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Abstract

Laser spectroscopy of the 2S-Lamb shift in muonic hydrogen (l�p) is being performed at the Paul Scherrer Institute,
Switzerland, to determine the root-mean-square (rms) proton charge radius with 10�3 precision. A multistage laser sys-
tem has been developed which provides 0.2 mJ pulse energy tunable at 6 lm wavelength. An excimer pumped dye laser
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is used to drive a titanium sapphire (Ti:Sa) system whose wavelength is then shifted to 6 lm using a multipass Raman
cell filled with hydrogen. The short cavity length of the Ti:Sa oscillator (7 cm) guarantees a pulse width of 7 ns and a
pulse energy of 1.2 mJ at 708 nm, a wavelength controlled by a mono-mode cw-Ti:Sa laser. The laser is triggered at a
maximum 60 s�1 repetition rate by muons entering the apparatus at random times. A new type of multipass cavity has
been developed to provide a homogeneously illuminated volume (25 · 7 · 170 mm3).

PACS: 36.10.Dr; 42.60.By; 42.60.Da; 42.62.Fi; 42.65.Dr

Keywords: rms proton charge radius; Muonic hydrogen; Lamb shift; High energy 6 lm laser; Raman shift in hydrogen; Multipass 6
lm cavity; Frequency chirp

1. Introduction

The root-mean-square (rms) charge radius of
the proton Rp is presently extracted either from
electron–proton scattering or from hydrogen spec-
troscopy experiments. A recent reevaluation of all
available electron–proton scattering data yields a
value of Rp = 0.895(18) fm [1]. Several atomic
transition frequencies in hydrogen and deuterium
have been measured and compared with calcula-
tions. The rms radius extracted from those spec-
troscopic data in the CODATA least square
adjustment is Rp = 0.8736(77) [2]. Another deter-
mination of the rms radius with 10�3 relative accu-
racy is possible by measuring the 2S-Lamb shift D
E2P–2S in muonic hydrogen (l�p) [3–6]

DE2P–2S ¼ 209.974ð6Þ�5.226 �R2
pþ0.036 �R3

p ½meV�;
ð1Þ

where Rp is expressed in fm. In terms of fre-
quency (1 meV � 241.799 GHz) this energy split-
ting is about 50 THz, i.e., a wavelength of about
6 lm. The relative contribution of the proton size
to DE2P–2S is as much as 2%, two orders of mag-
nitude more than for normal hydrogen. Therefore
already a moderate accuracy in the measurement
of DE2P–2S leads to a significantly improved value
of Rp.

We are pursuing an experiment at the Paul
Scherrer Institute (PSI, Switzerland) to determine
the 2S-Lamb shift in muonic hydrogen [7]. The
goal is to measure the energy difference
DE(25P3/2–2

3S1/2) by laser spectroscopy to a pre-
cision of 30 ppm (�10% of the 18 GHz natural
linewidth which is given by the 2P lifetime

s2P � 10�11 s) and to deduce Rp with 10�3 relative
accuracy.

The Rp value extracted by lp spectroscopy can
be used to predict the 1S-Lamb shift in hydrogen
[8]. A comparison of the predicted with the mea-
sured [9] 1S-Lamb shift leads to a bound-state
QED test, whereas a subtraction of the predicted
1S-Lamb shift from the measured 1S–2S transition
frequency in hydrogen leads to a better determina-
tion of the Rydberg constant (R1).

If Rp will become known with 10�3 relative
accuracy from lp spectroscopy, bound-state
QED calculations in hydrogen can be tested with
a relative accuracy of 2 · 10�6. A value of
3 · 10�7 may be reached in future when increased
accuracy of other transition frequencies in hydro-
gen (e.g., 1S–3S) reduce the Rydberg constant
uncertainty by a factor of 10. In contrast, the
rms radius extracted from lp spectroscopy can
be combined with the measured 1S–2S transition
frequency in hydrogen [10] to reduce by a factor
of 6 the uncertainty of R1 [11] if bound-state
QED calculations are assumed to be correct.

In this paper, we report on a laser system that
fulfills the requirements of this experiment. An
overview of the experiment is given in Section 2
with focus on the features which constrain our la-
ser system. The following sections contain detailed
descriptions of the various components of the laser
system: excimer–dye laser in Section 3, Ti:Sa laser
and its frequency chirping in Section 4, the Raman
shifter in Section 5, and the wavelength calibration
of the whole system in Section 6. In Section 7, the
6 lm multipass cavity for the intensity enhance-
ment is presented.
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2. Experimental setup

The principle and the details of this experiment
are given in [12,13]. The muonic hydrogen 2S-
Lamb shift experiment uses a low density (0.6
mbar at room temperature) hydrogen target in
which an ultra low energy l� beam is stopped,
whereby highly excited lp atoms are formed [7].
Most of them deexcite quickly to the ground state,
but �1% form lp atoms in the 2S state which have
a lifetime s2S = 1.3(2) ls [14]. A laser pulse tuned
to DE2P–2S irradiates the volume where the lp
atoms are formed, about 1 ls after the muon stop.
On resonance, excitation to the short lived 2P state
occurs. The 1.9 keV X-ray emitted in the 2P–1S de-
cay is detected in coincidence with the laser pulse
[15]. A few laser-induced events per hour are ex-
pected on resonance which is sufficient to measure
the 2S–2P resonance to the proposed accuracy
[13].

