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Abstract. Strong-interaction shift ;s and broadening I'1s in the pionic hydrogen
atom are determined from the energies and line widths of X-ray transitions to the 1s
ground state. They are directly connected to the 7N scattering lengths which are re-
lated to the 7N coupling constant and the 7N sigma term being a measure of chiral
symmetry breaking. Therefore, the measurement of the pion—nucleon s-wave scat-
tering lengths constitutes a high-precision test of the methods of chiral perturbation
theory (xPT), which is the low-energy approach of QCD. Additional constraints for
the mN scattering lengths are obtained from the measurement of the ground-state
shift in pionic deuterium. The hadronic width is linked to s-wave pion production
in nucleon—nucleon collisions. A new experiment, set up at the Paul Scherrer Insti-
tut (PSI), has finished taking data recently and will allow the determination of the
scattering lengths at the few per cent level.

1 Introduction

Quantum chromodynamics (QCD) is today’s microscopic theory of strong
interaction based on colored fermions — the quarks — and colored massless spin
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one-field quanta — the gluons. At highest energies, perturbative methods are
applied with great success because of the decreasing strength of the interaction
as described by a running strong coupling constant ay (asymptotic freedom).
At low energies, in the non-perturbative regime, a new framework — chiral
perturbation theory (xPT) — has been proposed [1], which exploits the left—
right symmetry of the QCD Lagrangian in an ideal world of 2 (or 3) massless
light quarks u, d (and s) (chiral limit). Here chirality is conserved forever and
pions become stable and even massless. In the real world chiral symmetry of
the strong force is explicitly broken because of finite masses of about 3, 5 and
95 MeV/c? for the u, d and s quark[2]. Such small (current) quark masses
are, however, unable to explain the masses of the hadron multiplets.

The weak decay of pseudoscalar (07) fields like pions corresponds to the
non-conservation of the axial charge hiding the chiral symmetry. It results
in a non-zero expectation value B =| (0 | gg | 0) | (chiral condensate) of ¢q
states between the QCD vacuum (spontaneous chiral symmetry breaking).
This fact is known from current algebra as partially conserved axial current
(PCAC) [3, 4]. Furthermore, neutron decay can be regarded as the strong
decay n — pm~ and subsequent pion disintegration which connects the strong
wN coupling constant fry, the weak pion decay constant F, and the weak
axial coupling ga by frn = my+ga/2F: (Goldberger-Treiman relation [5]).
A comprehensive discussion is given, e.g., in [6].

Spontaneous symmetry breaking leads mandatorily to eight massless pseu-
doscalar particles (Goldstone bosons) which may be identified with the 0~ me-
son octet (7, K, 7). Finite masses of these pseudoscalar mesons, though well
below the usual hadronic scale of 1 GeV /c2, especially in the case of pions, re-
quire both finite current quark mass values and a non-vanishing chiral conden-
sate. In lowest order their masses are given by the Gell-Mann—Oakes—Renner
relations [7]. For the case of pions, e. g., m2 = 1 (m,+mg) B/FZ + higher orders.
The chiral condensate, equal for all pseudoscalar mesons, adjusts the phys-
ical masses of the pseudoscalar octet. The parameters B and F are prin-
cipally calculable within lattice QCD, but precise values still must be de-
termined from experiment. An introduction to the concepts describing the
structure of hadrons and the methods of yPT may be found elsewhere
[8, 9, 10].

Approaching the chiral limit, degrees of freedom are field quanta like pi-
ons, to be described by the methods of field theory. Their interaction with
(hadronic) matter can be regarded as a kind of residual interaction of QCD
and is strongly influenced by the underlying chiral symmetry. On the strong-
interaction scale corresponding to about the nucleon’s mass, the zero mass
limit is closely approached considering light mesons like the pion because of
(my/My)? ~ 2% < 1. Therefore, a perturbative approach within an effective
field theory (xPT) becomes possible[1, 11, 12, 13] where symmetry proper-
ties of the QCD Lagrangian manifest in observables by means of low-energy
theorems. A (chiral) expansion ordered by counting the powers of (small) mo-
menta, the quark mass difference (mq — m,,) and the fine structure constant
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« allows to include on the same footing strong isospin breaking effects re-
sulting from the mass difference (mg # m,) and those of electromagnetic
origin. The unknown structure of QCD at short distances is parameterized by
so-called low-energy constants (LECs) and, disregarding future lattice QCD
calculations, must be taken from experiment.

According to its origin, yPT works best for the lightest quarks v and d as
combined in the lightest strongly interacting particle — the pion — and for the
description of the pion—pion interaction [14, 15]. The experimental approach,
however, is very demanding[16, 17]. On the other hand, it has been shown
that such an approach can also be applied to the meson—nucleon case, then
often denoted as Heavy Baryon Chiral Perturbation Theory (HBxPT)[9, 10,
13, 18, 19].

