was a mixture of hydrogen and natural oxygen, so there
is also an isotope line from '80. Apart from its position relative to the cal-
ibration line mOgy_5¢, the relative intensity of this line is also fixed by the
natural O abundance of 0.2 %.

Position distance Az is determined by subtracting the 7O peak position
from the 7H position and correcting with Clyppe. Since A,cqis. is dependent
on the number of events, it is part of the statistical error A gq:

+ A?

redist.

Astat = A?‘uﬁ

All remaining effects are systematic and summed up in A,y. In the
following, all results are given as

value & Agqr = Agys
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| 2000 (3.5 bar) | value Agiar Agys |

| Ax [pixel] | 89.810 +0.733  +£0.034 |
| Ax [mm] | 3.5924  +£0.0293 +0.0014 |
A® (uncorrected) 6’2.117 +£295” +£0.14”
Cae + 0.02”
Aon +0.187
Choc. and A, ~0.107 £0.02°
AO (corrected) 6’2.03” +£295” £0.23”
Op(rH) 43°1420.38° £295°  +£0.23"
Measured energy [eV] 2885.876 +0.044 +0.003

Table 5.2: Corrected Bragg angle ©p and transition energy of the 7Hgz, ;15 tran-
sition measured in 2000 with a Silll crystal. For an explanation, see text.

7H Bragg angle and transition energy The steps from Ax to the mea-
sured energy of the mHs, 1, transition are summarised in Table 5.2.

To convert Az from pixel to mm, it is simply multiplied by the pixel
width of 40 pm. The uncertainty of the pixel size will affect all measurements
in the same way and is dealt with in the summary of results (Sec.5.2.4).
The angular distance A© follows from the crystal-detector distance yop =
(2046.3 £ 1.0) mm. The uncertainty of 1 mm leads to 4,_,.

Most corrections from the spectrometer imaging properties are encoded
in Cag, the sum of all corrections that have to be applied to both lines
simultaneously (summarised in Table4.2 in Sec.5.1.1).

There is another systematic error and correction from defocussing. It is
not possible to fulfill the focal condition (ycp = R - sin ©p) for both the 7H
and the 7O line at once due to their differing Bragg angles ©5. Since the
exact line shape of the 7H line is important for determining the hadronic
broadening T'y,, it is put in focus. Accordingly, the slight distortion and
position shift of the 7O line from defocussing has to be corrected for. This
correction Cy,.. and the error Ay, are derived from Monte Carlo studies
that have been tested with experimental data from pionic neon.

Another possible source of error would be a wrong facing of the CCD
array — if the detector surface is not perpendicular to ycp, this will lengthen
Az for a given AO. Like the uncertainty of the pixel size, this systematic
effect would influence all measurements and is handled in Sec. 5.2.4.

With the corrected value for A©, the Bragg angle © g for 7H is determined
from the 7O Bragg angle (Table4.3). The transition energy is calculated
from Bragg’s law (see Sec.4.3). The result for the 7Hj, .15 transition energy,
shown in Table 5.2, is on the same order of accuracy as the result of the
ETHZ-PSI experiment (Eyeqs. = (2885.916 £ 0.013 +0.033) eV [5]).
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It is readily apparent that the experimental uncertainty is dominated by
Aget — a longer measurement under these conditions would have improved
the result noticeably. The test beamtime of 2000 demonstrated that the
accuracy goal of 0.2% total uncertainty for €;, with a simultaneous energy
calibration from the wOg,_,5, transition is achievable using this experimental
setup.

5.2.2 2001

In 2001, five blocks of 7H data were measured: three measurements with an
equivalent target pressure of 28.5bar, a measurement with liquid hydrogen
(~700 bar) and finally a simultaneous measurement of 7H and 7O with the
same target conditions as in 2000 (3.5 bar).
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Figure 5.4: a) n'%03,_,15 and 7'803,_,1, calibration lines and b) the wHsp 15
transition with a liquid hydrogen target. Both spectra are from the 2001 beamtime,
measured with a Qu101 crystal.

Measurements at 28.5 bar For higher target densities, simultaneous mea-
surement of 7H transition and 7O calibration line is not possible, since the
oxygen in the target would freeze out. This means that data blocks of 7H
have to be interspersed with calibration measurements of the 7O line. Too
long periods of measurement will amplify the influence of long term system-
atic errors due to temperature changes or mechanical effects. On the other
hand, a change of the target gas takes at least 8 hours during which no data
can be taken, so measurement periods should not be too short, either. A good
compromise was found by measuring 7H from Wednesday nights to Sunday
mornings and 7O from Sunday evenings to Wednesday mornings. With this
schedule, the target gas change coincided nicely with accelerator maintenance
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on Wednesdays and refilling of the helium coolant for the cyclotron trap on
Sundays and Wednesdays.

As noted in the beamtime overview (see Sec. 5.1.3), a mixture of 10 /180
was used for the 7O measurements. In addition to the various 7Og_,5 tran-
sitions, a spectrum of the 7O calibration lines in Fig.5.4 shows two peaks
of lower energy — these are from the wOg;_,6, transitions in O and 20 at
2880.506 eV and 2883.488 eV. While these transitions are not strong enough
to provide an accurate dispersion measurement, their relative intensities give
information about the populations of the [ substates in the 7O cascade.

Corrections for mechanical instabilities In addition to the systematic
errors that have already been described for the 2000 beamtime in Sec. 5.2.1,
the stability of the spectrometer — not an issue for simultaneous measure-
ments of 7H and 7O — has to be investigated. From a numerical fit to the
line positions plotted against time, a correction Cj,m, to the average result
of one data block is calculated.