Each arriving muon, before entering the hydro-
gen target, triggers the pulsed laser and the data
acquisition system with a rate of about 240 s�1.
Muons are stopped in a volume of 17 · 7 · 170
mm3 which is then illuminated by the laser light.

The requirements on the laser system are sum-
marized in Table 1. The most stringent require-
ment is a short delay between laser trigger and
output 6 lm pulse. The laser has to be triggerable
upon muon entry to the apparatus (rate of 240 s�1)
in a stochastic way, with a short delay <1.5 ls (due
to the 1.3 ls lifetime of the 2S state at 0.6 mbar
pressure), and has to have the shortest achievable
dead time between two shots. A determination of

the 2S–2P line position with 30 ppm precision cor-
responds to an accuracy of 1.5 GHz. The laser
bandwidth has to be small compared with the nat-
ural linewidth of 18 GHz. The required tunability
of the laser is determined by the uncertainty of the
rms proton charge radius. For instance, the 2P–2S
transition frequencies deduced from Eq. (1) for
rms radius values of 0.895 and 0.8736 fm are,
respectively, 49765.5 and 49812.9 GHz (i.e.,
1660.00 and 1661.58 cm�1). Consequently, the
search range of the laser has to be of the order
of 250 GHz to take into account the rms proton
radius uncertainty.

Muonic hydrogen has a reduced mass 186
times that of normal hydrogen causing oscillator
strengths 1/(186)3 times weaker than the corre-
sponding ones in hydrogen. The energy density re-
quired to saturate the 2S–2P transition is 16.5 mJ/
cm2. This density has to be obtained in the atom–
laser interaction volume of 17 · 7 · 170 mm3. This
is achieved if the 6 lm laser system provides pulses
with �0.2 mJ energy. Reliability of the whole sys-
tem during the measuring time of about 200 h dur-
ing the beam time period of few weeks is essential.

For reasons we will discuss below we developed
a laser system whose main components are shown
in Fig. 1. Two high power XeCl excimer lasers pro-
vide the pumping energy (320 mJ each) for the
whole system. Their pulses have a 1.2 ls delay rel-
ative to the trigger signal. No other laser with such
a short delay and large pulse energy is commer-
cially available. Each excimer pumps a two-stage
multimode nontunable dye laser which convert
the 308 nm excimer laser pulses to 45 mJ pulses
at 540 nm. They in turn pump an injection-seeded
oscillator–amplifier titanium sapphire (Ti:Sa) laser
system which delivers 12 mJ at 708 nm. The wave-
length tunability and bandwidth of the Ti:Sa oscil-
lator, and therefore of the subsequent amplifier
and 6 lm light, is controlled by a single-mode
cw-Ti:Sa laser stabilized on a calibrated Fabry–
Perot (FP) cavity.

Wavelength conversion from the visible to the
infrared is made by a third-Stokes Raman shifter
operated with 14 bar H2 gas. For our conditions,
efficient Raman conversion needs the TEM00

mode and pulse lengths less than 10 ns in duration,
which is obtainable with a short cavity length

Table 1
Requirements on the laser system for the muonic hydrogen 2S–
2P Lamb shift measurement

Requirements Comments

Frequency 50 THz Corresponding to k = 6 lm
Bandwidth <2 GHz C2S–2P = 18 GHz (FWHM)
Tunability 250 GHz Large Rp uncertainty
Energy/pulse J 0.2 mJ Illuminated vol. 25 · 7 · 170 mm3

Triggerability Stochastic l�p formation time is random
Repetition rate 100 s�1 100 s�1 results in 1 event/hour
Delay <1.5 ls 1.3 ls lifetime of the 2S state
Reliability 108 shots Many days with 100 s�1 shots
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Ti:Sa oscillator. The third-Stokes Raman shifter
converts the wavelength from 708 nm to the 6
lm region yielding a pulse energy of 0.2 mJ.

The infrared light is transported over a 12 m
long path to the mirror cavity surrounding the
muon stop volume. Two mirrors located on the
left and right side of the muon stop volume form
a nonresonant 6 lm multipass cavity. One of the
mirrors has a hole of 0.6 mm diameter where
the laser light is focused and enters the cavity. The
light then is reflected back and forth between the
two mirrors and spread out almost homoge-
neously illuminating the whole l� stopping vol-
ume. The part of the confined light which is
reflected back at the hole position escapes from
the multipass cavity and is detected by a fast infra-

red photo-detector. This provides a diagnostic for
the light circulation inside the multipass cavity.

This laser scheme was developed since in the 6
lm region, there exist no commercially available
tunable and rapidly triggerable lasers which pro-
vide sufficient energy. However, a tunable 6 lm la-
ser can be realized by using a tunable laser in the
visible region (e.g., Ti:Sa) pumped by a high power
laser. Its wavelength can then be converted (fre-
quency mixing, OPO, Raman) to 6 lm. Stochastic
triggering and short delay excludes the use of a
standard high-power low-repetition-rate (<100
Hz) Nd:YAG laser as they require around 100
ms for inversion build-up. Continuously pumped
Q-switched YAG lasers can possibly provide the
necessary pulses but available commercial models
have too low pulse energy and too long delay times
(2 ls) due to the use of AOM switching and low
gain per pass. Hence we decided to use excimer la-
sers which can be triggered within 1 ls and provide
sufficient energy to fulfill our requirements. For
efficient down-conversion to the 6 lm wavelength,
we used a H2 Raman cell with low threshold and
high efficiency. Possible alternative schemes could
be constructed using an OPO-based HgGaS2 crys-
tal [16] or by frequency mixing methods [17] but
the reliability at relatively high repetition rates
has not yet been demonstrated.