So called sigma terms represent the contribution from the finite quark
masses to a baryon’s mass. Applied, e.g., to the proton and u and d quarks
the resulting 7N o term oy = 5 (my+ma) | (p | Gq | p) | measures that con-
tribution from the quark—antiquark pairs ua + dd at the (unphysical) Cheng—
Dashen point s —u = 0, t = 2m2 (s, t, u are the Mandelstam variables).
Though located outside the physical region, sigma terms are related to ob-
servables by extrapolation of meson—baryon amplitudes into the unphysical
region. Hence, scattering lengths are of great importance because they repre-
sent the closest approach in the real world. When comparing the result of the
extrapolation to the HByPT result, o,y is sensitive to the ss contents of the
nucleon [20, 21].

Exotic atoms provide an ideal laboratory to study the low-energy strong
meson—-baryon interaction without the need of any extrapolation to threshold
because relative energies are restricted to the keV range [22]. The experiment
described here aims at a precise determination of the hadronic shift 15 and
broadening I'1; by measuring the transition energies and line widths of the
K X-radiation from pionic hydrogen (wH)[23] in order to extract the wN
scattering lengths to an accuracy of a few per cent. Further constraints will
be achieved by a similar measurement of pionic deuterium (7D) [24].

At first, relations between scattering lengths, pionic atom observables and
mechanisms of formation and de-excitation of pionic-hydrogen atoms are out-
lined. The measurement strategy is introduced followed by a short description
of the experimental approach. Results achieved in earlier measurements and
preliminary ones of this experiment are briefly discussed.

2 Pion—Nucleon Interaction at Threshold

Pions and nucleons combine to isospin 1/2 or 3/2 systems. For the two pa-
rameters one may choose the isoscalar and isovector scattering lengths a™ and
a~, which are given by the isospin combinations a™ = (a2 + 2a3/2)/3 and
a~(a1/2 — as/2)/3 or in terms of the elastic reactions by a* = (a-p_r—p &
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Urtprtp)/2. In the limit of isospin conservation, the elastic channels are re-
lated to charge exchange by the isospin triangle, a,—p_x—p — Artpntp =
-2 Ur—pmon. Obviously, then ar-p r—p = a¥ +a= and ap-pgon, =
—v/2a~ holds. At threshold the 7N interaction is completely described by two
amplitudes reducing to two (real) numbers being identified with the s-wave
scattering lengths.

Approaching threshold and considering negatively charged pions only two
“nuclear” channels, 7=p — 7~ p and 7~ p — 7°n, and the radiative capture
reaction w7~ p — yn occur. The relative strength of charge exchange and radia-
tive capture defines the Panofsky ratio determined to P = 1.546 £ 0.009 [25].

The leading order result (LO) for a® and a~ derived from current alge-
bra[26, 27] already revealed an important feature of the underlying chiral
symmetry — the vanishing of the isoscalar combination a™ in the chiral limit
at™ =0and a= = —0.079/m,. Deviations from these values are due to higher
orders of the chiral expansion and should be small.

Within yPT a and a~ are pure QCD quantities and, therefore, sub-
stantial effort is undertaken to elaborate the corrections to relate the exper-
imentally accessible quantities to a™ and a™ [28, 29, 30, 31, 32, 33, 34]. The
mN sigma term is determined by extrapolation of the amplitude a™ to the
Cheng-Dashen point. The 7N coupling constant f2, /4w is related to a~
by dispersion relation methods (Goldberger-Miyazawa—Ochme sum rule [35]).
The higher orders to be calculated by xyPT are obtained by comparison with
the current algebra result f2 N.LO /47 = 0.072 (Goldberger—Treiman discrep-
ancy Agr) and are expected to be of the order of 2% [9, 10].

Access to the mN scattering lengths a™ and @™ and a,p is given by

Analysis of scattering data extrapolated to threshold
Hadronic level shift eT” and broadening I'T¥ in pionic hydrogen as well

as 7P in pionic deuterium.

In the limit of charge symmetry, @ —p_—zr-n = Grtp_n+p holds. Then
the isoscalar scattering length is also represented by a® = (az-p_r—p +
(r—n—n—n)/2 which may be regarded as pion—deuteron scattering in the limit
of a scattering on a free proton and neutron. To achieve the wD scatter-
ing length itself multiple scattering, nuclear structure and absorption must
be taken into account. Significant corrections are expected, because the sum
Qr—posn—p + Qr—p_z—p almost vanishes and, consequently, the hadronic shift
in 7D must be small compared to estimates using a simple geometrical scaling
with respect to wH.

In 7D scattering true inelastic channels are open and, hence, a,p becomes
a complex number. The real part Ra,p , i.e., a™ + corrections accounts for
single and multiple scattering and the imaginary part Sa,p for true pion
absorption (7~d — nn) and radiative capture (7~d — mnvy). The ratio of
the dominant channels (7=d — nn)/(r~d — nnvy) was found to be P-4 =
2.83 £ 0.04[36]. Other channels contribute only to 0.1%.
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3 Scattering Lengths and Pionic Atoms

3.1 Pionic Hydrogen

The scattering lengths of the elastic channel a,-,_ .-, and the charge-
exchange reaction a,-,_, o0, are related to the strong-interaction shift e,
and broadening I'ys by the Deser-type formulae[37, 38] with rp being the
exotic atom Bohr radius and Bjg the binding energy of the atomic ground
state:

€1s 4

Bls - _TB a’ﬂ'_pﬂﬂ'_p(l + 6€) ’ (1)
1—‘15 q0 1 2

Bi. 87‘3 < + P) [aﬂ. p_,ﬂ.on( —|—5p)] ( )

In terms of the isospin odd and even amplitudes, €15 o< a™ +a~ and ', o
(a™)? hold.

