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Search for the 2S-2P energy difference in muonic He ions
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We searched for laser-induced 2Sig2-2P3y2 transitions in (p He)+ ions at low pressure (4.1 kPa),
where we determined a 2S lifetime of 1.014+0.121 ps from the simultaneously measured 2S~1S two-
photon transitions. In contrast to a similar experiment in He gas of 40 bar (4X10 Pa) reported by Car-
boni et al. [Nucl. Phys. A27$, 381 (1977)], which was based on the questionable metastability of the 2S
state at that pressure, we found no resonance effect at the wavelength A, =811.7 nm. We can reject this
wavelength with a confidence level of less than 2X10, and the interval 811.4~ A, ~ 812.0 nm with a
greater than 95% probability.

PACS number(s): 36.10.Dr, 12.20.Fv, 42.50.Wm

I. INTRODUCTION

The measurement of the Lamb shift, i.e., the 2S-2P en-
ergy difference, in the lightest muonic atoms leads to pre-
cise tests of the vacuum polarization and to the deter-
mination of the nuclear charge radii [1]. In contrast to
the electronic H atom, vacuum polarization and finite nu-
clear size are the main contributions to the 2S-2P energy
difference in muonic atoms. The contributions of nuclear
polarization and vertex corrections are small [2]. For
Z ~ 2 the vacuum polarization exceeds the finite-size con-
tribution by an order of magnitude and electron screen-
ing effects are absent. A good experimental precision can
be attained by using laser resonance techniques. For
muonic He (}u,He) the wavelength corresponding to the
2S-2P energy difference is around 0.8 pm and the relative
natural linewidth is only about 1000 ppm.

In the 1970s the 2S-2P energy difference in muonic
helium ions (}Lt He)+ was measured at CERN [3,4].
That experiment was based on the following principles:
The transition from the metastable 2S state to the 2P
state was induced by intense laser light (resonance ab-
sorption), and the ICa x ray emitted during the immedi-
ately following 2P 1S transition (-r2t, =5X10 ' s) was
detected. The laser pulse had to be delayed relative to
the muon stop signal, in order that the laser-induced Ea
x rays could be separated from the prompt ones of the
muonic cascade. This required a sufficiently long 2S life-
time ( —1 ps) and a 2S-state population probability of a
few percent.

The Lamb-shift experiment at CERN was performed
at a He pressure of 40 bar. In previous measurements
[5,6] the 2S lifetime had been determined at pressures be-
tween 7 and 50 bar, and only small deviations from the
lifetime in vacuum (no collisions) r2s=1.75 ps were
found. There was, however, a contradiction between
theoretical predictions [7—9] of high radiative collisional
2S-quenching rates and the absence of the corresponding
2P-1S transitions in the experimental data.

We investigated the (p He)zs lifetime in the pressure

region between 65 mbar and 6 bar [10,11]. At 6 bar no
delayed x rays from 2S decays were found, which sug-
gested an upper limit ~2& (150ns. Below 1 bar delayed x
rays were measured and ~2+ was determined as a function
of pressure. Based on these measurements a model for
the pressure dependence of the quenching rates was es-
tablished, which confirmed the predicted formation of
[He-pHe]+ molecular ions [12] and fixed experimentally
their formation rate.

The absence of a satisfying theoretical explanation for
long lived (pHe)2s at high density [12—15] led to two
more recent measurements in the pressure region of 40
bar, one establishing an upper limit of the (@He)2s life-
time r2s (47 ns [16]and the other excluding the presence
of metastable (@He)2s states [17]. This situation strongly
suggested the measurement of the 2S-2P energy
difference in muonic helium at low pressure, where the 2S
lifetime is long ( ~1 ps) according to experimental data
[10,11], which are in qualitative as well as quantitative
agreement with theoretical calculations.