3. Excimer–dye lasers

3.1. Excimer lasers

The most restrictive requirement on the laser
system is the short delay between muon arrival
and laser pulse. Two commercial Lambda Physik
series LPX 200 XeCl excimer lasers are used each
of which delivers 320 mJ output energy and has
a maximal repetition rate of 100 Hz. The trigger
electronics of the excimer lasers was modified to
decrease the internal delay to 1.2 ls.

The time necessary to recharge the laser capac-
itor bulk is 10 ms, and during this dead time the
laser is inoperable. When the laser is stochastically
triggered the dead time has to be enlarged to 12.5
ms to avoid intolerable energy and profile fluctua-
tions of the dye laser output pulse. A muon trigger

H  O2

Ar –Laser

cw–ring

Ti:Sa

708  nmI

Excimer
308 nm

Excimer
308 nm

Wave
meter

Dye–Laser
540 nm

FP

Raman cell

6   m cavity

2

+

FI

6   m

6   m

Ti:Sa Osc.

Ti:Sa Amp. 708 nm

10 m

PZT

Trigger

Ge

Ge

monitoring

Fig. 1. Schematic view of the laser system. The main
components are a pulsed excimer–dye laser system, a tunable
cw-Ti:Sa laser, a pulsed oscillator–amplifier Ti:Sa laser, a
Raman cell, and a 6 lm multipass mirror cavity with its
diagnostic system. FP: Fabry–Perot, I2: iodine absorption cell,
H2O: water absorption cell, PZT: piezo transducer, FI: Faraday
isolator.
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rate of 240 s�1 and a laser dead time of 12.5 ms re-
sults in an average laser repetition rate of 60
s�1 � (1/240 + 0.0125)�1 s�1. This means that the
laser is fired on average for every fifth detected
muon which enters the target.

3.2. Dye lasers

Each of the two excimer lasers pumps its own
dye laser oscillator–amplifier system. The oscilla-
tor is free running with a 10 cm long linear
flat–flat resonator. Each resonator has a T =
10% output-coupler, an 8-element-Brewster-plate
polarizer, and a Bethune dye cell. The Bethune
(prism) cell allows homogeneous transverse
pumping, yielding a nearly Gaussian transverse
profile [18]. The oscillator resonator length is
made as short as possible to maximize the time
overlap between the oscillator pulse and the exci-
mer pulse within the dye amplifier cell. The dye
laser oscillators are pumped with 12% of the
available excimer laser light and deliver 20 ns
long pulses (see Fig. 3) with 5 mJ at 540 nm.
These pulses are then amplified to 45 mJ, leading
to an optical-to-optical efficiency of 14%. Pulse to
pulse energy fluctuations are of about 10% and
strongly depend on the time between successive
pulses (those typical values are measured with
new dye solutions and at a stochastic rate of 60
s�1). In contrast to the oscillator, the amplifier
cells are not Bethune cells, but are transversely
pumped from one side only, which results in a
nonuniform illumination over the cross section
of the excited volume. The highest gain which oc-
curs right on the inner face of the cuvette side
wall causes diffraction effects. A reduction of
those effects and an enhancement of the dye life-
time is accomplished by reducing the solvent vis-
cosity, increasing the dye solution flow, and
decreasing the dye concentration. For the same
reason, the output energy and profile quality pro-
gressively decreases with increasing repetition
rate.

Several dyes were tested that have an emission
band that overlaps with the absorption band of
Ti:sapphire [19,20]: Coumarin 102, pure and mixed
with DABCO (a triplet quencher), pure Coumarin
307, Coumarin 153 mixed with DABCO, and

Rhodamine 6G, pure and mixed with DABCO.
We found that the combination of Coumarin 153
with DABCO has the longest lifetime under the in-
tense UV irradiation of our XeCl excimer lasers,
and it was therefore used.

Propylene-carbonate, methanol, and ethanol
were tested as dye solvents. Methanol and etha-
nol show similar behavior and, when compared
with propylene-carbonate, give a factor of three
longer dye lifetime and 20% more output energy
at 50 Hz. A further factor of two enhancement
of the dye lifetime is achieved by dissolving the
triplet quencher DABCO in the dye solution.
The dye-lasers with 5.5 l dye solution each (Cou-
marin 153 + DABCO + methanol) showed an en-
ergy output decrease of 13% in 4 h when
operated at 50 Hz. Methanol is used in the ampli-
fier cells, whereas the oscillators are operated
with the more expensive ethanol solvent because
methanol produces the formation of a white coat-
ing on the Bethune cell tube wall. This layer,
which dramatically reduces the energy output, is
strongly dependent on the surface quality of the
tube walls, and does not occur with ethanol.
Methanol is employed in the amplifier cells which
have better surface quality and do not exhibit this
effect. The dye mixture of the oscillator consists
of 0.8 g Coumarin 153 and 2.0 g DABCO per li-
ter of ethanol, whereas the amplifier mixture con-
sists of 1.0 g dye with 2.0 g DABCO per liter of
methanol.