The quantities . represent the corrections to be applied to the ex-
perimentally determined scattering length in order to obtain pure strong-
interaction quantities. Recent calculations for J.r performed within xPT
include the corrections for isospin breaking both from the electromagnetic
interaction and the light quark mass difference on the same footing (mgq —
my,) [39, 40, 41, 42]. In the higher order terms of the chiral expansion further
low-energy constants (LECs) appear. These constants have to be determined
from experiment and not all of them are well known [39, 41]. Alternatively,
a potential model [43] and phenomenological approaches[44] to d. r are pre-
sented, which differ substantially in the numerical values. Finally, the pionic-
atom results must be consistent with the extrapolation of 7N scattering data
to threshold and 7N phase-shift analyses [45, 46, 47].

3.2 Pionic Deuterium

In general, the complex pion-nucleus scattering length ar4(z n) is related to
the measured shift ;5 and width I'15 by the classical Deser formula [37]

e1s +1l15/2=— (2a323mfodc4/hc) “QrA, (3)

where myeq is the reduced mass of the pion-nucleus system. Because of the
small ratio hadronic scattering length a to Bohr radius rp of the exotic atom
| a | /rp < 1, second order corrections due to strong Coulomb interference as
given by Trueman’s expansion [48] have been neglected up to now in view of
the experimental accuracy of several per cent. Then the relations €15 & Rarp
and I'1s < Sarp are still sufficient.

Significant effort has been undertaken and is still going on to describe the
7D interaction at threshold in the framework of chiral Lagrangians[49, 50, 51,
52, 53, 54], in particular, since the large contribution of the isospin breaking
corrections has been realized [55]. The leading term is proportional to a™ and,
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hence, about one order of magnitude smaller than the corrections originating
from multiple scattering.

Rarq=S + D +

1+mg./M
= " / (aﬂ—p+aﬂ—n)
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Structure, multiple scattering and absorption effects are understood to
be sufficiently under control [49, 50, 51, 56, 57, 58] and, consequently, R a4
must be expressible in terms of the elementary pion—nucleon amplitudes a™
and a~. Or vice versa, pionic deuterium yields a decisive constraint on the
pionic hydrogen data.

In the limit of charge symmetry, pion absorption from the ground state in
deuterium represents the inverse reaction of s-wave pion production 7*d — pp
at threshold. In both cases, the isospin Al = 1 transition of the nucleon pair
(351(1 = 0) —3 Pi(I = 1)) is considered which has been found to dominate
pion absorption at rest in the helium isotopes[59, 60]. The cross-section is
parameterized by o(pp — w7d) = aCin + BCIn3. The parameters a and
0 account for s- and p-wave production, respectively, n = kr.p/M;, is the
reduced momentum of the pion in the mD rest frame, and the factors C;
take into account the Coulomb interaction. Detailed balance relates « to the
hadronic width in 7D by Sarp = M, « / 67 [61].

Pion production in pp collisions is well studied at low energies. The average
of the most recent data yield o &~ 215 ub [62, 63], which results in Sarp ~
(0.0037 £ 0.0004) m_ . The result from the pionic deuterium width, corrected
for Prp, is Saxp = (0.0043 £ 0.0005) m 1.

A first study in the approach of xPT including the next-to-leading order
(NLO) terms yields aN¥© a2 220 + 70 ub [64]. The accuracy of the calculation
is expected to improve by at least a factor of three within a few years[65].
Without the need of extrapolation to threshold the hadronic width of 7D, to
be significantly improved in the new wD experiment, provides the quantity «
at the few per cent level.
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4 Atomic Cascade in Pionic Hydrogen

Exotic atoms are formed when the kinetic energy of negatively charged
particles like muons, pions or antiprotons are slowed down to a few eV. Af-
ter capture by the Coulomb field of the nucleus into highly excited states a
de-excitation cascade starts (Fig.1). In atoms with Z > 2 the upper part
of the cascade is dominated by Auger emission because the de-excitation
rate depends on the energy difference AFE,,, between two levels n and n’
by TAuger ¢ (1/ VAE, /). In the lower part X-ray emission becomes more
and more important owing to I'x o« (AFE,,/)3. In the case of hadronic atoms
the overlap of nuclear and atomic wave functions becomes significant and the
occurrence of nuclear reactions from the low-lying states leads to level shifts
and broadenings observable in X-ray transitions. A detailed discussion of the
exotic-atom cascade may be found in [66].

In the case of a fully depleted electron shell already in the intermediate
part X-ray emission dominates. Such a situation occurs for medium Z atoms
when electron refilling is suppressed by using dilute targets [67, 68, 69]. This
allows to use hydrogen-like exotic atoms as calibration standards in the few
keV range because finite size effects are still negligibly small [70].