In the present experiment the He pressure was 4.1

kPa =41 mbar (at T=300 K), corresponding to a density
p=6. 6X10 g/cm . At this pressure the relative popu-
lation of the 2S level can be determined from the mea-
sured E-line intensity ratios and amounts to
ezz=(2. 6+0.3)% [11]. The goal of the experiment was
to check the 2S,&z-2P3/2 resonance wavelength
A, =811.68+0. 15 nm as found by Carboni et al. [3] at a
He pressure of 40 bar, which was in agreement with the
predicted value A, '"=812.2+1.5 nm [2] corresponding to
a Lamb shift of 1526.5+2.8 meV. This energy difference
is the sum of the contributions from vacuum polarization
(1678.2 meV), finite nuclear size ( —289.6+2.7 meV [18]),
vertex and recoil corrections ( —10.9 meV), nuclear po-
larizability (3.1+0.6 meV), and fine structure (145.7
meV). The main uncertainty of the calculated energy
splitting results from the experimentally determined rms
charge radius of the He nucleus (extrapolation of
electron-scattering data to small-momentum transfer
[18]).
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Simultaneously to the laser resonance measurement,
we determined the 2S lifetime ~&z by detecting both x
rays from the 2S~ 1S two-photon decay in coinci-
dence. The calculated two-photon transition rate is
A.„„=l. 18 X 10 s ' [19].

II. APPARATUS AND EXPERIMENTAL METHOD

A. Principle of the experiment

The principle of the experiment was to produce
(@He)zz atoms, and to inject a short laser pulse into the
muon-stop region within the 2S lifetime, i.e., about 1 ps
after the formation of the atom. The detection of a
pHe-Ee x ray in coincidence with the laser pulse then in-
dicated that the laser wavelength corresponded to the
2S-2P energy difference. Since there was no unique sig-
nature for the formation of 2S states, the detection of a
muon stopping in the helium gas had to be taken as laser
trigger, and since only a small fraction e2+ of all stopped
muons form a @He 2S state, the probability of finding
that state at the time of the laser pulse was small.

The main components of the apparatus were a device
for trapping muons at a sufficient rate in He gas at a den-
sity p-6. 6X10 g/cm, a muon-stop detector, two x-
ray detectors for measuring the radiative transitions in
pHe, a tunable laser system to generate a short intense
laser pulse at the right wavelength, and a mirror cavity
placed in the muon-stop region with optical diagnostic
elements. The requirement to synchronize the laser pulse
with the muon-stop trigger occurring at random times
was a crucial specification for both the laser system and
the stop detector. A dye laser pumped by a Q-switched

Nd: YAG laser was used. The Nd: YAG laser„running at
a repetition rate of 22 pulses per second, was kept each
time at a constant inversion level during 1 ms by means
of flash lamps. %'ithin this period, the laser pulse could
be generated 300 ns after the trigger signal. In order to
have a high probability for an occurrence of a trigger sig-
nal within the 1-ms-long inversion interval, the average
trigger rate for muon stops had to be at least 1000 s
Such a high muon-stop rate at low He gas density could
only be attained with the "muon bottle" [20] developed at
PSI (Paul Scherrer Institut, formerly SIN, Villigen,
Switzerland).

B. Muon bottle

The muon bottle and other components of the ap-
paratus are shown in Fig. 1. Negative pions, detected by
a multiwire proportional chamber (DLK), were injected
axially into a cylindrically symmetric magnetic bottle,
where a fraction of them decayed and produced low-
energy muons which were trapped by the magnetic field
in helical orbits near the axis. The muons were slowed
down by collisions with the gas and finally got captured
by a He atom. By choosing the "magic momentum"
p„=39.3 MeV/c for the incoming pions, the square-
shaped energy spectrum of the muons could be made to
just include zero energies corresponding to backward de-
cays. Muons with momentum angle )55' relative to the
bottle axis were reflected at the bottlenecks by radial field
components and thus experienced an infinitely long gas
target. Momentum collimators (Fig. 2) limited the rota-
tion radii and hence the initial energy of stopping muons
to ~ 1 MeV in order to keep the average slowing down
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FIG. 1. Schematic of the muon bottle. T, stainless-steel tank filled with the low-pressure He gas; DLK, entrance detector; SLD,
scintillation-light detector (wavelength shifter, lucite light guide, filter BG39, and RCA 8854 photomultiplier); MWPC, multiwire

proportional chamber (x-ray detector); M, mirror; CT, cold trap.
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FIG. 2. Cross section of the muon-stop region. SLD,
scintillation-light detector; MWPC, multiwire proportional
chamber; WS, wavelength shifter; MC, momentum collimator;
S, precision support for cavity mirrors; M, cavity mirror.

time as short as possible (-0.4 ps). The magnetic field
strength was 0.9 T at the center between the coils and 1.4
T within the bottlenecks. The dimensions of the magnets
were chosen such that a considerable fraction of the pions
(decay length 2.2 m) decayed inside the bottle, i.e., be-
tween the two points of maximum field separated by 90
cm. The cross section of the m beam, together with the
dimension of the momentum collirnators, resulted in a
40 X 6 X 6 cm muon-stop volume, which required a
high-power laser system and large-area x-ray detectors.
The useful stop volume was axially defined by the georne-
trical acceptance of the stop and x-ray detectors.