During data taking the dye solutions were chan-
ged in average 2–3 times a day, that is about 30 l of
dye solution are used per day (15 h of operation).
As said above the typical efficiency with new dye is
about 14% whereas the dye was exchanged when
its efficiency was around 12%.

The gas mixtures of the excimer lasers are ex-
changed once per day, and the excimer laser optics
are cleaned at the same time.

4. Ti:Sa oscillator and amplifier

4.1. Oscillator

The resonator arrangement of the pulsed Ti:Sa
oscillator is presented in Fig. 2. The design
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maximizes the output pulse energy, minimizing the
output pulse duration. The short optical resonator
length of 7 cm results in a short output delay (56
ns) relative to the pump pulse, and creates a short
pulse length (7 ns). The Brewster-cut Ti:Sa crystal
(15 mm path length, a = 1.8 cm�1, with a figure of
merit >300 [21]) is placed in a flat–concave (4 m ra-
dius of curvature) stable resonator. At 708 nm, the
gain in the crystal is half that of the maximum [20],
so that an equilateral flint prism, inserted at mini-
mum deviation angle, is needed to force the oscil-
lation at 708 nm. The oscillator frequency is
precisely controlled by injection seeding from a
cw-ring Ti:Sa laser [22].

At a stochastic rate of 60 s�1, the Ti:Sa oscillator
delivers 1.2 mJ per pulse at 708 nm when pumped
with 15 mJ from one dye laser. Between 10 and
60 s�1 a 20% decrease in pulse energy at 708 nm
is observed that can be attributed to a deterioration
of the dye laser beam quality. The beam energy and
profile of the 540 nm pump laser deteriorates as the
delay time between pulses shortens.

4.2. Injection seeding

Injection seeding is chosen for wavelength selec-
tion and tuning of the pulsed oscillator. The sim-
plicity and precision of the cw-laser frequency
control is directly transferred to the pulsed oscilla-
tor. Beside the prism no other wavelength selective
elements are needed in the oscillator which mini-
mizes optical losses within the resonator, maximiz-
ing the output energy.

A Ti:Sa cw-laser in a ring geometry, pumped by
an Ar+ laser, is used as the seed source [22]. The

1.6 m long cavity is equipped with three wave-
length selective elements controlled by feedback
loops: a Lyot filter, a thin etalon, and an internal
FP. A 1 MHz bandwidth is obtained by servo-
locking the cavity length with a piezo-mounted
mirror to a stable external FP cavity. An output
power of 400 mW at 708 nm is achieved with 5
W pumping power. The frequency stability of the
cw-Ti:Sa laser is given by the external FP cavity
(see Section 6).

The 708 nm cw-light is resonantly coupled into
the oscillator cavity via reflection on the prism sur-
face (see Fig. 2). Light incident on the prism at the
minimum deviation angle amin = 53.72� (aBrewster
= 58.19�) is partially reflected toward the high
reflector (HR). The low coupling efficiency
(0.23%) requires a large cw power of 300 mW,
but has the advantage that there is only weak opti-
cal feedback (cw and pulsed) to the cw-cavity. Be-
cause of its unidirectional ring cavity geometry,
the cw-Ti:Sa laser is highly insensitive to any feed-
back, but a Conoptic 713 Faraday isolator (see
Fig. 1) is used to further reduce feedback, mainly
because of the wavemeter.

The cavity length of the pulsed 708 nm oscilla-
tor is servo-locked to the cw-laser frequency.
Proper operation of the injection seeding is mon-
itored by observing the temporal profile of the
pulse on the fast photodiode D2 and monitoring
the oscillator pulse wavelength with a spectrome-
ter. When the oscillator is injection seeded, the
pulse build-up time is typically shortened from
95 to 55 ns.

4.3. Chirp in the Ti:Sa oscillator

As will be further discussed in Section 6 the cal-
ibration of the whole laser system is performed di-
rectly at 6 lm. However this occurs only few times
during data taking. In between, the frequency of
our laser source is controlled by the cw-Ti:Sa laser
at 708 nm with the help of a calibrated FP. A var-
iation of the frequency shifts caused by a variation
of the chirping effect will thus lead to a small error
in the determination of the output frequency at 6
lm. The chirp occurring in the Ti:Sa oscillator
are studied in order to determine the size of this
frequency shift variation.

Injection seeding

(708 nm)
1.2 mJ

T=18 %

locking

Ti:Sa

HR

PZT

D
1

15 mJ (540 nm)

300 mW (708 nm)

Flint

2D

5 cm

Fig. 2. Ti:Sa oscillator resonator. High reflector: HR, Piezo-
electric element: PZT, photodiodes D1 and D2.
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Ideally, the oscillator frequency should be equal
to that of the seed cw laser and its bandwidth given
by the Fourier transform of its pulse length. How-
ever some frequency shift and additional broaden-
ing occur due to time dependent changes in the
Ti:Sa crystal refractive index caused by optical
and thermal effects during the pulsed pumping
and the lasing process [23]. Therefore we devel-
oped a simple model to describe the frequency
changes during the pulse formation.

When a laser beam traveling in z-direction in a
medium extending from z0 to z1 experiences a
time-dependent refractive index n, its instanta-
neous frequency m at z (z0 < z < z1) is given by [24]

mðz; tÞ ¼ mðz0; t0Þ � 1

k
ðz� z0Þ dn

dt
; ð2Þ

where k is the wavelength inside the medium. The
frequency shift Dm experienced by a wave traveling
inside the oscillator cavity is given by Eq. (2) [24]:

Dm ¼ � Lc

k
Dn
Dt

; ð3Þ

where Dn is the refraction index change in Dt and
Lc the crystal length.