In Z =1 exotic atoms, i.e., hydrogen, additional de-excitation processes
play a decisive role. Because internal cascade processes proceed like I'x oc Z4,

=0 1 2 Stark mixing n—1 capture
~16% — F ™ /; — = =
Coulomb deexcitation
S T T T
> R 1 Auger eff
x — 7 external Auger effect
7 ‘/]7—' ////77// . )
I
4
Iy
4 T/// /}/// X-radiation
3 I/
e /W// ,
! ’g//
7
> |
a
!
)

/
€ observable hadronic
1 l“sl shifts and broadening
S

Fig. 1. Atomic cascade in pionic hydrogen. The transition energies of the 2p — 1s,
3p—1s and 4p—1s X-rays are 2.4, 2.9 and 3.0 keV. The hadronic parameters €,s and
T'ys scale with 1/ n>. In case of pionic hydrogen, the s-wave interaction is attractive
resulting in an increase of the binding energy (e1s > 0)
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there is a frequent chance for collisions during the life time of the exotic sys-
tem. In addition, exotic hydrogen is electrically neutral and, therefore, pen-
etrates easily into other molecules of the target and experiences a strong
Coulomb field there. Several processes competing during the cascade are
briefly discussed below.

e Stark mizing: Within an electric field, to the pure parity states |[nfm) ad-
mixtures are induced from states of the same principal quantum number n
but different angular momentum according to the selection rules A¢ = +1
and Am = 0 [71]. In the case of pions the induced low angular momentum
leads to nuclear reactions already in high n states, which in turn depletes
the cascade and reduces significantly the X-ray yields (Day—Snow—Sucher
effect [72]). In the case of pionic hydrogen, only s-wave components expe-
rience the strong interaction.

o (Coulomb de-excitation: The energy release for the de-excitation step
(mp)ni — (7p)nir may be converted to a kinetic energy increase between
the collision partners 7~ p and H (bound in an Hy molecule). Coulomb
de-excitation has been observed directly first by a Doppler broadening
of time-of-flight distributions of neutrons from the two-body reaction
7~p — 7n [73]. Doppler contributions from several radiationless tran-
sitions n — n’ were identified and kinetic energies up to 209eV corre-
sponding to 3-2 transitions have been seen both in liquid hydrogen and at
a pressure of 40 bar. The acceleration increases (i) the collision probability
and (ii) in the case of subsequent photon emission leads also to Doppler
broadening of X-ray lines. As observed in the time-of-flight experiment,
Coulomb transitions occur at any stage of the cascade, hence, a superpo-
sition of the various components is measured. Coulomb de-excitation even
at lowest densities has been observed in muonic hydrogen pH [74]. There,
however, no depletion of the cascade occurs by hadronic effects.

e [nelastic and elastic scattering: Between two radiationless transitions the
velocity of the mH system is moderated by elastic and inelastic collisions,
e.g., external Auger effect. For a precise determination of the hadronic
width, the knowledge of the correction owing to the Doppler broadenings is
indispensable. Important to mention, the Doppler broadening as measured
by the neutrons may be composed very differently. The reaction 7~ p —
7 takes place from ns states with mainly n = 2—5, whereas initial states
mH (np — 1s) X-ray transitions can be populated only by transitions from
the outer part of the cascade.

e Molecular formation: As well established in muon-catalyzed fusion the
collision of a uH atom with Hy leads to resonant formation of complex
molecules like (7 H )y + Ha — [(pp7)no; p]2€~ [75]. The quantum numbers
v and j denote vibrational and total angular momentum of the 3-body
molecular state. Similarly the 3-body system (ppm)n.; should be formed
which is assumed to de-excite mainly by Auger emission [76, 77, 78]. But
beforehand it cannot be excluded that a small fraction of a few per cent
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of mH atoms bound into such molecules decays radiatively to the ground
state. Decaying from molecular states small X-ray line shifts occur — always
to lower energies — which cannot be resolved and, hence, could falsify
the extracted hadronic shift. In the case of 7D, it is predicted that the
fraction of X-ray emission increases significantly [78]. However, it must be
mentioned that metastable 2s states cannot occur for pions because of the
nuclear reactions.

Besides small shifts due to the existence of molecular levels, Auger sta-
bilization of [(ppm)n.; p] molecules is discussed. Again Auger transitions
with lowest energy difference are preferred and satellites may occur a few
eV below the line energy of the isolated system.

5 Experimental Approach

Both Coulomb de-excitation and molecule formation are scattering processes
and, hence, depend on the collision rate, i.e., on density. Consequently, the
strategy of the experiment was to study X-ray transitions at different densi-
ties. To be in addition sensitive to the initial state dependence of the maximal
Doppler broadening, all wH transitions of sufficient line yield were also mea-
sured.

e The mH(3p — 1s) line (only in this case a suitable calibration line is avail-
able) was studied in the density range equivalent to 3.5bar to liquid hy-
drogen, which corresponds to about 700 bar pressure.

e Information on Coulomb de-excitation is obtained by measuring besides
the mH(3p — 1s) also the mH (4p — 1s) and the mH (2p — 1s) transitions.
An increasing total line width with decreasing initial state must be ex-
pected because of the larger energy gain possible for the feeding transition,
whereas the hadronic broadening is due to the 1s level only and therefore
the same for all three lines.

e The measurement of the line width in muonic hydrogen allows the de-
termination of the Doppler broadening without the necessity to subtract
the hadronic line width. In this way a detailed comparison with predic-
tions from cascade calculations on effects caused by Coulomb de-excitation
becomes possible.