The pions were obtained from the 590-MeV proton ac-
celerator of PSI at the mE3 beam line. Their momentum
was p =40 MeVlc with a width bp/p =17%%uo full width
at half maximum (FWHM). From a 200-pA proton
beam resulted a pion rate of 4.2X10 s ' with an addi-
tional 5%)u and 3%%uoe "contamination. "The probabili-
ty for a pion to decay in the bottle, and the requirements
for momentum angle and initial muon energy, lead to a
calculated muon-stop probability of =5.7X 10 per in-
coming pion, and thus to =2400 muon stops per second.

C. Stop detector

While muons were slowing down, target-gas atoms
were excited or ionized and emitted scintillation hght.
The fast uv component of the scintillation light was
detected by a stop detector, consisting of eight 98-cm-
long lucite light guides and eight photomultipliers (Fig.
1). A coating of sodium salicylate on the front faces of
the light guides served as wavelength shifter from the uv
region to about 420 nm. BG39 filters, which are trans-
parent at 420 nm and absorb wavelengths longer than 800
nm, were used to protect the photomultipliers from laser
light scattered in the bottle. In order to increase the scin-
tillation capacity of the target gas, 0.2% N2 was added to
the He gas, raising the scintillation light by a factor of 4
[21]. The light emission in the He-N2 gas mixture was

delayed up to 2 ps. Since pions, and muons from forward
decays, give only a small amount of scintillation light
compared with stopping muons, the stop detector was
sensitive to muons stopping in the gas target. Depending
on the initial muon energy, 1 —15 photons were measured
when a muon was stopped, in agreement with a detector
efficiency of 3 X 10 and a measured production of one
scintillation photon per 300-eV energy loss.

Since the initial energy of stopping muons was spread
over an energy range between 0 and 1 MeV, the muons
needed different times for slowing down. As a conse-
quence of the moderate statistics of detected scintillation
photons, the correlation between the slowing-down time
and the number of detected photons was poor. The time
of the muon stop could therefore not directly be deter-
mined from counting scintillation photons, although it
could be limited to an interval of 1.1 ps after the mea-
sured pion entrance. Nevertheless, a good trigger for the
laser could still be obtained: A fast trigger logic chose
those m. signals that are followed by a certain number of
scintillation photons. The following "stop-light" condi-
tion was found to optimize the trigger quality (i.e., the
probability that the trigger signal corresponds to a muon
stop) and the trigger rate. At least one photon had to be
detected within 450 ns and at least four photons within
900 ns relative to an incoming pion ("m.S4 condition").
Clearly, the trigger decision had to be made within the
2S-state lifetime. With the m.S4 condition a trigger quali-
ty Q =0.55 and a trigger rate of 1500 s ' were attained.
About —,

' of the stopping muons led to a mS4 trigger.

D. Gas system

As target gas we used high-purity helium with about
0.2%%uo N2 at a pressure of 4.1+0.1 kPa. The N2 concen-
tration was periodically checked with a mass spectrome-
ter, which was calibrated with a standard (He+0. 2% Nz)
gas mixture. The N2 concentration was found to be
(0.22+0.02)% during the whole experiment. The target
gas was circulated three times per minute by an oil-free
Root's pump through a trap filled with a molecular sieve
and cooled by liquid N2, in order to freeze contamina-
tions such as H20 and C„H out of the target gas.

A high gas purity was needed to avoid possible pHe-2S
quenching. High quenching rates were expected for the
highly polarized H20 molecule [11]. From the measured
out-gassing rates and the known gas circulation rate the
impurity contamination was estimated. Assuming that
HzO contributes 75% to the impurity contamination, a
H20 partial pressure (4+2)X10 Pa was determined.
The 2S-quenching rates are discussed at the beginning
and end of Sec. III.

