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Abstract. A measurement of the 25 Lamb shift in muonic hydrogen (1™ p) is being prepared at
the Paul Scherrer Institute (PSI). The goal of the experiment is to measure the energy difference
AE@2 Py — 235 /2) by laser spectroscopy (A &~ 6um) to a precision of 30 ppm and to deduce the
root mean square (rms) proton charge radius with 1073 relative accuracy, 20 times more precise than
presently known.

An important prerequisite to this experiment is the availability of long-lived ppyg-atoms. A 2.S-
lifetime of ~1 us — sufficiently long to perform the laser experiment — at Hy gas pressures of 1-2 hPa
was deduced from recent measurements of the collisional 2S-quenching rate. A new low-energy
negative muon beam yields an order of magnitude more muon stops in a small low-density gas
volume than a conventional cloud muon beam. A stack of ultra-thin carbon foils is the key element
of a fast detector for keV-muons. The development of a 2 keV X-ray detector and a 3-stage laser
system providing 0.5 mJ laser pulses at 6 um is on the way.

1. Introduction

Since its first discovery in 1947, the Lamb shift in hydrogen and hydrogen-like
atoms is the most precisely measured effect of bound-state quantum electrody-
namics (QED) [1]. In recent years the determination of the Rydberg constant and
Lamb shift became more and more accurate by measuring optical frequencies of
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two-photon 1S — 2S5 and 2S5 — nS/nD transitions [2]. Comparison with theory
is now limited mainly by the uncertainty of the proton radius.

The present knowledge of the rms proton charge radius, r,,, comes mainly from
electron scattering experiments [3—6] which are rather difficult to perform and to
analyze. The problems of normalization and Coulomb corrections were discussed
recently [7, 8]. An uncertainty of at least 2% has presently to be attributed to r),
corresponding to the relatively wide spread of r,-values resulting from different
measurements and analysis.

A precise determination of the proton radius is possible by measuring the Lamb
shift in muonic hydrogen. The pup Lamb shift, AE;p_»g & 0.2 €V, is dominated
by vacuum polarization which shifts the 2.5 binding energy towards more negative
values. The up fine- and hyperfine splittings are an order of magnitude smaller than
the Lamb shift. The relative contribution of the proton size to AE,p_»s is as much
as 2%, two orders of magnitude more than for normal hydrogen atoms. AE>p_»g
was recalculated recently by Pachucki [9, 10] considering all QED contributions on
the level of a few ppm, including three-loop vacuum polarization (8 ueV) [11] and
hadronic vacuum polarization (11 ueV) [12]. He also found a new value of 12 £+
2 eV for the proton polarization shift, which will ultimately limit the calculated
AE,p_ss-value to the 10 ppm precision level (disregarding terms which depend on
the proton radius). Other calculations of this polarization shift resulted in the values
13 weV [13], 17 £ 4 peV [14], and 16 peV [15]. Measuring the up Lamb shift
opens the field for a future combined analysis of the ep and up experiments, leading
to a test of bound-state QED on the ppm level or below, and vacuum polarization
up to three-loop contributions.

We are presently setting up an experiment at the Paul Scherrer Institute (PSI)
to measure the up energy difference AE (2°P3 /2= 235, ,2) in a laser resonance
experiment to a precision of 30 ppm, which corresponds to 10% of the natural
linewidth. This will allow to deduce the proton radius with 10~ relative accuracy,
20 times more precise than presently known. The principle of the experiment is to
stop negative muons in H, gas where highly excited up atoms are formed. Most of
them deexcite quickly to the ground state, but ~1% form long-lived pp,s atoms.
A short laser pulse with a wavelength tunable around A &~ 6 um (corresponding to
AE;p_jg) is sent to a mirror cavity surrounding the target gas volume, about 1 us
after the muon stop. A resonance curve will be obtained by measuring at different
laser wavelengths the number of 2P — 1S transitions (1.9 keV X-rays) which occur
in time-coincidence with the laser pulse.

2. Metastable 25 states of up atoms

A number of experiments were performed to investigate the metastability of pupyg
atoms at low gas pressures. From measurements of the K-line X-ray yields it can
be deduced that about 4% of the muons reach the 2§ state at gas pressures of
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a few hPa [16-18]. Collisional quenching may deexcite these up,s atoms in an
interaction with a molecule of the surrounding hydrogen gas:

up(2S) +Hy — pup(2P) +Hy — pp(1S) + Hy + K. (1)

This quenching reaction is energetically allowed only at kinetic energies above
0.31 eV, which is the uprs — upap threshold energy in the laboratory frame. The
corresponding calculated cross section is ~107'¢ ¢m? [19] which leads to short
2§-lifetimes (<100 ns) at gas pressures of a few hPa where a laser resonance exper-
iment is technically feasible. Below threshold the 2S5-quenching rate is expected to
be at least an order of magnitude smaller because any transitions to the up ground
state can occur only during collisions when the (n = 2)-states are Stark-mixed.
The fraction of long-lived up,s atoms therefore depends on the distribution of up
kinetic energies which was recently measured at PSI [20]. The conclusion was that
~1% of the up atoms populate the 2S-state at kinetic energies below threshold and
are therefore long-lived.

This result was confirmed when a direct signal from long-lived pp,s atoms was
found [21]. A component of up;s atoms with kinetic energies as high as 900 eV
was measured. It originates from resonant molecule formation from the 2§-state
and subsequent autodissociation [22]

up(2S) + H, — {[(ppM)Jr]*pee}* — up(1S) +p+---+1.9keV. 2)

From the measured time distributions of 900 eV-up;s atoms a 2S-quenching rate
of Aéiench ~5x100s7! x pu, [hPa] was deduced [21].