5.1 Set-Up at PSI

The new pionic hydrogen experiment is performed at the Paul Scherrer In-
stitut (PSI, Switzerland). The experiment is set up at the high-intensity low-
energy pion beam 7 E5 and consists of the cyclotron trap I1, a cryogenic target,
a reflection-type crystal spectrometer equipped with spherically bent crystals
and a large-area CCD array for position-sensitive X-ray detection (Fig.2). It
is based on techniques developed and applied to the precision spectroscopy
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spherically bent crystal <

3
o

%

position-sensitive detector cyclotron trap
Charge-Coupled Device (CCD) gas cell

Fig. 2. Johann-type set-up of the Bragg spectrometer using the cyclotron trap to
produce a high stop density for pions and a two-dimensional X-ray detector allowing
the simultaneous measurement of an energy interval of several eV

of X-rays with the cyclotron trap I from antiprotonic and pionic atoms [22]
together with substantial improvements in background suppression compared
to the earlier 7H experiments [79, 80].

The cyclotron trap, basically consisting of a superconducting split coil
magnet, provides a concentrated X-ray source of suitable extension for a fo-
cusing low-energy Bragg spectrometer. Such a device is superior in stop den-
sity to a linear stop arrangement by two orders of magnitudes [81] and is
indispensable because Stark mixing and hadronic reactions reduce the 7H K
X-ray line to a few per cent only [82].

After injection into the trap the beam is degraded by moderators in order
to spiral into a gas cell positioned in the axis of the trap with a few revolutions
only because of short pion life time. The wall of the gas cell is made of 50 um
thick kapton stabilized by a metallic frame and with a thin window of typically
7.5um mylar towards the crystal spectrometer. Higher densities than 1bar
of the target gases hydrogen and deuterium are established by cooling. At
a pressure of 1bar, about 0.5% of the incoming pions are stopped in the
gas increasing linearly with density. In this experiment, cyclotron trap II has
been used. Having a larger gap between the coils, one order of magnitude
higher stop rates for muons could be achieved than for trap I. The muons are
produced inside the trap from slow pions decaying close to the center of the
magnet. Muon stop rates are typically 10% of the ones for pions.

X-rays emitted from the target gas are reflected by spherically bent silicon
or quartz Bragg crystals of 10 cm diameter having a radius of curvature of
about 3m. To keep abberations (mainly from Johann broadening) small, the
reflecting area is restricted to 60 mm horizontally. The spherical bending leads
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to a partial vertical focusing, which increases the count rate. Typical Bragg
angles are between 40° and 54°.

The X-rays are detected by a large-area two-dimensional position-sensitive
detector built up from an array of six charge-coupled devices (CCDs) of type
CCD22 with frame storage option [83]. Each CCD provides 600x600 pixels
of 40 um x 40 um size yielding a total sensitive area of 48 mmx72 mm for the
full array. With a depletion depth of about 30 um the efficiency is maximal
around 3.5 keV, ideally suited for the pionic and muonic X-rays having energies
between 1.9 and 3.1keV. The devices are cooled to —~100°C and located inside
a cryostat, which is separated from the spectrometer vacuum by an 5 um thick
aluminized mylar window.

An important feature when using CCDs as X-ray detectors is due to their
two-dimensional sensitivity, the capability to analyze the hit pattern and
having an energy resolution as good as high-performance Si(Li) detectors of
typically 140eV at 6keV. At hadron machines, a high beam-induced back-
ground level is present from nuclear reactions. Such events, typically originat-
ing from Compton-induced processes, produce large structures. In comparison,
the charge produced by few keV X-rays is collected in one or two pixels only.
Together with massive concrete shielding (Fig. 3), a background reduction of
more than two orders of magnitude is achieved, which is an decisive progress
in view of exotic-atom X-ray rates of 20-100 per hour.

5.2 Energy Calibration

Johann-type spectrometers do not provide measurements of the absolute
Bragg angle and, therefore, need a calibration line as close in energy as pos-
sible. The best choice is a narrow and intense transition in a hydrogen-like
pionic atom not affected by strong interaction. In the case of pionic hydrogen
the pair mH (3p — 1s) and wO(6h — 5¢) fulfills these conditions. The large sen-
sitive area of the X-ray detector allows the measurement of the mH (3p — 1s)
transition and a calibration line without any change in the spectrometer set—
up (Fig.4 — left). This calibration method is basically free of systematic er-
rors due to long-term instability. At higher densities hydrogen and oxygen
have to be measured alternately to prevent the oxygen gas from freezing
(Fig. 4 — right).