E.X-ray detectors

For the x-ray detection (see Fig. 2) two flat multiwire
proportional chambers (MWPC's) working at a gas pres-
sure of 1.2 bar (1.2X10 Pa) were used. The gas mixture
consisted mainly of xenon, which has a high absorption
efficiency for pHe Ka x rays (8.2 keV). The anode plane
was formed by wires of 30-pm diameter and 3-mm spac-
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FIG. 3. Time resolution of the x-ray detectors for 8-keV x
rays measured with a Zn source emitting an 8-keV x ray in
coincidence with a highly energetic y (used as start signal).

ing. Two cathode planes, called the "anterior" and the
"posterior" cathodes, were attached symmetrically to the
anode at a potential difference of 2.75 kV and defined two
5-rnm drift gaps. The signals were read out from the
anode wires and contained both timing and energy infor-
rnation. The time resolution of this type of detector was
limited by the electron drift time from a cathode to the
anode. Since the electron drift velocity in xenon is low,
we had to add 15% CO& and 5% Nz to attain a time reso-
lution of 98 ns (FWHM). The time spectrum for 8-keV x
rays is shown in Fig. 3. The energy resolution for homo-
geneous irradiation of the entire 26X26 cm sensitive
area was 20% (FWHM) for 8-keV x rays. For other ener-
gies it scaled as E

In order to also detect the pHe I.a line at 1.52 keV,
which has a short absorption length, thin foils had to be
used as windows. Thus a 5-p,m aluminized Mylar foil
served as anterior cathode. A "prechamber" placed be-
tween the anterior cathode and the target gas was Hushed
with pure helium gas and kept at a pressure slightly
below that of the MWPC. The pressure difference of 0.15
rnbar pushed the cathode foil smoothly against a thin,
precisely positioned wire grid. The main pressure
difference of almost 1.2 bar between the prechamber and
the target gas was sustained by a 8-pm Mylar foil, sup-
ported by a strong stainless-steel grid shaped as a spheri-
cal calotte. The prechamber also prevented the diffusion
of xenon into the target gas. To avoid background sig-
nals caused by charged particles or x rays absorbed in the
posterior cathode or the chamber wall behind it, this
cathode plane was made almost transparent (wires of 50
p, m diameter and 1 mm spacing), and an additional "re-
jection field plane" was inserted 5 mm behind the cathode
and kept at a potential 600 V higher than the cathode.

The detection efficiency, i.e., the product of solid-angle
acceptance and absorption efficiency, including the losses
caused by absorption in the mylar foils and the support-
ing grids, was calculated to be 8.6% for Ea (8.22 keV)
and 2.4% for La (1.52 keV).

An analysis of the pulse shape, carried out on-line,

helped to separate the signals of x rays from those of
charged particles. A more detailed description of this
detector is given in Ref. [22].

F. Laser system

The laser system is shown in Fig. 4. The Nd: YAG and
the Styryl-9 dye laser each consisted of an oscillator and
several amplifier stages. This laser system was developed
at PSI, because available commercial systems could not
satisfy the simultaneous requirements for energy, repeti-
tion rate, and synchronization. A detailed discussion is
given in Refs. [23] and [24]. As explained in Sec. II A,
for the synchronization of the laser to the ~S4 trigger,
the Nd: YAG laser had to be kept at a constant inversion
during a time T; =1 ms. This was achieved by suitably
shaping the current through the Aash lamps. The max-
imurn possible repetition rate of the laser was limited by
the stress-induced optical effects caused by thermal load
of the Nd: YAG crystals. By using crystals in slab
geometry instead of cylindrical ones the repetition rate of
the Nd: YAG laser could be increased from 6 s to 22 s
[23].