The time development of the fitted peak positions is described by a
parabolic fit (z(t) = A + Bt + Ct?), with the positions of 7O and 7C lines
adjusted by 75.5 pixel and 109.5 pixel, respectively. This model describes the
data very well, as can be seen in Fig.5.2. Position corrections to the fitted
peak positions of 7H and 7O spectra were derived by calculating the value
of the parabolic fit at the central time of a measurement block:

Clump = 2(tro) — T(tam) = B (tro — teu) + C - ({frO - {frH)

Corrections Cjump 12h increments whole blocks

Files 7C, 70 & 7H | 7O & 7H | 7C, 7O & H
7H197-224 and 70 225-261 | -0.818(62) 0.795 0.811
7H 262-329 and 7O 330-365 -1.339(129) -1.313 -1.330
7H 366-450 and 7O 451-485 -0.668(95) -0.666 -0.665
7H 495-600 and 7O 601-661 -0.100(144) -0.141 -0.107

Table 5.3: Results for the correction Cjymp with different data bases. For the
first two columns, the peak positions used for the parabolic fit are from spectra
of 12 h measurement increments; in the second column, the data points from 7wC
are not taken into account. For the third column, the peak positions are from
sum spectra of whole measurement blocks — the same positions that were used in
the final analysis. Compared to the uncertainties Ay, (only given for the first
column), the results do not diverge.
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| Measurement: |

2001-1 (28.5) bar

2001-2 (28.5) bar

2001-3 (28.5) bar

Data files 225-261 197-224 330-365 262-329 451-485 366-450
Transition 70O 7mH 70 7mH 70 7mH
Position [pixel] 694.315 770.291 691.387 768.243 689.976 766.106
Ay + 0.081 + 0.363 + 0.093 + 0.229 + 0.093 + 0.224
Aredist. + 0.012 + 0.020 + 0.013 + 0.013 + 0.013 + 0.013
Clourve andA cyrye + 0.020+0.020 + 0.020 £+ 0.020 + 0.029+0.029
Cliump and Ajump - 0.818 +0.062 - 1.339+0.129 - 0.668 +0.095
Afz'tregz'on + 0.010
Az [pixel] 75.358 £0.373+0.066 | 75.537+£0.248 +0.131 | 75.491 +£0.243 +0.100

average Az [pixel] 75.481 £0.159 + 0.062

Table 5.4: Results from 2001 for the position difference Az of the 7Hsp 15 and
the 7.{_1606}1_)59 transition, given as value £ Agqp &= Agys. All three measurements
were conducted with an equivalent target pressure of 28.5 bar.

For the uncertainty Ajym,, of this correction, the vertex of the parabola
(at t=1010) is taken as the point of greatest stability:

Ajump = V(AB - (tro — tam))2 + (AC - ((1010 — ,0)2 — (1010 — ,5)2))2.

The validity of the parabolic model for this correction was tested by
fitting only part of the available data (7H and 7O positions) and by fitting
the parabola to the peak positions in spectra from whole data blocks instead
of small time increments (12 hours). As can be seen in Table 5.3, the results
for the corrections Cjym, in the different data blocks agree very well with
each other. For the final analysis, the result from the whole period (7C, 7O
and 7H) with 12h increments was used.

Derivation of the transition energy With the corrections for curvature
fit and spectrometer instabilities applied, the results for the position differ-
ence Az from the three 28.5 bar measurement blocks are in good agreement
with each other (see Table5.4). For further analysis the weighted average of
Az is used. Since the systematic effects A,y are largely independent of each
other for each of the three results (the sole exception is A fiiregion, Which does
not contribute noticeably), the systematic error Ay, of the weighted average
is also reduced.

The steps from Az to the measured transition energy E, summarised in
Table 5.5, are the same as for the 2000 measurement, but with a crystal-
detector distance of yop = (1915.6 + 1.0) mm — the focal distance changes
according to the different Bragg angles © p with the Qu 101 crystal.
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| 2001 (28.5bar) | value Agiar Agys |

| Ax [pixel] | 75481  +£0.159  £0.062 |
| Ax [mm] | 3.0192  +0.0064 +0.0025 |
A® (uncorrected) 525.107  £0.69”7  +0.27”
Cae + 0.04”
Ayop, =1mm +0.17”
Cfoc. and Ay, - 0.10” +0.02”
AO (corrected) 525.04”  £0.69”  +0.32”
Op(rH) 39°58'52.58”  £0.69”  +0.32”
Measured energy [eV] 2885.919 +0.012 +0.005

Table 5.5: Corrected Bragg angle ©p and transition energy of the 7Hgz, ;15 tran-
sition measured in 2001 at 28.5 bar with a Qu 101 crystal. For an explanation, see
text.

Measurements at 3.5 bar and with liquid hydrogen Since the 70O
line from the simultaneous measurement at 3.5 bar is also used as the energy
calibration of the liquid hydrogen (LHs) measurement which was measured
immediately before, the results from both are listed together. Only the peak
position distance of the LHy measurement needs to be corrected for the grad-
ual position change of the spectrometer. The results are collected in Tables
5.6 and 5.7 — apart from A, Ceyrve and Clymyp, all corrections and uncer-
tainties are the same as for the measurement at 28.5 bar.

| Measurement: | 2001-4 (LH,) | 2001-5 (3.5 bar) |
Data files 601-661 495-600 600-661
Transition 70 mH 70 mH
Position [pixel] 688.358 764.035 688.358 763.728
Agy + 0.136 + 0.310 + 0.136 + 0.400
Aredist. + 0.023 + 0.018 + 0.023 + 0.025
Ceurve and A yrye - 0.007£0.007 + 0.016 £0.016
Cliump and Ajymp - 0.100+0.144 none
Afitregion + 0.010

| Az [pixel] |  75570+£0.340£0.145 |  75.386£0.424+0.018 |

Table 5.6: Results from 2001 for the position difference Az of the 7H3j,_,15 and the
mOgh—s5¢ transition, given as value + Ay = Ayys. Measurements were conducted
with liquid hydrogen and with an equivalent target pressure of 3.5 bar.
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| 2001 (LHa) | value Agtat Agys |

| Ax [pixel] | 75.570  +£0.340  £0.145 |
| Ax [mm] | 3.0228  +£0.0136 +0.0058 |
AO (uncorrected) 52548  +146” +0.62”
Cae + 0.04”
Ayep = 1mm +0.17”
Coc. and Ay, -0.10” +£0.02°
A®O (corrected) 5'25.42”  +£1.46” +0.64”
©p(7H) 39°58752.26” +1.46” +0.64”
Measured energy [eV] 2885.924 +0.024 +0.011