There are two sources of change of refractive in-
dex: one related to the excited population density
Nexc and the other one related to the crystal tem-
perature T which vary during the pulse formation.
The pumping and lasing processes dynamically af-
fect the inversion population, inducing a change of
the refractive index which is [25].4

Dnopt ¼ Copt N exc with

Copt ¼ ð1.4� 0.6Þ � 10�24 cm3. ð4Þ
This has to be attributed to the susceptibility dif-
ference between the excited and ground state of
the Ti3+ ions. In addition, there is an increase of
the crystal temperature DT during pumping (pho-

non relaxation between excited states) and lasing
(phonon relaxation to the ground state). The
resulting T-induced change in refractive index
can be calculated using Dntherm = (dn/dT)DT with
dn/dT = 12.6 · 10�6 K�1 [21].

The elementary rate equations for the number
of photons m(t) inside the cavity and the inverted
population Nexc(t) are used to model the pulse for-
mation in the oscillator cavity [26]:

dmðtÞ
dt

þ ccmðtÞ ¼ þKN excðtÞmðtÞ; ð5Þ
dN excðtÞ

dt
þ c2N

excðtÞ ¼ �KN excðtÞmðtÞ þ P pðtÞ; ð6Þ

where cc is the total cavity decay rate, c2 and Pp the
decay and pumping rate of the inverted population
and K is the coupling coefficient between photons
and atoms describing the stimulated emission.

Numerical integration of Eqs. (5) and (6) per-
mits tracing the pulse formation m(t) and the evo-
lution of the population inversion Nexc(t) during
the pulse buildup. The pump intensity time profile
and the pump-to-output pulse delay are taken
from measurements. Only the absolute value of
the pump energy density is assumed to be a free
parameter since the pump beam size at the crystal
surface is poorly known. It is tuned to have a
pump-to-output pulse delay equal to the experi-
mentally determined one (see Fig. (3)).

Pulse length and energy of the oscillator pulse
m(t) resulting from the model reasonably repro-
duce the measured values. Moreover Nexc(t) and
dNexc(t)/dt combined with Eq. (4) and the dn/dT
value, predict the time evolution of the refractive
index. The frequency shift is then determined using
Eq. (3) and is plotted in Fig. 3. The frequency
changes from a value of about �170 MHz (relative
to the cw) at the pulse leading edge to �85 MHz at
the pulse tail (see Fig. 3). A mean chirp shift with
respect to the cw-seeder of Dm = �(110 ± 30) MHz
and a broadening of dmchirp = (65 ± 30) MHz
(FWHM) are therefore expected. The uncertainty
is dominated by the error in C opt.

The frequency shift between the cw-injected
light and the pulsed output light is measured by
scanning the I2 absorption line labeled ‘‘430’’ in
[27]. Both pulsed and cw-laser light are injected
into a 50 cm long cell operated at a I2 gas pressure

4 The C value given in [25] takes into account not only the
purely optical change of refraction index, but also the thermal
contribution by lasing. Associated with each photon emitted
from the excited state there is a relaxation phonon in the ground
state. From Fig. 2 of the cited article, the thermal component
can be extracted and subtracted from the value C = (1.1 ±
0.5) · 10�24 cm3 to give the purely optical component C opt =
(1.4 ± 0.6) · 10�24 cm3.
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of 2 mbar, and a temperature of 365 �C. Their
transmission curves are shown in Fig. 4. The
asymmetric line shape is caused by the underlying
unresolved components of the transition. The

transmitted cw light is fit using a phenomenologi-
cal model with seven Gaussian functions, which
defines the reference absorption line shape. The
absorption measurement of the pulsed light is fit
with the reference line shape convoluted with an
additional Gaussian which describes the pulsed la-
ser spectral distribution. The position of the addi-
tional Gaussian gives the mean frequency shift
whereas its width gives the laser bandwidth. A
simultaneous fit of both absorption measurements
is performed (v2 = 83 for 80 degrees of freedom).
The laser shift and width uncertainty extracted
from the fit procedure are conservatively enlarged
by a factor of 2 to take into account possible inac-
curacies of the line-shape model. A (�110 ± 10)
MHz red shift of the pulsed light relative to the
seed laser frequency is measured, in good agree-
ment with the above chirp model. A laser width
of (130 ± 120) MHz (FWHM) is measured which
is in agreement with the theoretically estimated
width (Fourier-limit �125 MHz (FWHM), fre-
quency chirp �65 MHz).

The chirping might cause lasing at a second lon-
gitudinal mode. A scan over a frequency range of
±3 GHz has hence been performed but no evi-
dence for a second longitudinal mode is noticeable.

The simple model developed above to estimate
the frequency shift predicts a dependence of the
frequency shift on the pump pulse energy (see
Fig. 6 in [23]). The pulse-to-pulse dye energy fluc-
tuations and slow variations (due to dye and exci-
mer gas degradation) cause frequency shift
variations of about 20 MHz.

4.4. Ti:Sa amplifier

The oscillator output pulse (1.2 mJ at 708 nm) is
amplified roughly by a factor of 10 in an eight-pass
amplifier (see Fig. 1). The beam is refocused on
each pass. The amplifier crystal is pumped longitu-
dinally from both sides, and water cooled to 10 �C.
The maximum optical-to-optical energy conver-
sion efficiency was 18%, but the routine operating
conditions are normally 14%.