Fluorescence X-rays are much broader due to the large Auger width and
may show satellite structures depending even on the excitation mechanism.
Unfortunately, for the other 7H lines considered as well as for 7D no pionic
lines are available. For pionic deuterium the fluorescence X-rays from gallium
(measured in third order) and chlorine had to be used to determine the energy
of the mD(3p — 1s) and wD(2p — 1s) transition, respectively. The accuracy is
about a factor of 2 less compared to the exotic-atom case.
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X-ray tube
fluorescence target

nE5

0 50 100cm

Fig. 3. Set-up for the pionic hydrogen experiment in the mE5 area at PSI. The
concrete shielding of about 1m thickness is essential to reduce the pion-induced

background
120
~ THGp-1s) 0 70
100 l?‘»‘) quartz 101 quartz 10-1
0] € 80 s &
g s 14bar T=98K | o ) i
B = =)
ER) = (3.5 bar) g 60 P 3 s
Q | S = = =) o
D) o © B B
© 40 L]
40 S s ®
1% s 5
20 20 Eg &
i

2865 2870 2875 2880 2885
energy/eV

2880 2882 2884 2886 2888
energy/eV

Fig. 4. Left: mH (3p— 1s) transition measured simultaneously with the 7O (6h —5g)
transition by using an H2/O2 (90%/10%) gas mixture at an equivalent density of
3.5 bar. Right: 1O(6h — 5¢g) transitions from the isotopes 0 and 0. The energy
splitting is used to verify the angular dispersion of the crystal spectrometer



Pionic Hydrogen 177
5.3 Response Function

For the precise determination of the Lorentz contribution to the 7H X-ray
line shapes the knowledge of the crystal spectrometer response is required in
detail. Because narrow fluorescence X-rays or few keV I lines for testing Bragg
crystals are not available in practical cases, as a first approach narrow pionic-
atom transitions were used [22, 80, 84]. Such lines have a natural width of a few
tens of meV being negligible compared to the rocking curve width of silicon or
quartz crystals of about 500 meV around 3 keV. Using CHy gas as target the
experimental line shape was determined from the 7C'(5g —4f) line, the energy
of which is between the mH (3p—1s) and mH (4p—1s) transitions (Fig. 5 — left).
In CH4 a measurable Doppler broadening from Coulomb explosion is not
expected, but cannot be completely excluded. The 7C measurements reveal
interesting cascade features by comparing the circular transition 7C(5g — 4f)
to the parallel transitions 7C(5f — 4d) and 7C(5d — 4p) and the 7C'(5d — 4p)
line gives in addition access to the strong-interaction effects in the 4p states.

For a detailed measurement of the tails of the rocking curve the lim-
ited count rate, even at the high-flux pion channels, leads to unaccept-
able long measuring periods. Furthermore, a calibration line close to the
mH(2p — 1s) transition at 2.4keV is also desirable. Therefore, to allow
an ultimate determination of the crystal properties, the technique of an
Electron—Cyclotron-Resonance source has been used. In such a device few
electron atoms are produced at high rates, in particular hydrogen- and helium-
like systems which emit narrow X-ray lines because of the absence of Auger
transitions.

The Electron—Cyclotron-Resonance Ion Trap (ECRIT), set up at PSI, uses
the split coil magnet of the cyclotron trap to produce a bottle field with a
high mirror ratio of about 4 [85]. A hexapole magnet is inserted in between
the coils and the plasma is created by means of a 6.4 GHz high-frequency

| nH3p—1s = nC(5-4
40 i Gp-1s) 400 3 5-4
quartz 10-1 2 quartz 10-1
g 30 z 300 & 1.5 bar CH,
=] =] B e
= 5 =)
3 3 X -
20 200 5 g a
|
Y oos 3
10 100 r 2 L
| L . olputed N B o
2882 2884 2886 2888 2890 2972 2974 2976 2978 2980
energy/eV energy/eV

Fig. 5. Left: Preliminary determination of the crystal spectrometer response with
the 7C'(5g — 4f) transition. The displayed spectra represent about 15% of the total
width of the CCD array. Right: 7H (3p — 1s) transitions as measured from liquid
hydrogen
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Fig. 6. Electronic X-rays from highly ionized sulfur and argon measured with a
Si 111 crystal. The spectrometer response is determined from the M1 transition in
He-like atoms

emitter. The crystal spectrometer was attached to one of the bore holes of
the magnet. A cleaning magnet between ECRIT and Bragg crystal deflects
the numerous electrons emitted on the magnet’s axis in order to avoid a large
background due to the scattered particles.

The plasmas were produced from sulfur, chlorine and argon, because for
these elements the energies of the 2357 — 1Sy M1 transitions coincide with
the ones of the mH (2p—1s), tH(3p—1s) and mH (4p—1s) lines. Count rates of
up to 30000 per hour could be achieved allowing for a comprehensive diagnosis
of the crystals (Fig.6). In this way, focal lengths, the dependence of the res-
olution on apertures as well as the (asymmetric cut) angle between reflecting
planes and surface could be determined precisely from the diffracted X-rays
themselves [86]. A detailed study of X-ray emission from multiple charge states
is in progress.

5.4 Muonic Hydrogen

The experimental response given, any additional broadening in muonic hydro-
gen transitions owes to Coulomb de-excitation. In Fig. 7 — left, the line shape
of the pH (3p—1s) line is compared to the resolution function as derived from
the sulfur M1 transition.