It turns out that the optimum gas pressure for the 25 — 2P laser experiment
is 1-2 hPa, because the 2S-lifetime has to be of the same order as the delay time

between muon stop and laser pulse which is nearly 1 us.

3. Beam line for muons at keV-energies

A new beam line for low-energy negative muons was built at PSI in order to obtain
sufficiently high stop rates in a small H, gas target at pressures of a few hPa. It
consists of the cyclotron trap for the production of the low energy muons, the muon
extraction channel (MEC) for their transport and selection, and the PSC solenoid
with two transmission detectors for the muon trigger (Figure 1).

Negative pions are injected into the cyclotron trap where they decay in flight
into muons which are slowed down from MeV to keV kinetic energies by a set of
thin Formvar foils. An axial electric field ejects the muons along the cyclotron trap
axis and out of the trap field region (up to 4 Tesla) [23].

The curved magnetic Muon Extraction Channel (MEC), operated at 0.15 T,
transports the muons with typical energies of 20 keV (2 MeV/c momentum) from a
region of high neutron background (near the pion beam exit and the cyclotron trap)
to the PSC solenoid where the laser resonance experiment will be performed. The
MEC acts as a cleaning filter because particles with momenta above ~4 MeV/c are
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Figure 1. Lay-out of the 7ES area with Cyclotron Trap, magnetic channel MEC, and PSC solenoid.
MSP: Microsphere plate.

not transported through the curvature and electrons of keV-energies are separated
vertically from the muons by several cm in the toroidal field. It is therefore possible
to remove such electrons which are produced at high rates when charged particles
(spiraling in the magnetic bottle field of the trap) cross the extraction foils many
times.

The outcoming muons enter the superconducting 5 T solenoid (PSC) where
they first cross a transmission detector suitable for particles with a range of only
~50 pglcm?. It is based on a stack of ultra-thin carbon foils (5 g/cm?) with 1.8 kV
voltage between them to compensate for the muon energy loss [24]. Secondary
electrons are emitted and accelerated towards a downstream plastic scintillator
connected to an external PMT via a long light guide. Between the stack and the
scintillator an £ x B drift space induces a transverse drift (greater for the muons
than for the electrons) allowing the muons to pass the scintillator. A muon detection
efficiency of 88% was measured. The foil stack acts simultaneously as a detector
for keV-muons and reduces the phase space volume of the beam by frictional cool-
ing [24]. Further downstream the muons cross a second foil stack placed in front of
the target. The emitted secondary electrons, accelerated to a few keV, cross the thin
gas target and are detected in a downstream microsphere plate (MSP) providing a
second muon signal. The stack detectors have time resolutions of better than 10 ns,
to be compared with the muon time-of-flight between the two stacks of typically
150 ns. A trigger for the laser will be given by a muon detected in both detectors
with the correct time-of-flight.

The rate of muons detected in both stacks and stopped in a 14 cm long H, gas
target was measured to be 25 s~! at 2 hPa pressure, for a 7 x 10 mm? wide beam.
The e~ beam contamination is negligible. Optimization of the Formvar extraction
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foils will bring this number to ~100 s~!, about a factor 20 more than what was

previously achieved at the best conventional cloud muon beam.

Without the restrictions required by the laser experiment, 1000 p~/s with 10—
30 keV kinetic energy and 2 cm beam diameter were stopped in the Be window of
a calibrated Ge diode mounted in the PSC solenoid. 10* 14~ /s are expected for the
near future.

4. The laser resonance experiment

The 2 keV X-ray detector will consist of two xenon gas proportional scintillation
chambers (GPSC) which are insensitive to magnetic field. The 170 nm secondary
scintillation light is detected in a separate Ar + CH,4 gas chamber with Csl-coated
microstrip plates [25]. First tests of the chamber in a 5 Tesla field were successful
[26]. The use of large area avalanche photo diodes (LAAPD) as detectors for keV
X-rays is also being considered.

The laser system consists of three stages: A XeCl excimer laser, a combination
of dye and Ti:Sa laser, and a H, Raman cell for conversion to 6 um (Figure 2).
When a randomly incoming muon is detected by the foil stacks, the laser is trig-
gered. Because of the short up,g lifetime the laser light has to arrive in the target
within less than ~ 1 ws. For this reason our first stage of the laser system consists
of a 50 Hz XeCl excimer laser delivering 28 ns long pulses of 600 mJ at 308 nm.
The delay caused by the excimer laser is about 600 ns from trigger to laser pulse.
The second stage, conversion of the 308 nm light from the excimer laser to the
708 nm light needed as input of the Raman shifter, is done in two substeps. The
308 nm light pumps a dye cell, which delivers the ~500 nm light required to pump
the Ti:Sa laser. In the third stage the 708 nm light is converted to 6.02 um via
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Dye Laser
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Figure 2. The components of the laser system. The high power XeCl excimer laser pulse triggered
by the muon entrance detector is converted in two steps to a high quality 7 ns long pulse of 708 nm
which is shifted to the desired 6 um light inside the multipass Raman cell. The light is injected
into a mirror cavity to effectively illuminate the muon stop volume inside the PSC solenoid. High
resolution frequency selection is provided by injection of a cw Ti:Sa laser.
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third Stokes Raman shift in a high pressure hydrogen cell [27]. The 0.5 mJ, 7 ns
long pulses are injected into a multipass cavity inside the gas target in order to
effectively illuminate the muon stop region.

First data-taking for the Lamb shift experiment is foreseen for 2002. The ex-
pected rate of laser-induced events is a few per hour, on resonance. A precision of
30 ppm for the Lamb shift, resulting in an uncertainty on the proton radius of 1073,
can be achieved within a reasonably short measuring time.
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