The amplification process is more efficient for
the leading edge of the pulse and thus a pulse
shortening is expected. A reduction of pulse width
from 7 to 6 ns (FWHM) between input and output
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pulse is measured. Similar to the oscillator, the
amplifier introduces some frequency chirp. The
resulting frequency shift per pass Dmpass is

Dmpass ¼ � LcC
k

DN exc

Dt0
; ð7Þ

where DNexc is the change of inversion population
in the time Dt 0 necessary to cross the crystal. The
experimental relation Dn = CNexc with C =
(1.1 ± 0.5) · 10�24 cm3 is used [25].5 The pumping
process does not induce any frequency shift be-
cause the crystal is pumped before the red pulse
from the oscillator reaches it. Only the change of
population inversion caused by the red pulse
amplification leads to a frequency shift. The chirp
resulting from the eight-pass amplifier is estimated
to be (20 ± 15) MHz, which is negligible in the
context of our experiment.

5. Raman cell

Sequential vibrational Raman scattering inH2 in
a multiple-pass-cell [28] of the Herriott-type [29] is
used to convert the 708 nm pulse to the 6 lm region.
Hydrogen is ideally suited for this purpose since it
not only provides reasonable gain at modest pump
intensities, but also has the largest Stokes shift
(Q01(1) = 4155.2 cm�1). Three sequential Raman
shifts convert an input wavenumber of 14128
cm�1 (corresponding to 708 nm) by 3 · 4155.2
cm�1, to 1662 cm�1 (which is 6.02 lm) passing
through 1.00 lm (first Stokes) and 1.72 lm (second
Stokes). Any tuning of the input wavenumber tunes
the output wavenumber by the same amount.

The Raman cell, a 2 m long steel tube, is filled
with 14 bar of H2 (<1 ppm impurities). It encloses
two spherical silver-coated copper mirrors (1 m ra-
dius of curvature, 12.7 cm diameter, with dielectric
protection layer [30]) and a measured reflectivity of
R = 97.7% at 708 nm. The two mirrors form a sta-
ble spherical interferometer. The mirror spacing is
1.9325 m giving a confocal parameter b = 36.1 cm
and a 33 passes configuration with Herriott�s
parameters l = 14, m = 17 [31]. Both mirrors have

a 1.27 cm diameter off-axis hole for injection and
extraction of the light beam. Pulse extraction oc-
curs before ray path closure. Light at 708 nm is
mode matched to the confocal parameter with a
Galilean telescope.

This configuration provides optimal enhance-
ment of the conversion at each pass. The gain coef-
ficient (exponent) per pass, g, for Stokes beams
with the same confocal parameter b, is given in
MKS units by [28]

g ¼ 16pPv00r
ð1þ kp=ksÞk2snsnp�0c

tan�1 L
b

� �
; ð8Þ

where kp and ks are the pump and Stokes wave-
lengths, P the pump power, L the length of the
gain medium, v00r the Raman susceptibility, np
and ns the indices of refraction at pump and Stokes
frequencies, c the speed of light, and �0 the free
space permittivity. For a mirror reflectivity R,
the net gain exponent gn after n transits through
the cell, assuming the same reflection loss for
Stokes and pump beams at each reflection, is given
by [32]

gn ¼ g
1� Rn

1� R
. ð9Þ

For a pulse at 708 nm with 12 mJ energy and of 6
ns length, Eq. (8) indicates that the gain from noise
will produce the first Stokes in the first half pass,
and the second Stokes within the second pass.
For the third Stokes production with g = 0.4, the
remaining 31 passes are essential. However, using
Eq. (9) with a reflectivity R = 97.7% and n = 31
a total gain exponent of only gn = 9 is achieved.
The obtained output energy at 6 lm can therefore
be explained only if four-wave mixing which ini-
tializes the third Stokes radiation is taken into con-
sideration [33,34].

Because of water absorption in the second and
third Stokes region, the cell is equipped with a
gas circulating system connected to a cold trap
which removes water from the amplifying medium.
Pump photons (708 nm), first Stokes (1.00 lm),
second Stokes (1.72 lm), first rovibrational Stokes
(1.07 lm), second rovibrational Stokes (1.91 lm)
and weaker first (547 nm) and second (446 nm)
anti-Stokes together with the 6.02 lm third Stokes
photons exit the Raman cell. A CaF2 prism is used

5 In contrast to the oscillator case, the constant C of [25] can
be inserted directly here.
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to separate the 6 lm light, and two AR-coated (5–
8 lm) Ge-plates remove all parasitic light remain-
ing on the 6 lm beam axis.

Fig. 5 shows the 6 lm output of the Raman cell
plotted as a function of the 708 nm input pulse en-
ergy. A threshold pump energy of 6.5 mJ is visible.
With an average input energy of 12 mJ, a mean
output energy of 0.2 mJ at 6 lm is measured which
corresponds to a quantum efficiency of 14%. An
input pulse length of 6 ns, the shortest pulse length
delivered by the Ti:Sa laser, is chosen to maximize
the Raman efficiency. In the steady state regime
the Raman gain scales with the pump power (see
Eq. (8)), favoring short pulses, whereas the gain
decreases for very short pulses when the transient
regime becomes dominant [35].