When a muon-stop trigger fell into the interval of con-
stant inversion, the Nd: YAG oscillator was Q-switched
with a Pockels cell and emitted a pulse with an energy of
8 mJ and a duration of 14 ns (TEMOO, single axial mode).
Two additional slab laser heads acted as preamplifiers.
The phase space of the laser beam was cleaned up in a
spatial filter before it reached the two final amplifiers,
which together delivered an energy of 920+30 mJ per
pulse. These pulses were subsequently converted to the
second harmonic, i.e., the laser wavelength of 1064 nrn
was converted to 532 nm. This step was necessary to ob-
tain a wavelength that could be used to pump the dye
laser. For high-efficiency frequency doubling two KD'P
crystals in series were used with a harmonic beam splitter
between them to separate the second harmonic from the
fundamental wavelength. With this technique a total en-

ergy of 525+25 mJ at 532 nm was attained.
For the oscillator and all amplifiers of the dye-laser

system, cells with a cylindrical volume, illuminated by
the 532-nm pump beam from four sides, were used [25].
The wavelength of the dye oscillator could be tuned with
a diffraction grating in the range between 800 and 850
nm. A set of four prisms in front of the grating, acting as
polarizer and beam expander, improved the spectral reso-
lution. Due to the low optical gain in Styryl-9, as many
as six amplifier cells were necessary to enhance the oscil-
lator output energy by two orders of magnitude. The de-
lays of the various pump pulses relative to the dye laser
were properly adjusted. Telescopes consisting of lens-
pinhole-lens combinations, also acting as spatia1 filters
(SPF in Fig. 4), were used to adjust the beam diameter.
Polarizers (not shown) along the amplifier chain served to
preserve the polarization of the beam. The fraction of
the beam leaking through a high-reAeetion mirror was
collected in an optical fiber and guided to a McPherson
1-m monochromator to monitor the wavelength, the
linewidth, and the intensity of the amplified spontan-
eous-emission (ASE) background. A cw krypton calibra-
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G. Optical cavity and diagnostics

The optical components of the laser system were
housed in a dust-free hut near the ~E3 area. From there
the beam was led with steering mirrors into the muon
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FIG. 5. Typical spectrometer readout with laser line, kryp-
ton calibration lines, and natural linewidth I of the @He
2Sl/q-2P3/2 transition. All wavelengths A, are measured in air.

tion lamp with lines at 810.44 and 811.29 nm (in air) was
simultaneously focused into the spectrometer for the ab-
solute calibration. The complete spectral information for
each pulse was read out with a diode array at the position
of the exit slit of the spectrometer. Figure 5 shows the
spectrum for one event. During the experiment the
wavelength was 811.70+0.05 nm (in air) with a measured
linewidth (b, A, )„wHM~0. 07 nm. The energy was 50—85
mJ per pulse, with a width of 10 ns, and a total relative
contribution from ASE of less than 5X10 . The laser
beam was two-times diffraction limited and more than
96% polarized.

bottle. To enhance the 2S-2P transition probability, the
laser light was reflected between a set of mirrors (cavity)
crossing the muon-stop volume as many times as possi-
ble. To prevent local saturation of the transition proba-
bility, a homogeneous intensity distribution in the muon-
stop volume was desired. In addition, the duration of il-
lumination should be comparable to the time resolution
of the x-ray detectors to rninirnize the time window for
x-ray background. The cavity mirrors had therefore to
be placed as close to each other as possible but outside of
the muon-stop region and the pion beam to avoid addi-
tional x-ray background.

The best solution for these requirements was attained
with the four-mirror cavity shown in Fig. 6. Before
entering the target vessel the dye-laser beam was
magnified by a factor of 10 perpendicular to the cavity
mirror plane and then traced horizontally between the
four mirrors. In the horizontal direction the laser beam
was kept small to avoid injection losses at the cavity en-
trance. Considering one mirror, the point of incidence of
the laser pulse shifted from one mirror edge in decreasing
steps towards the opposite edge, then bounced back, and
the laser beam left the cavity almost at the entering point.
Thus N =30 round trips, corresponding to approximately
120 crossings through the muon stop volume, were at-
tained. High-quality mirrors with dielectric coatings
(flatness ~,/4, reflectivity=(99. 92+0.03)%, transmis-
sion=0. 05%) were used, resulting in a reduction of
power of only 14% after 30 round trips. Before installing
the cavity, the mirrors were adjusted manually and after-
wards by piezoelectric translators regulated from outside.