Table 5.7: Corrected Bragg angle ©p and transition energy of the 7Hgz,_,1, tran-
sition measured in 2001 with liquid hydrogen and a Qu 101 crystal. For an expla-
nation, see text.

| 2001 (3.5 bar) | value Astat Agys |
| Ax [pixel] | 75.386 £0.424  +0.018 |
| Ax [mm)] | 30154 +0.0170 +0.0007 |

AO (uncorrected) 524.69” +1.83"  +0.08”

Chre + 0.04”

Ayop, =1mm +0.17”

Coc. and As,, -0.10” +£0.027

AO (corrected) 524.63”7 +1.83" +0.18

Op(aH) 39°58'53.05° +183 +0.18

Measured energy [eV] 2885.911 +0.031 +0.003

Table 5.8: Corrected Bragg angle ©p and transition energy of the 7Hs, 1, tran-
sition measured in 2001 at 3.5 bar with a Qu101 crystal. For an explanation, see
text.
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5.2.3 2002

The beamtime of 2002 was mainly devoted to the improvement on the accu-
racy of I'y4, but it also provided new data for €;, from the measurement of the
mHs, 15 transition. The target pressure of 10 bar provided very high rates,
but it precluded a simultaneous measurement of 7H and the 7O calibration
line. To control the influence of mechanical instabilities, two lines were used
to monitor the line positions: simultaneous measurement of the wBeyss 34
line for the first data block (2002-1), intermittent measurements of the Zn
Ko line for the second (2002-2).

Position correction Aj,,,, with 7Be As noted in Sec.5.1.4, slight posi-
tional changes of the spectrometer between 7H and 7O measurements can
be corrected with the 7Bess_,34 line. In the 2002-1 measurement, the fit
results for the 7Be position were (130.350 & 0.318 £ 0.065) pixel during the
7O measurement and (132.057 £0.167 = 0.037) pixel during the 7H measure-
ment. From this, a correction of Cjymp = —1.707 pixel with an uncertainty
of Ajymp = 0.367 pixel to the position difference is derived.

745
744
n

; |
743 | | |
: | TH measurement ' IO measurement
742 ¢ : files 267-447 files 449-467
’ |
I
I

Position [pixel]

741 .
740 |
739 | Il 180 L. Ny
g il ‘ ‘ ‘ ‘ ‘ o
100 150 200 250 300 350 400
Time in hours

Figure 5.5: Zinc Kay peak positions in 2002. Changes of the spectrometer angle
© srum before the mH and 7O blocks caused a jump of more than 4 pixel, but the
zinc position did not vary more than + 0.5 pixel during the measurements.
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Figure 5.6: Spectra of zinc fluorescence X-rays from before a) and after b) the
2002-2 7H measurement. The difference in relative intensities of the Kaj and the
Kas transition is probably caused by the small size of the zinc target.

Position correction Aj,,,,, with Zn Ka For the 2002-2 data block, mea-
surements with a zinc target placed close to the target cell and irradiated by
an X-ray tube were performed twice a day to check the spectrometer stabil-
ity. The target was so small, however, that the line shape of the Zn spectrum
varied strongly, especially regarding the relative line intensities of the Kay
and Kay transitions (Fig.5.6). In effect, a slight positional change of the
spectrometer causes a different change of the fitted peak position because
part of the spectrum is not present. Even with this limitation, the develop-
ment of the Zn Ka position over time (Fig.5.5), shows that the spectrometer
was rather stable throughout the 7H/7O data taking.

Analogical to the measurement with 7Be, the position distance between
7H and 7O is corrected by the positional change of the zinc peak. The
average position of all zinc measurements conducted during the 7H block
is 738.953 pixel (the statistical error of the fit is negligible due to the high
statistics). For the 7O block the result is 738.715 pixel, which gives a correc-
tion Cjymp of - 0.238 pixel. Due to the zinc target problems, the uncertainty
of the correction has to be assumed to be roughly as large as the correction
itself: Ajymp = 0.25 pixel.

In spite of this large estimation for the systematic error, the corrected
position distances for the 2002-1 and the 2002-2 measurements are not fully
consistent with each other. While the calibration with zinc is obviously
problematic with a small target, an analysis of the 2002-1 data with the
correction Cljym, based on the zinc measurements conducted during that
time gives a corrected Az of (90.19 4+ 0.56 £ 0.25) pixel, which is in perfect
agreement with the result based on a correction with 7Be. While this is only
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| Measurement: | 2002-1 (mHsp—s15) 2002-2 (mH3p_s15)
Data files 135-167 186-227 449-467 267-447
Transition 7O 7H 7O 7H
Position [pixel] 752.776 844.626 747.803 839.501
Ay 0.153 0.537 0.130 0.177
Aredist. 0.017 0.023 0.016 0.008
Ceurve and Acyrye + 0.005+0.005 - 0.011£0.011
Crump a0d A jymp ~1.707 £0.367 ~0.238 % 0.250
Atitregion + 0.010
Az [pixel] 90.148 £ 0.559 +0.367 | 91.449 £+ 0.220 4+ 0.250
average Az [pixel] 91.206 +0.225 +0.196

Table 5.9: Results from 2002 for the position difference Az of the 7Hsp_,1, and the
mOgh—s5¢ transition, given as value + Ay = Ayys. Measurements were conducted
with an equivalent target pressure of 10 bar.