6. Frequency calibration of the 6 lm light

Calibration of the 6 lm pulse wavelength is
performed by measuring a water absorption line.
The line at 6.014 lm (1662.80968(7) cm�1) labeled
‘‘37’’ in Ref. [36] is scanned by tuning the cw-laser
at 708 nm. The cw-laser is referenced to a cali-
brated FP cavity with a free spectral range of 1.5
GHz [37]. The FP cavity is made of mirrors opti-
cally contacted on a Zerodur spacer and main-
tained under vacuum (7 · 10�6 mbar) by an ion
pump. The vacuum cell is inserted in a heavy brass

box to attenuate mechanical vibration and fast
thermal fluctuation. Its resulting long term stability
is measured to be better than 10 MHz over several
weeks [38]. A wavemeter is used to unambiguously
determine the FP fringe number.

The absorption measurements were made by
having the 6 lm light traverse a 37 cm long cell
filled with 55 mbar of air at 35% humidity
(T = 23 �C). Additional desorption from the walls
results in a H2O partial pressure of 1.0(5) mbar.
Similar measurements are performed at 20 and 3
mbar total pressure. The 6 lm beam line is flushed
with dry N2 gas to avoid absorption by water va-
por in the ambient air. Averaging over 128 pulses
per point is necessary because of the intensity fluc-
tuations of the 6 lm laser. Fig. 6 shows the
transmitted 6 lm laser beam intensity versus the
cw-Ti:Sa laser frequency referenced relative to
one FP fringe. The errors are estimated based on
the scatter of multiple measurements at a subset
of frequency points.

The absorption curve is fit with the function

F laserðmÞ 	 ð1� expf�LpressureðmÞ 	 GDopplerðmÞgÞ;
ð10Þ

where 	 represent the convolution operator,
and F laser is the laser spectral distribution with
amplitude, position and width as free parameters.
Lpressure describes the pressure broadening
(Lorentzian with C = 325 MHz [39]), and GDoppler

Fig. 5. Measurements of the Raman conversion efficiency.
Plotted is the third Stokes (6 lm) output energy versus the 708
nm pump pulse energy.
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the Doppler broadening (Gaussian with 150 MHz
at FWHM) of the water line. The statistical error
in the determination of the line-center position is
10 MHz. This error was enlarged to 50 MHz to
accommodate for systematics caused by possible
laser frequency drift since the laser is not locked
to the FP during the scan. The gain narrowing
process in the Raman cell may cause Flaser to be
different from a Lorentzian corresponding to a
pressure broadened Raman transition. The
absorption measurement is fit for the two extreme
cases of a purely Lorentzian and a purely Gaussian
laser spectral distribution. The resulting laser
bandwidths are (540 ± 30) and (820 ± 40) MHz,
respectively. We assumed an average value of
(680 ± 140) MHz at FWHM.

At the water line position the 6 lm wavelength
can thus be calibrated regardless of possible sys-
tematic shifts in the various stages from the 708
nm cw-light to the 6 lm region.

Dye laser energy variations cause frequency
shift variations in the pulsed Ti:Sa laser of about
20 MHz, a broadening which has to be quadrati-
cally added to the 50 MHz fit uncertainty. For
the 2S-Lamb shift measurement the resonance is
scanned by locking the cw-laser on various FP
fringes. The laser has to be tuned by less than
100 FP fringes from the water calibration line to
cover the whole anticipated 2S–2P resonance re-
gion. The FP free spectral range is known with
an accuracy of about 1 kHz at 708 nm, therefore,
the uncertainty of the 6 lm wavelength over the
whole scanning region is 55 MHz (quadratic sum
of 50, 20, and 100 · 0.001 MHz).

The absolute FP calibration is performed at the
Ti:Sa wavelength. The FP is calibrated at 778–794
nm with three Rb lines known to a precision <1
MHz [38] and at 700–708 nm with six I2 lines
known to a precision of 200 MHz [27]. The posi-
tions of the measured FP transmission peaks mi ref-
erenced to the atomic lines are fit using the
following equation [37]:

mi � mr ¼ I0ðNi � N rÞð1� �ðNi þ N rÞÞ; ð11Þ
where mr corresponds to the FP peak close to the
778 nm Rb line (chosen as reference frequency),
I0 is the zero order free spectral range,
Ni � 3 · 105 the fringe number, and � � 10�10 a

phenomenological parameter which takes into ac-
count frequency dependent mirror spacing correc-
tions. The FP parameters � and I0 are extracted
from the fit and used to determine the frequency
of any FP transmission peak around 708 nm with
an absolute precision better than 200 MHz.

A comparison between the water line position
at 6 lm and the corresponding cw-laser frequency
measured with the FP at 708 nm gives a value of
4155.219(1) cm�1 for the Q01(1) Stokes shift in
H2 at 295 K and 14.0(1) bar. This is in acceptable
agreement with values given in [40]. Corrections
for the chirps of (�110 ± 10) MHz measured in
the Ti:Sa oscillator, and of (20 ± 15) MHz calcu-
lated for the amplifier are taken into account.

The 6 lm light bandwidth of (680 ± 140) MHz
measured at the Raman cell exit is much broader
than the 708 nm bandwidth of the Ti:Sa pulse
which is measured to be (130 ± 120) MHz (cf. Sec-
tion 4.3). It can be concluded that the Raman gain
process contributes a broadening of about 650
MHz.