To determine the 2S-2P-transition probability, the spa-
tial and temporal distribution of the laser light intensity
in the cavity had to be known. The reAection pattern on
the mirrors was a two-dimensional projection of the in-
tensity distribution between the mirrors. The small por-
tion of incident light which was transmitted through the
mirrors could be used to monitor the intensity distribu-



2368 P. HAUSER et al. 46

1 m

laser beam

YZ=5x50 rnm'
ulse width 10 ns

PT

pin diode

CCD camera

10
projection in y (cm) Projection ln z (cm)

FIG. 6. Laser-beam trace bbetween the four cavity mirrors and monitoring elements in the cavit . M mirror PT iez

translator; F, correction foil' L Fresnel lens' SPresne ens; SP, scatter plates; SS, scattering screen. The projections of a t ical two-dimensional

camera picture are also shown.
a ypica wo- imensiona

tion (local nonuniformity of the mirror transmission,
2%). Information about the spatial distribution was ob-

tained with a charge-coupled-device (CCD) camera that
monitored the light scattered from a screen placed behind
one of the mirrors (Fig. 6). The temporal evolution was

measured at another mirror by focusing the transmitted
light onto a pin diode. A stack of scatter plates in front
of the diode made the configuration insensitive to any
slight misalignment because the small sensitive area of
the pin diode sampled a representative average over the
whole intensity distribution. The nonuniform imaging
properties of the Fresnel lens used for the focusing (low f
number) were compensated for with a suitable attenua-
tion foil. Fine adjustment of the mirror cavity could easi-

ly be performed by maximizing the pulse height and pulse
width of the pin diode. The pulse width was typically
270 ns. From this pulse width and the known cavity
round-trip time (8.8 ns) the number of round trips men-

tioned above is obtained. During the experiment the in-

formation of the diode was recorded for each event with
a 100-MHz flash amplitude-to-digital converter (FADC)
(Fig. 7). The increase of the signal in the first 100 ns was
caused by a residual dependence of the diode output on
the beam position. This effect had been studied separate-
ly and is well understood [23]. The calibration of the in-

tegral of the diode (in terms of energy) was obtained by
measuring periodically the laser energy at the entrance to
the muon bottle with a calibrated energy meter, and by
detailed investigations after the experiment, when the
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FIG. 7. Pulse shape of the pin diode (in the cavity) for a typi-

cal event, digitized by a 100-MHz FADC.

cavity was accessible and thus all possible laser intensity
losses at the injection in the cavity, etc. , could be ana-

lyzed. The injection losses were small ( (2%). The error
of energy monitoring amounted to +7.5%, resulting
mainly from the uncertainty of the calibration of the en-

ergy meter (+5% ) and from the uncertainty of the cavity
losses (+4.5% ).
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H. Electronics and data acquisition

Three event types were recorded by the data acquisi-
tion electronics.

(i) SXL euents, which were characterized by the detec-
tion of an x ray that fell into a gate started by a pion,
with the m.S4 trigger condition satisfied and the laser
fired.

(ii) SX events, which had a signature similar to the SXL
events, except that the laser was not fired and only x rays
delayed relative to the muon stop were accepted (to
prevent filling the magnetic tapes with uninteresting
data). In the delayed-time region about nine times more
SX events than SXL events were recorded to obtain good

statistics for the determination of the background.
(iii) XX euents, which were characterized by the detec-

tion of two x rays, i.e., one in each detector, with a mutu-
al time difference ~ 500 ns.

A simplified scheme of the electronic logic is shown in
Fig. 8. Three types of gates (1XL, 1X, XX) determined
the time during which the corresponding events were ac-
cepted. Their timing sequence is shown at the top of Fig.
8. Each time the Nd:YAG laser reached the inversion
level, a 1-ms "1XLgate" was started. If a mS4 trigger fell
in this gate, the laser was fired with a fixed delay relative
to the pion entrance time. The 1XL gate was followed by
nine consecutive "1Xgates, " each with the same width.
After the last 1X gate the "XXgate" started. It ended
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FIG. 8. Block diagram of the electronics. PA, preamplifier; SLD, scintillation light detector; PSA, pulse-shape analyzer; SLA,
scintillation-light analyzer; D, delay; GG, gate generator; SP, passive split; FADC, flash amplitude-to-digital converter; TDC, time-
to-digital converter.
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with the start of the next 1XL gate. An average laser re-
petition rate of 22 s resulted in an XX-gate width of 31
ms.