| 2002 (10 bar) | value Aot Agys |
| Ax [pixel] | 91.206 +0.225  +0.196 |
| Ax [mm] | 36482 +0.0000 =+ 0.0078 |

AO (uncorrected) 6’8.06” +0.91” +£0.79”

Chre + 0.02”

Ayop =1mm +0.18”

Croo. and Ay, 20.107 £0.02”

AO (corrected) 6’798 +£0917 +£0.81”

Op(rH) 13°1423.397  £0917 080

Measured energy [eV] 2885.964 +0.014 +0.012

Table 5.10: Corrected Bragg angle © g of the 7Hs,_,1, transition at 10 bar mea-
sured in 2002 with a Si111 crystal. The result is given as value £ Agyqp £ Agys.

data from a single measurement, it indicates that the zinc correction method
is principally sound. The source of the problem might be a vacuum break
immediately before the 2002-2 measurement, which might have had an effect
on the spectrometer setup. At the current stage of the analysis, however,
this inconsistency remains unresolved.

The corrections to the Bragg angles ©p of 7H and 7O are the same as
for the 2000 beamtime and can be found in Table4.2. Other systematic
corrections, collected in Table 5.10, are also essentially the same as for that
setup, but the crystal-detector distance was (2044.541.0) mm instead of
(2046.3 +1.0) mm.
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5.2.4 Summary of results

The experimental results for the mHs, ,;; transition energy from all three
beamtimes are shown in Fig. 5.7 and collected in Table 5.11. One important
experimental outcome is that no density dependence could be detected —
no extrapolation to density zero is necessary, and the values from all three
beamtimes can be averaged for the final result.

It is also remarkable that all results are in good agreement with each
other and with the result of the ETHZ-PSI experiment [5], in spite of a dif-
ferent energy calibration method. This strongly indicates that use of a pionic
calibration line is a valid method for improving the attainable experimental
accuracy.

Two systematic uncertainties that apply equally to all measurements,
Apizer and Afqeing, have to be taken into account for the final result. While
the nominal size of the CCD pixels is 40x 40 um? with no error indicated by
the manufacturer, an estimate of the actual uncertainty after an optical test
measurement is 0.1% [62]. This is reflected in A,;;¢;, which constitutes a large
part of the total systematic error — a forthcoming precision measurement of
the pixel size will improve the accuracy of this result considerably.

Measured energy Eneas. (THsp15) [€V]

‘ Measurement ‘ density H value Asgiat Agys ‘
2000 3.5 bar 2885.876 =+ 0.044 + 0.003
2001-(1-3) 28.5 bar 2885.919 £ 0.012 =+ 0.005
2001-4 liquid hydrogen 2885.924 £ 0.024 =+ 0.011
2001-5 3.5 bar 2885.911 =+ 0.031 =+ 0.003
2002 10 bar 2885.964 =+ 0.014 + 0.012
average Emeas. [€V] 2885.928 4 0.008 =+ 0.004
Apizel + 0.005
AC’C’Dfacing 1—8882
Final result Ejeas. [€V] 2885.928 + 0.008 D908
| 1994 5] | 15bar || 2885916 +0.013 =+ 0.033

Table 5.11: Results for the measured energy of the mHsj,_,15 transition from the
2000, 2001 and 2002 beamtimes, given as value £ A = Agys. The systematic
uncertainties A f4eing and Apigze are applied to the weighted average of all measured
values. The result of the ETHZ-PSI collaboration [5] is included for comparison.
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Figure 5.7: Measured energy of the mHs,_,1, transition from all three beamtimes
(2000, 2001 and 2002) with the weighted average indicated by the horizontal band.
The result from Ref. [5] (1994) is included for comparison.

If the CCD array surface is not perpendicular to the crystal-detector dis-
tance ycp, the position distance Az is increased. The resultant systematic
uncertainty A fqcing is an asymmetric effect — no matter whether the detector
is misaligned to the left or to the right, Az is always increased. The value
of Ayqcing used here is based on a very generous estimate of 2° maximal mis-
alignment. Again, this uncertainty will be resolved by a precise measurement
in the near future.

The experimental value of €5 is derived by subtracting the pure QED
energy of the mHs, 1, transition Eggp = 2878.808 £ 0.006 meV from the
weighted average of all three beamtimes:

€15 = (7.120 + 0.008 19:9%8) eV

5.3 Results for 'y,

Derivation of the hadronic broadening I';; from the data is both easier and
harder than for the shift ¢;,. On the one hand, the measured line width
is far less sensitive to most of the systematic influences, but on the other
hand, there are at least three contributions to this width. The challenge
in the analysis lies in disentangling I';; from Doppler broadening caused by
Coulomb deexcitation and the crystal spectrometer response.
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5.3.1 Response function

In addition to the width of the 7H line itself (caused by hadronic and Doppler
broadening), the image reflected to the detector is broadened by the response
function of the crystal spectrometer. Mathematically, this is a convolution of
the original line profile with the spectrometer response. The influence of the
crystal bending process on the well known response function of flat crystals
has to be determined with a narrow line of comparable energy. During the
first beamtimes, the response function was measured with X-rays from pionic
carbon (the 7Cs,_,4; transition).

The investigation of crystal properties with pionic lines is dependent on
accelerator beamtimes and hindered by low event rates. For a thorough study
of response functions, defocussing and other parameters of the spectrometer,
an electron cyclotron resonance ion trap (ECRIT) was installed within the
cyclotron trap at PSI [63]. By trapping plasma created by a high-frequency
wave in a magnetic bottle field, helium- and hydrogen-like argon atoms have
been produced. In such a trap, the ions have very low kinetic energy (a few
eV), so Doppler broadening is negligible [64]. This allows the production of
narrow X-ray lines with high rates and independent of the accelerator.