This number can be compared to the upper limit
of the broadening given by the spectral width of the
Raman gain, which at our conditions is 690 MHz
(see Eq. (1) in Ref. [40]). The maximum expected
broadening for the three sequential Stokes shifts
is therefore about 2 GHz. This value is reduced
to the measured 650 MHz by gain narrowing pro-
cesses occurring during the Stokes pulse build up.

7. The 6 lm multipass cavity

The 6 lm light is coupled into an intensity
enhancement cavity, placed inside the hydrogen
target for the excitation of the 2S–2P transition.
Fig. 7 shows the geometry of the mirror multipass
cavity. The l� stopping volume, 17 · 7 · 170 mm3,
is elongated in direction of the muon beam (z-axis)
because of the low H2 pressure. The laser light illu-
minates the stop volume transversely, because it is
not possible to mount laser mirrors on the muon
beam axis. Therefore rather long laser mirrors left
and right of the muon beam are used. Above and
below the muon beam, the X-ray detectors have to
be positioned as close as possible to the muon
beam for solid angle efficiency. Hence the vertical
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dimension of the laser mirrors is made as small as
possible. Twelve millimeter high mirrors turned
out to be large enough to illuminate a 7 mm high
volume. Laser light enters the cavity through a
0.63 mm diameter hole in one mirror (see Fig. 7)
and is reflected between the two mirrors illuminat-
ing a volume of 25 · 7 · 170 mm3. By observing
the intensity of the part of the 6 lm light which es-
capes of the multipass cavity, we obtain an average
lifetime of about 140 ns. Taking into account the
distance between the cavity mirrors (25 mm), that
corresponds to 1700 reflections between the two
mirrors. This lifetime is determined not only by
the mirror reflectivity and spacing but also by
the unavoidable escape of light out of the injection
hole. In fact, confined light which is reflected back
at the hole position will escape the cavity, and this
escaping light is used to monitor the cavity
alignment.

Since the time integrated spatial intensity distri-
bution of the light inside the cavity is relatively
homogeneous, the fluence F is given approximately
by

F � Elaser
in nrefl
Acav

; ð12Þ

where Elaser
in is the pulse energy entering the cavity,

nrefl = 1700 the measured average number of
reflections, and Acav = 17 · 0.7 cm2 the illumi-
nated transverse cavity area. A 6 lm laser pulse en-
ergy of 0.12 mJ is therefore sufficient to saturate
the 2S–2P transition (corresponding to a fluence
of F � 16.5 mJ/cm2). A lp(2S) atom which has
survived to the time the laser enters the cavity
has thus a probability of (1 � e�1) to be excited

to the 2P-state if the laser is resonant with the tran-
sition and is providing a pulse with 0.12 mJ energy.
Including various losses on the beam path from
the Raman cell to the 6 lm cavity, about 0.2 mJ
are required at the Raman cell exit to saturate
the transition.

8. Conclusion

We have developed a powerful, fast triggerable,
high quality 6 lm laser beam with 60 s�1 (stochas-
tic) repetition rate. Two excimer pumped dye la-
sers operating at 540 nm are used to pump an
oscillator–amplifier Ti:Sa laser. A reliable and sim-
ple injection seeded Ti:Sa oscillator has been devel-
oped. An output pulse of 1.2 mJ energy, 7 ns width
at 708 nm is achieved (without the use of Q-switch-
ing methods), with a pump energy of 15 mJ. The
simulated oscillator characteristics (pulse length,
energy output and frequency chirp) are in good
agreement with the measured values. The eight-
pass Ti:Sa amplifier delivers a pulse energy of 12
mJ at 708 nm which is converted to 6 lm via a Ra-
man shifter. The Raman cell produces 0.2 mJ of 6
lm light corresponding to a quantum efficiency of
14%.

The total delay of the 6 lm pulse from trigger to
multipass cavity entry is 1.6 ls, corresponding to
the sum of the following delays: excimer–dye laser
(1220 ns), Ti:Sa oscillator (56 ns), Ti:Sa amplifier
(45 ns), Raman cell (200 ns) and various beam
paths (80 ns). The laser tunability is between 5.5
to 7 lm. The maximal wavelength is limited by
the Raman gain which decreases at longer wave-
length (see Eq. (8)) whereas the minimal wave-
length is limited by the spectral profile of the
Ti:Sa gain. The absolute frequency of the tunable
6 lm source stabilized on an external FP is de-
duced from a water line absorption measurement
with an accuracy of 55 MHz; the bandwidth is
680 MHz.

To enhance the intensity of the 6 lm light, a
multipass cavity providing a large illuminated vol-
ume (25 · 7 · 170 mm3) has been developed.

The 6 lm source, the multipass cavity and asso-
ciated diagnostics meet all the requirements for the
muonic 2S-Lamb shift experiment and have been
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Fig. 7. Sketch of the 6 lm multipass cavity. The figure is
distorted to visualize details. All dimensions are given in mm.
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operated continuously for 4 weeks during the
search for the 2S–2P resonance. Steps of 10.5
GHz (corresponding to 7 FP fringes) were used
to search for the 2S–2P resonance. The laser was
shot for 15 different frequencies, distributed
around the frequency given by Eq. (1) inserting
the CODATA 1998 [41] value for the proton rms
radius. The laser was shot for each FP value for
about 7 h. The scanned range was limited by the
time available at the accelerator. The data are
presently being analyzed.
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