The signals of the eight photomultipliers of the stop
detector were individually amplified and fed to discrimi-
nators sensitive to one-photon pulses. The logical "OR"
(superposition) of these eight channels was passed on to
the "scintillation-light analyzer" (SLA) and to a FADC
(Le Croy WFA 2256) which digitalized and stored the
train of pulses. The pulse train from the preamplifier of
the pion entrance detector (DLK) was discerned with a
pulse width of 200 ns, creating a fixed electronical dead
time. These digitized pulses started the SLA and were
recorded by 16 computer aided measurement-and-control
(CAMAC) time-to-digital converters (TDC's) after a 9-ps
delay. The 9-ps delay allowed the registration of the
prehistory of each event. The 16 CAMAC TDC's were

commonly cleared and started, and stopped in turn by
successive pion signals, such that the first TDC held the
first pion time, the second one the second pion time, etc.
For SX(L) events pions were recorded in the interval

[
—7.85 ps, 7 ps] relative to the pion that led to the mS4

trigger, for XX events between —8.6 and 6.25 ps relative
to the detection of the second x ray.

If the stop-light conditions mentioned in Sec. II C were
fulfilled, the scintillation light analyzer generated a ~S4
trigger with a 900-ns delay relative to the starting pion
signal ~ Additional delays in the amplifiers, cables, the
high-voltage (HV) pulser to trigger the Pockels cell, the
Nd: YAG and dye-laser systems, and the light path result-
ed in a total time difference of 1.6 ps between the pion en-
trance time and the arrival of the laser light in the cavity.

A vrS4 trigger in coincidence with a 1X or 1XL gate
started a ~S gate with a width of 8 ps, but for events
without laser (SX events) this gate was suppressed during
the first 1.5 ps. The coincidence of the mS gate with a
detected x ray caused a computer interrupt. The ~S4 sig-
nal (in coincidence with a 1X or 1XL gate) also cleared
and started all TDC's. (Fast CAMAC scalers clocked at
100 MHz acted as TDC's. ) These TDC's were stopped
by the signals t„,ti, which had fixed delays relative to the
"true" times to record also '"negative" times.

The signals from the fast preamplifiers of the x-ray
detectors (MWPC's) were first passed through the pulse-
shape analyzers (PSA's), which tested the zero-crossing
times of suitably delayed, inverted, and summed pulses
[22]. For an XX event the coincidence XX of two x rays
with a time difference less than 500 ns had to occur
within an XX gate. For XX events all times were started
by the second x ray.

The diode array of the laser spectrometer was read out
by a FADC. The pulse shape of the cavity diode was
read out by a 100-MHz FADC. In addition, the time
when the laser pulse entered the cavity (ti ) was recorded.
The pulses of the pion entrance detector and of a 1-kHz
clock were counted between two computer interrupts by
two CAMAC scalers; the actual pion rate could thus be
calculated in the off-line analysis as quotients of those
rates. Upon a computer interrupt, further data taking
was suppressed by inhibit-flip-flops (not shown in Fig. 8),
and all CAMAC scalers, TDC's, and FADC's were read

out by a PDP11/40 computer and stored on magnetic
tape. The pictures taken by the CCD camera were con-
tinuously displayed on a TV screen, allowing an indepen-
dent, very sensitive control of the cavity alignment. Once
an hour such a picture was stored on a Aexible disk by a
personal computer (PC) equipped with a video frame-
grabber board.

III. 2S LIFETIME

The (pHe)z& decay is determined by the following con-
tributions:

r„bei ng the muon lifetime and A,„„=1.18X10 s ' [19]
the two-photon decay rate. The quenching rate A.

&
re-

sults from collisions with neighboring atoms or molecules
and depends on the partial pressures of the various gas
constituents. In practice, only He (4100 Pa), N2 (9 Pa),
and H20 (-0.04 Pa) have to be taken into account;
hence the total quenching rate is A.&=k&'+k, +A,

&
N2 H20

(The contribution from other impurities can be neglected,
because the cross sections for 2S quenching are given by
long-range ion-dipole forces and are therefore an order of
magnitude larger for H20 than for other molecules. ) The
2S quenching rates depend nonlinearly on the partial
pressures because one of the underlying processes is the
formation of molecular ions in three-body collisions
[10,27]. Numerical values will be given in Sec. III D.