Three components of the Doppler broadening are easily identified numer-
ically by fitting the line shape. The kinetic energy distribution is modeled
by four boxes adapted to cascade calculation (Fig.7 — right) result with the
relative weight being a free parameter in the fit. The two high energetic ones
originating from Coulomb de-excitation between the states 54 and 4-3 are
visible in the tails and as a kink at about 20% of the peak intensity, respec-
tively. A low-energy component collects the transitions between higher states.

The spectrometer was set up in a way that an energy range of 10eV to
lower energies was accessible to allow the search for such satellite transitions
stemming from Auger stabilization of molecule levels with subsequent X-ray
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Fig. 7. Left: pH(3p — 1s) transition measured at an equivalent density of 10 bar.
Right: Kinetic energy distribution as adapted from the cascade code of [88]. For fit-
ting the measured mH (3p — 1s) spectrum the distribution was approximated by four
Doppler boxes (0-2, 2-20, 29-33, 65-75) eV according to a low-energy component,
(6-5), (5-4), (4-3) Coulomb transitions

de-excitation. No evidence was found for such nearby X-ray transitions from
molecular states at the 1% level. This corroborates the findings from pionic
hydrogen measurements where no pressure dependence of the K3 transition
energy could be identified.

As an additional result the fit to the line shape gives a triplet to singlet
ratio of 2.96 + 0.63 as expected from a statistical population of 3:1 for the
3p hyperfine levels. Leaving even the energy splitting as a free parameter the
result is consistent with the calculated ground-state splitting of 183 meV [87].

6 Results

6.1 Transition Energy and Hadronic Shift

In pionic hydrogen, no density dependence was observed for the energy of
the mH (3p — 1s) transition within the full density range of 3.5 bar to lig-
uid [84] (Fig.5 — right). It is concluded that the radiative decay of molecules
is suppressed in hydrogen. The energy values obtained at all densities are
consistent within the errors. A weighted average was calculated and com-
pared to the pure electromagnetic mH (3p — 1s) transition energy calculated
to E%EBS = 2878.809 + 0.001 eV [89]. The preliminary result for the shift in
hydrogen of the new experiment (R-98.01) is

eTH = 7120 £+ 11 meV. (5)

S

The error represents the quadratic sum of the statistical accuracy and all
systematic effects, which originate from spectrometer set-up, imaging prop-
erties of extended Bragg crystals, analysis and instabilities. The contribution
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from the uncertainty of the pion mass is negligible because the energy calibra-
tion was performed with the pionic-atom transition 7!°O(6h — 5g). The new
value for 15 is in good agreement with the result of the previous experiment
(7.108 £0.036 €V), which used the cyclotron trap I and an energy calibration
with argon Ko fluorescence X-rays [80].

For pionic deuterium, two earlier measurements of the transitions 7.D(3p—
1s) at 15bar and wD(2p — 1s) at 2.5bar pressure found 7P = —2.43 +
0.10eV [79] (energy calibration with Ar Ka) and TP = —2.469+0.055eV [90]
(Cl Ka). Both experiments are of limited statistics and small contributions
from satellites due to molecular formation cannot be excluded. The 7 D(3p —
1s) experiment suffers in addition from a significant background level. The
uncertainty of the 7D(2p — 1s) line energy is dominated by the accuracy of
the Cl Ka energy [91]. Therefore, a new high statistics measurement was
performed recently, studying also the density dependence [24]. The analysis
is in progress.

6.2 Line Width and Hadronic Broadening

For the mH(2p — 1s) line, a significant increase of the total width was
found compared to the mH (3p — 1s) transition, which is explained by the
higher energy release available from preceding transitions. Correspondingly,
the mH (4p — 1s) line was found to be narrower [84] (Fig. 8 — left).

Already from the 7H (4p — 1s) transition and using the 7C'(5g — 4f) line
for the spectrometer response, an upper limit for I';y; < 0.850eV can be
determined. A more refined analysis using the ECRIT measurements corrob-
orates this finding. To extract the hadronic width, the Doppler broadening
was modeled by 2, 3 and 4 components for the 7H (4p — 1s), 7H(3p — 1s) and
mH (2p — 1s) transitions. Very important is, due to the size of the detector,
the possibility to cover fully the tails of the mH transitions. As important is
a large enough region of background to the left and right.

The analyses of the three transitions 7H(2p — 1s), mH(3p — 1s) and
mH (4p — 1s) lines, treating the relative intensities of the Doppler broaden-
ing as free parameters, yield consistent values for the hadronic broadening

piH total line width |42 piH hadronic width|s 2-1
¢ 31 *3-1
" 41 .4
e -1 ETHZPSI 1000 3-1 ETHZ-PS|
3 \
Q
g 1200 T T + E 900 L
3 1000 i iy S 800 | ‘
H ; } +
800 700 . -
1 10 100 1000 1 1.0 .100 1000
equivalent density/bar equivalent density/bar

Fig. 8. Left: Total line width after subtraction of the spectrometer response only.
Right: Hadronic width after subtraction of response and Doppler contributions
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both for the various transitions and different densities (Fig.8 — right). The
averaged preliminary result of experiment R—98.01 is

ITH =823419 meV (6)

consistent with the result of the previous experiment (I'1; = 865+ 69 meV [80]).