The first ECRIT measurements were carried out in 2002, profiling the
two crystals that were used in 2000, 2001 and 2002 for the 7H experiment
(Si111 and Qu101). For this, the M1 transition 23S; — 11S; in helium-like
argon (Ar's") at 3104 eV was used (Fig5.8), because it is a single line of very
small natural width.
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Figure 5.8: Measurement of Ar'*", Ar'®" (M1 transition) and Ar'®" from the
first trial run of the ECRIT source in 2002.
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For the first analysis of the spectra from the ECRIT measurement and
all fits to the 7C spectra up to 2002, the response function was characterised
as the Gauss portion of a Voigt profile (a convolution of a gaussian and a
lorentzian distribution). By optimising the x? of the numerical fit, a value
for the Gauss width was determined which was then kept fixed in the fits of
other spectra. This method gave a total response width of (5454 31) meV
for the Si111 and (499 +13) meV for the Qu 101 crystal.

With this approach, the experimentally determined widths already show
a strong dependence on the measured mH,,,_,;, transition and a possible hint
of density dependence (see Table5.12 and Fig.5.9).

To gain a more thorough understanding of the crystal response function,
a new approach to the analysis has been taken. An X-ray tracking program
for spherically bent crystals with a response function based on the rocking
curve of a flat crystal (obtained from the XOP program package [47]) is used
to create spectra for different settings of the spectrometer (crystal apertures,
focal length, ...). These simulated spectra are compared with the results of
the ECRIT measurements at these spectrometer settings.

It was found that all ECRIT spectra could be reproduced very precisely
when an additional Gaussian width of about 47 microrad for the Si111 and
30 microrad for the Qu 101 crystal was incorporated into the simulated spec-
tra (see Fig. 5.10 for examples).

Coulomb explosion in CH; With the new analysis method, it was also
possible to resolve a discrepancy between the FITOS results for the response

Measured 7H line widths in eV (response width subtracted)

‘ Measurement ‘ transition ‘ density H value Agtat Agys ‘
\ 2000 | mHgp 15 | 3.5 bar | 1.039 +0.085 = 0.022 |
2001-(1-3) mHap 16 28.5 bar 1.020 £ 0.029 =+ 0.022

2001-4 mH3p—15 | liquid hydrogen || 1.086 =+ 0.063 =+ 0.022
2001-5 THs3p 515 3.5 bar 1.039 + 0.085 =+ 0.022
2002-(1-2) THsp 515 10 bar 1.053 +£ 0.027 + 0.022
2002-3 THaps1s 10 bar 0.899 =+ 0.045 =+ 0.010
2002-4 mHap 15 10 bar 1.170 £ 0.032 =+ 0.035

| 1994 [5] | wHszp1s | 15 bar [ 0.969 +0.045 = 0.010 |

Table 5.12: Results for the measured width of nHy,,1, transitions from the
2000, 2001 and 2002 beamtimes after subtraction of the response width. Results
are given as value £ Ay = Agys. The result of the ETHZ-PSI collaboration [5] is
included for comparison.
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Figure 5.9: Measured line widths after subtraction of the crystal response func-
tion, but without a correction for Doppler broadening. The result from Ref. [5] is
included for comparison.

function widths measured with the ECRIT and with 7C: for both crystals,
the fitted line width of the response function was larger with the pionic lines.

The difference can be explained by introducing an additional width from
Doppler broadening, which is caused by a cascade process called Coulomb
explosion. In this non-collisional cascade process (not to be confused with
Coulomb deexcitation) only possible in molecular targets, the fast removal of
the binding electrons through Auger deexcitation leads to a strong Coulomb
acceleration of the positively charged molecule fragments. Coulomb explosion
in exotic atoms was directly observed for the first time from a line broadening
in pionic nitrogen [65] — in such diatomic molecules, the gain in kinetic energy
can be expected to be especially high.

The 7C measurements were conducted with a CH, target gas where no
Doppler contribution from Coulomb explosion was expected due to the sym-
metrical structure of the molecule. However, the additional width of the
measured 7C spectra compared with the Ar'®" spectra is in perfect agree-
ment with Doppler broadening from a kinetic energy of 15 eV for the 7C atom
(Fig.5.11). This corresponds to a velocity of 1.5-10° cm/s. Earlier measure-
ments of carbon atom fragments after heavy ion impact indicated a lower
fragment velocity of (0.18 + 0.07) - 10° cm/s [66], but higher kinetic energies
from the dissociation of the pionic CH4 could originate from an asymmetrical
explosion: If one or more of the hydrogen atoms would break off before the
others, the breakup of the remaining pionic CH,, molecule could provide the
necessary acceleration.
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Figure 5.10: Spectra of the 3104 eV line from helium-like argon. a) is measured
with the Qu 101 crystal and the detector 15 mm out of focus (towards the crystal).
b) is measured with the Silll crystal, a rectangular aperture (width 60 mm) and
the detector in focus. The superimposed curve is derived from simulation and
reproduces the data in detail.

5.3.2 Fit of the 7H,,,;; line widths

With the crystal response functions derived from the ECRIT measurements,
investigation of the Doppler broadening from Coulomb deexcitation has be-
gun. For this task, a convolution of the response function with a line profile
based on kinetic energy (Ej;,) distributions at the moment of radiative tran-
sition is used to provide the line shape without hadronic broadening. The
Eyrn distributions were calculated with the new cascade code [44], fitted to
data from neutron time-of-flight (nTOF) measurements [39]. In these calcu-
lations, the cross section for Coulomb deexcitation is scaled with a factor k..
The best agreement with the nTOF data is achieved with k. = 0.5.

To fit a measured 7H,,,_,1, spectrum, a line shape derived by the method
described above is convoluted with a Lorentz width I';, — since the crystal
response function and the Doppler broadening from Coulomb explosion are
already processed into the line shape, I';, corresponds to the hadronic broad-
ening [',. For a given k., 'y is varied from 500 meV — 1100 meV in steps of
10 meV and the resultant line is compared to the measured spectrum.