The hadronic width in pionic deuterium extracted first from the 7D(3p —
1s) transition, I'T? = 1020£210meV [79], is in good agreement with the
7D(2p—1s) measurement yielding I'T” = 1093+ 129 meV [90]. Due to limited
statistics the fit is not sensitive to any Doppler contribution to the line width.
The value given for 7D(2p — 1s) line contains an estimate for the correction
of 5 + 5%. The resolution function was obtained here from a measurement of
the 72°Ne(7i — 6h) line. In the new mD experiment a 20-fold higher statistics
was collected and the ECRIT results are available for an ultimate description
of the experimental response.

6.3 Scattering Length and Pion—Nucleon Coupling Constant

The shift €15 in 7H yields the sum a® + a~ of the isoscalar and isovector
scattering lengths. In view of the precise experimental values, the accuracy is
determined by the knowledge of the correction . (see Sect.3). Within yPT
d = (—7.2£2.9)% [41] has been obtained. The uncertainty originates mainly
from one particular LEC (f1), which is practically unknown and dominates
the uncertainty of a™ (see Fig.9). The result also obtained within yPT for
the correction of the level broadening is reported to be or = (0.6 £ 0.2)%,
[42]. Here, the LEC f; does not contribute and no significant uncertainty for
the isovector scattering length a~ emerges from dr. An earlier approach for
d. and or within a potential model ansatz led to §. = (—2.1 £ 0.5)% and
dr = (—1.3£0.5)% [43] which, however, has been criticized to be incomplete.

As discussed earlier, any determination of at from the hadronic shift in
7D must be consistent with the values extracted from the mH results. Dis-
crepancies have been reduced substantially by a recent calculation taking into
account so-far neglected isospin breaking correction [55] (Fig.9). Due to the
smallness of a™ these corrections amount to 42% in second order. The new
and more precise measurement of e72 [24] will improve the constraints on
a™ and, in addition, for the electromagnetic LEC fi, which appears in xyPT
calculations of charged pion scattering [39, 41, 55, 92].

Using the corrections calculated within xPT [41, 42], we obtain

a™ =0.0069 £+ 0.0031m_ ", (7)
a” = 0.0864 + 0.0012m_*. (8)

With the GMO sum rule analysis according to Ericson et al. [57], but inserting
directly our value for a~ the mN coupling constant reads f2, /47 = 0.076 +
0.001 which yields Agr = (1.98 £+ 0.02)%.
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Fig. 9. Isoscalar and isovector 7N scattering lengths a™ and a~. The results from
this experiment (R—98.1) are obtained using d. and dr as calculated within xPT [41,
42], whereas the previous experiment (R —86.05) applied the corrections determined
in a potential approach [43]. Also given are the values from two analyses of the mH
data together with eT? without (7 H +wD : xPT) and with (nH + 7D : xPT+IB)
inclusion of isospin breaking corrections [54, 55]

An independent source for a~ is the photoproduction reaction yn — 7~ p.
The electric dipole amplitude is related to the isovector scattering length by
(a™)? = (q/ko)- | E§t(7~p) |, where ¢ and ko are c.m.s. momenta of the
photon and the pion [8]. With the result of Kovash et al., Efts(n=p) =
(—31.54 0.8) - 1073m ! [93], one obtains a~ = 0.0842 £ 0.022m . In turn
a” from mH yields a precise value | E&s (77 p) |= (—32.5 + 0.4) - 10 3m !
in good agreement with the prediction of xPT [94].

The hadronic width in pionic deuterium yields an imaginary part of the
7d scattering length of Sa,p = (0.0063 + 0.0007) m,* [90]. Corrected for
radiative capture the threshold parameter for pion production reads a =
250 + 30 ub. An improvement by a factor of about 4 is expected from the
new wD experiment to be compared with the continuously improving xyPT
calculations.

7 Summary and Outlook

A second series of high-precision experiments has been performed to determine
strong interaction effects in pionic hydrogen and deuterium. A thorough study
of the density dependence of X-ray energies and line widths together with a
new method for an ultimate precision measurement of the crystal spectrometer
response allows to a large extent the separation of atomic cascade and hadronic
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effects resulting in an accuracy of about 1.5% for the 7N scattering lengths.
An extension to A = 3 systems may give additional clarification on how to
build up light nuclei within the approach of xPT [95].

The accuracy in the determination of the 7N scattering length concerning
the presently available techniques have almost exploited their potentialities.
Limitations now are mainly due to the understanding of the atomic cascade.
First steps have been undertaken by including the development of the ki-
netic energies in order to develop a dynamical picture which is able to pro-
vide boundary conditions for the intensity of the components of the Doppler
broadening [96, 97]. But up to now, the cross-sections used as input to such
calculations do not allow a satisfactory description of the line shape mea-
sured in the puH (3p — 1s) experiment or the K-line intensities from high-lying
states in mH. More detailed cross-section calculations are planned [98], and
in particular the inclusion of molecular effects during the collisions seems to
be needed.
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