By repeating this process for several values of k. and minimising the x?
of the fit, results for I';, and k. are obtained. If the cascade model behind
the E};, distributions is perfectly correct, this procedure has to result in the
same [';, and the same k. for every mH transition measured so far. This is not
the case; at the current (early) stage of the analysis, values for both the width
'z, and the cascade factor k. diverge strongly for both the different 7H,,, ;15
transitions measured in 2002 and different target densities measured in 2001.
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Figure 5.11: Spectra of the mCsq_,4s transition measured with the Qu101 crys-
tal. The superimposed curves are from simulation: In a), just the spectrometer
response function derived from the ECRIT measurements is used for the simula-
tion, in b) an additional Dopplerbroadening from Coulomb explosion is included.

While it precludes a decisive improvement in the experimental accuracy
of 'y, this disagreement strongly validates the experimental strategy laid out
in Sec.3.2. The variation of target densities and 7H,,,_,1; transitions simul-
taneously shows the need for further improvement of the cascade models and
provides important information towards this end — the Ej;, distribution used
here originates from nTOF measurements which provide information about
the ns states. The np states, especially the circular state 2p, have a different
cascade history, which obviously results in a quite different distribution of
Ekin-

Even so, a constraint on I';; from the experiment can be attained at this
point: the results from the mHs,_,1; and mHy,_, 1, transitions provide a good
estimate on the upper limit of the hadronic width, since Coulomb deexcita-
tions above n = 3 contribute less kinetic energy than the deexcitations into
the 2p-state that influence the mHg, 1, transition.

The fit method described above results in a limit of I';; < 0.850eV. This
is in good agreement with the result of the ETHZ-PSI experiment, which
gave I';; = (0.868 £+ 0.040 £ 0.038)eV.
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5.4 Experimental rates

Apart from €;, and 'y, the relative intensities for different target densities
and mHy,_,1, transitions can also provide data points for the understanding
of the mH cascade. To allow a comparison of the results, they have to be
corrected for the absorption of X-rays in the target and detector windows and
normalised with the collected beam current in Cb (see Table 5.13). As noted
in Sec.4.1.7, however, this normalisation method is not entirely reliable, so
these values have rather large uncertainties.

Furthermore, the decreasing rates over time for some of the measurements
suggest that residual water in the target chamber vacuum froze over the
target window, gradually reducing the number of pionic X-rays that could
reach the crystal. These effects would have to be investigated in detail before
the rates of the experiment could be compared with results from cascade

model calculations.

| Data set | Target | Transition | Rate [1/Cb] Q, [Cb] N.events |
2000 H5/02 (1.9%), 3.5bar mHap 16 1.6+0.1 438 688 +34
70654 1.140.2 461+ 93
2000-resp. CHy4, 1.1bar 7TC59_>4f 23.1£0.6 64 1479440
2001-1 H,, 28.5bar mHap 16 7.3+0.2 166 1218 +39
He/'6180, (20%), 7.5bar | 7Ogn_s5 118404 223 2624+80
2001-2 H,, 28.5bar mHap 16 6.9+1.5 407 2820+ 59
He/'®180, (20%), 7.5bar | 7Ogn_ss, 103+£0.3 211 2165473
2001-3 H,, 28.5bar mHsp 515 5.9+0.1 531 3152 +63
He/'6180, (20%), 7.5bar | 7Ogh_s5 63402 342 2151472
2001-4 H,, liquid mHsp 15 2.94+0.1 611 1770+ 50
2001-5 H5/02 (1.9%), 3.5bar mHap 16 3.1+0.1 348 1063 +40
70654 2.1+0.1 729+ 30
2001-resp. CH., 1.5bar 7Csgas 138102 253 3484163
2002-1 H,, 10bar mHap 16 3.6+0.1 262 942 + 37
He/'80, (20%), T.5bar | 7Ognsg 6.5+0.7 196  1273+136
2002-2 H,, 10bar mHap 16 8.0+0.1 914 7309 £97
He/160, (20%), 7.5bar | 7O0gh-sg 139+1.3 115 15944155
2002-3 H,, 10bar THap 15 49+0.1 1478 7311 +97
2002-4 H,, 10bar mHop 16 94+0.1 780 7357 +114

Table 5.13: Measured event rates of 7H,p_,1, and mOgp_y5, transitions for the
three beamtimes. The rates are derived by dividing the peak intensity (N.events)
by the integrated proton beam current (Q,), which is normally 6 Cb/h. The rates
are consistent with the estimate found in Sec.4.1.7.
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Chapter 6

Conclusions and outlook

6.1 Results

6.1.1 The hadronic shift and width

Hadronic shift ¢;;, Within the experimental uncertainty, the 7Hg,_,,, tran-
sition energy shows no influence of the target density. This implies that
(ppm)pee molecular states, once formed, deexcite through other mechanisms
than radiative deexcitation. Energy calibration with pionic X-rays has been
shown to work very well.

The averaged result for the hadronic shift from all three beamtimes is

€1, = (7.120 £ 0.008 T308) eV,

given as €15 = Agqt £ Agys. The systematic error includes the uncertainty of
the QED transition energy Eggrp of 0.006 eV. The accuracy in the determi-
nation of €, is increased by a factor of three compared with the ETHZ-PSI
result [5].

The forthcoming measurements of the 7H experiment will further improve
the experimental value for €;,. Once the mechanical issues of the current
spectrometer setup are resolved, the systematic error of measurements with
high target density (and correspondingly high event rates) will be decreased
noticeably, probably as low as for simultaneous measurements of 7H and
70O. An immediate decrease of the systematic uncertainty will result from a
precision measurement of the CCD pixel size and a check whether there is
any misalignment of the CCD array towards the crystal-detector axis.

With the new result, the experimental determination of €;, has reached
a precision comparable to recent calculations of Eggrp for the mHs,_,1, tran-
sition. There are no fundamental hindrances for a more precise calculation
of Eggp, although it would require a significant mathematical effort [61].
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Hadronic width I'y; A strong dependence of the measured line widths on
the initial state np in 7H ground state transitions is observed (see Fig.5.9).
This is a clear experimental manifestation of the different contributions from
Coulomb deexcitation to the line broadening.

The results of an analysis that takes the Doppler broadening of the line
shape from Coulomb deexcitation into account were not consistent for dif-
ferent initial states np or different target densities. The inconsistency shows
that the information on kinetic energy distributions obtained from neutron
time-of-flight measurements (Fig. 3.2) cannot be applied directly to the study
of radiative transitions.

Therefore, this analysis of the line shapes can only provide an upper limit
on the hadronic width:

', £0.850eV.

This limit was derived from the 7Hs,_,1, and mHy,_,15 lines because, for these
transitions, contributions to the kinetic energy distribution from Coulomb
deexcitation are limited. Improvements on existing cascade models are in-
dispensible to permit an increased experimental accuracy for I'y,.

6.1.2 7N scattering lengths

From the final result for the hadronic shift €;,, the sum a™ + a~ of the
isoscalar and isovector mN scattering lengths can be calculated by inserting
the value for €, into Eq. 2.2. With the correction factor §, = (—7.24-2.9)-1072
from a next-to-leading order effective field theory calculation [22], this results
in

at +a = (0.0932 £+ 0.0029) m,*.

Due to the large uncertainty of d, the improved accuracy of the experimental
result does not lead to a noticeable change of this constraint on the scattering
lengths.

The preliminary value for hadronic broadening I';;, < 850eV gives an
upper limit on a~ through Eq.2.3. Since there is not yet a result for the
correction factor dr from a calculation within the framework of ChPT, the
value from the potential model calculation op = (—1.3 + 0.5) - 1072 [21] is
used here:

a” <0.0895m_ .

A plot of these results shows that the constraints from €;; and ' in 7H
are no longer in agreement with the constraint from €5 in 7D (Fig.6.1). In
the light of possible molecular effects and the role of three-body-corrections
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in the derivation of the 7N scattering lengths from 7D experiments, no state-
ment on the strength of isospin breaking can be inferred from this discrepancy
without further detailed considerations.
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Figure 6.1: Experimental constraints on a®™ and a~ from the €, and 'y results,
with the theoretical prediction from current algebra [10] included for orientation.
The results from previous 7H and 7D experiments are indicated by the dashed
lines (see Fig. 2.2 for references).

6.2 Outlook

The next stages of the 7H experiment will concentrate on an improved ac-
curacy for I'y;. Fig.6.1 demonstrates that more precise results for the 7N
scattering lengths from 7H data depend on better constraints from I'v;. Ad-
ditionally, the determination of the sum a®™+a~ from €, cannot be increased
in accuracy as long as a more precise value for the low-energy constant f;
(see Sec.2.2.3) is unattainable.
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To further improve the experimental value for I';s, the correction for
Coulomb deexcitation has to be more precise. This requires rigorous testing
of the 7H cascade models from which kinetic energy distributions at the
initial states np of the measured transitions are derived. The experimental
data gathered in 2001 and 2002 provide an excellent basis for these tests.

For a dedicated study of kinetic energy distributions in exotic atoms,
measurements with muonic hydrogen (uH) are planned. The cascade pro-
cesses are expected to be very similar (except for nuclear absorption) to 7H.
Without hadronic broadening of the ground state and a precisely known
spectrometer response function, the effects of Coulomb deexcitation can be
investigated in detail. The experimental approach of investigating different
target densities and initial transition states np, which proved to be successful
in the 7H measurements, will also be applied to the pyH measurements.

The low production rate for yH is offset by the absence of loss through
nuclear absorption, so the event rates are comparable with the rates for 7H.
Theoretical cascade calculations can then be calibrated with the results of the
#H measurement, improving the models these calculations are based upon.
This, in turn, will lead to better theoretical predictions for the 7H cascade.
With a new understanding of the 7H cascade, an increase of the experimental
accuracy for I';; to 1% should be attainable.
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Appendix A

CCD alignment

This appendix details the procedure for determining the rotations and offsets
for the individual CCDs in the 3x2 array. A mask with horizontal, vertical
and diagonal lines was constructed and used for X-ray measurements. The
mask image on the CCD detector array is shown in Fig. A.1.

The relative rotations of the CCDs are determined by performing a linear
fit to the mask slits. After the CCDs are rotated by the correct amount,
another fit is made to determine the crossing points of the slits at the CCD
boundaries. The offsets are calculated by aligning these crossing points with
each other.

1800 1
1600 1

ooD 4 oD 1

]

N
=
o
o

O e
CCD 2

1CCD 5

Y [pixel a 0.04 mm

4600 E"'"'""""' 2 - ‘r""""’;;«"" """" S
CCD 3

[

L0 w0 e w0 w0 1o
X [pixel a 0.04 mm]

Figure A.1: The 3x2 CCD array with data from the mask measurement. Rotation
and translation corrections are already applied.
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The mask has a thickness of 1 mm, the slits are wire eroded with a width
of 0.1 mm. The detector array, shielded by the mask, is irradiated with X—
rays from a sulphur fluorescence target, which produces mainly 2.3 keV X-
rays; an energy low enough to keep charge splitting effects small. The target
(activated with an X-ray tube) was placed as far away as possible (3.3 m) to
reduce distortion of the mask image by parallax effects. A collimator with
a diameter of 5mm was put in front of it to provide a point—like source. In
total, about 600000 events were collected.

Extraction of individual CCD rotations A new fitting algorithm within
the data processing software performs a linear fit to the images of the mask
slits. The fit is done by calculating the center of gravity (COG) for each
CCD row (or column for fitting a horizontal line) and then making a linear
regression through them. The error of the COGs is based upon a rectangular
distribution with a width equal to the width of the slits of the mask. With
N as the number of events and w as the slit width, Acog = ﬁﬁ A width
w of 4 pixels for the horizontal /vertical lines and 6 pixels for the diagonals
is assumed.

From the inclinations (in mrad) of the mask slits relative to perfect hor-
izontals, verticals or diagonals (45°), the rotations of individual CCDs are
calculated. Results (relative to CCD 3) are given in Table A.1.

Calculation of CCD offsets After the rotations have been determined
and applied, the lines are fitted again to determine the crossing points of
each slit with the CCD edge. The correct values for the vertical offsets
follow from the condition that both lines have to continue from one CCD to
the other. With CCD 3 as the starting point, the only other CCD fulfilling
this condition is CCD 6. The position of all other CCDs has to be calculated
relative to all CCDs shifted so far.

| CCD || Rotation [mrad] | x/y-Offset [pixel] ‘
1 0.197(78) "2.818(22) / 22.264(77)
2 0.522(62) 71.049(15) / 10.901(85)
3 XXX 0/0
4 1.577(84) | -14.347(46) / 20.808(75)
5 2.040(109) | -14.597(43) / 12.265(64)
6 6.382(101) | -16.487(40) / 1.173(52)

Table A.1: CCD position corrections (relative to CCD 3) from the mask mea-
surement. These values were used throughout the analysis of the 7H experiment.
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The exact derivation goes as follows (Fig. A.2): for case i), one horizontal
and one diagonal line, A; +y+B; -x=A, and A;+y+ B, -x=A;. From

this one derives:
(A — Ag) — (A1 — Ay)

B: — B

Ax = (AA1)2 + (AA2)2 + (AA3)2 + (AA4)2 ((ABl)2 + (ABz)z) . (Az —As— A+ Ag;)2
T (B1 — B2)? i (By — B2)*

For case ii), one horizontal and one vertical line, A; +x+ By -y = A,
and A; +y+ By -x = A, (note that B; is defined as B; -y; = x;). Here, the
equations are:

A=A = Bi(As— Ay

B;-B,—1
(Ax)? = (AAL)* + (AA)? + (AB1)*((AA3)?) + (AA,)?
(By - By —1)2
As—A;s  By(Ar— Ay —Bi(As — A\’
AB;)? —
+ (ABy) (31-32—1 (B:-B, — 1)
Bi(A; — Ay — By (A; — Ay))\°
AB,)? .
+ ( 2) ( (Bl . B2 _ 1)2
B2 A3 |aa
CCDh1 X CCD 2 l.
Bl ccb1

<
-~

/B2
<
/As‘ A4

Group of already

A2 fitted CCDs

O :
Al A2 B1 Al

i) horizontal + diagonal lines i) horizontal + vertical lines

Figure A.2: Definition of the crossing points (see text).
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Results and conclusions The results for the horizontal and vertical dis-
placements are given in Table A.1. With a pixel size of 40 ym, the maximal
uncertainties are about 4 ym. This level of precision is already near to what
is achievable with optical methods, which would have required dismantling
and transporting the detector. A further improvement in accuracy is not
limited by statistics, but by the mechanical precision of the mask itself.

The analysis of the mask data assumes that the slits on the mask are
perfectly straight - the given uncertaincies are purely statistical. However,
a detailed study of the vertical slit to the right (on CCDs 1,2 and 3) shows
that the mechanical irregularities of the mask are big enough to be notice-
able. Fig. A.3 shows the centres of gravity calculated for this slit (subtracted
from the fit through these points). Both the sudden jump (left arrow) and
the inclination change (right arrow) are substructures on a scale of roughly
1/10th of a pixel (4 um). This fits well with the mechanical accuracy of 5 ym
that is given for the mask slits.

Two possible methods for improved accuracy would be an optical mea-
surement of the CCD array or a repetition of the procedure outlined here,
but with polished edges instead of wire-eroded slits.

Figure A.3: Centres of gravity of the right vertical mask slit. Arrows indicate the
2 largest irregularities.
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Appendix B

Plan of the spectrometer wiring

The plan shown on the next side is divided into a section for the control hut
HUT and a section for the experimental area AREA. In the setup during
beamtimes at PSI, they are about 25m apart from each other.

Conceptually, spectrometer control and data transfer are designed with
the following aims:

Permanent control of spectrometer settings during measurements.

Changes of the spectrometer settings have to be possible without en-
tering the experimental area, since this necessitates at least 10min
interruption of data taking.

Data transfer should be independent of the PSI network. This is
achieved with a local area network not shown in the plan.

Control of the CCDs (with the PION 3 PC) has to be completely
reliable and possible from both the hut and the area. Since software
solutions for control of one PC from multiple terminals tend to be
unstable, slow and/or non-intuitive, a direct terminal extension is used.

Both spectrometer and CCD control must continue to function during
power outages. To this end, the power supply for both the PION 1
PC for spectrometer control and the PION 3 PC is backed up by a
safety battery that can operate them for at least an hour.
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Appendix C

Run file lists

The lists of data files for the beamtimes in 2000, 2001 and 2002 are collected
on the following pages. A short explanation of the headers is given here:

e date is the day this run was started.

e crystal aperture is the label of the Bragg crystal and the rectangular
aperture on it used for this measurement. Vertically, the aperture is
limited by a circle (@95 mm).

e target/source is the target gas or (for fluorescent X-rays) the source.

e p/mbar and T/K gives the pressure and temperature of the target
gas.

e Q,/C is the integrated proton beam current.
e LEX # /page indicates where this run is found in the experiment log.
e file name — files are numbered sequentially for every beamtime.

e comment — notes on spectrometer settings and other information.
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