A. Analysis of XX events

The 2S lifetime ~2& was measured during the laser ex-
periment by detecting both x rays from the two-photon
decay. The probability for this decay channel corre-
sponded to the product X„„~2+. The sum of the two x ray
energies was equivalent to the Ka energy (8.22 keV). The
2S lifetime could be deduced either from the time slope of
delayed two-photon events, or from the time-integrated
number of such events in comparison with the number of
prompt pHe-L-E transitions. To get these numbers, ad-
ditional conditions had to be imposed upon the data in
the off-line analysis. For XX events, only x rays with a
detection time difference of less than 120 ns were accept-
ed. The time of the muon stop for the delayed two-
photon transitions was not directly given (for prompt L
K transitions it is defined by the detection time of the x
rays, since the cascade time is negligibly short [11]). The
detection time of delayed x rays had therefore to be re-
ferred to the entrance time of the last detected pion ("pi-
last" ). In order to separate clearly the two-photon decays
from the prompt L-K transitions, the time difference t be-
tween x ray detection and the entrance time of the last
detected pl OI1 t

p I &
11ad to exceed the maximum muon

slowing down time t,„{1.1 ps). The number of detected
two-photon decays in a delayed time interval was deter-
mined by the corresponding spectrum of energy sums of
XX events, after the fitted background had been subtract-
ed. To optimize the signal-to-background ratio in this
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energy spectrum, two additional conditions upon the stop
light (the pulse train of the stop detector) were required.

W„„(t)=W, H„„e '
+2S

—(A, +1/~2~)t
e (3)

(i) In order to suppress uncorrelated background the
number of scintillation photons in the interval
[t;„„+0.1 ps, t;„„+1.3 tMs] had to be )3.

(ii) In order to suppress muon stops with large slowing
down times, the amount of scintillation light was limited
to ~5 photons in the interval [t;&», +1.1 tus, t&s», +2. 1

IMs]. (The He-Nz-scintillation light occurred with delays

up to a few microseconds).

A minute analysis of the data shows that 60%%uo of the

stopping muons fulfilled these two requirements ("S3S5
condition"), whereas the background was reduced by a
factor of 8. Note that the n.S4 condition did not act upon
XX events.

B. Mathematical description

There are a number of events where the measured pion
entrance times and the stop-light train do not unambigu-
ously determine which one of the pions is physically
correlated to the formation of a (IMHe)» atom emitting
delayed x rays. The determination of ~2s is still possible
since the expected time distribution of two-photon decay
events fulfilling the S3S5 condition can be described by a
mathematical model, which will be sketched here in
broad outline (details are given in Ref. [22]}. For this
description one has to distinguish between two cases
which cannot be separated experimentally.

(a) The pion correlated to the two-photon decay and
pilast are identical. For t & t,„=1.1 ps and the S3S5
condition, 82%%uo of the two-photon decay events belong to
this group.

(b) The correlated pion precedes tz,&»„but the S3S5
condition in the above-mentioned intervals after t;&„, is
still satisfied because the scintillation light of the stopping
muon has an "afterglow" of a few microseconds.

Next, the distribution F,«»(t) of slowing down times
for muons fulfilling the S3S5 condition is extracted from
the data. Together with the rate of the entrance detector
t(, =4.55 X 10 s ' (dead-time corrected), it is possible to
deduce for t )t,„ the probability W„„(t) that the two-

photon decay happens at a time t relative to tp f f
..

(t —to) —t/t~s 1

+2S

1

X f e ' F„„(t,)dt, [1+A(r»)] .
0

8', =0.60 corresponds to the mentioned S3S5 accep-—A. (t —to)tance. The factor e " ' describes the probability of
having no further pion between t;&„, and the two x rays,
whereby the dead time t0=200 ns of the entrance detec-
tor is also considered. A (r2S ) corresponds to the relative
contribution of two-photon decays of case (b), which
slightly depends on r2~ In good approx. imation Eq. (2)
can be simplified [22]:

with H„„=1.40+0.03, and the average slowing down
time (with S3S5 condition) t, =0.29 ps.

C. Determination of the 2S lifetime

Two methods lead to the determination of ~2s.

(i) By measuring the number of coincident x rays with

energy sum E„+E =8.22 keV in various delayed time
1 2

intervals. From a fit of W„„(t) to the measured data, 12s
results according to Eq. (3), whereby only the slope in

time, not the absolute amplitude has to be considered.
(ii) A second method results from the comparison of

the number of measured prompt L-K transitions with
that of two-photon decays detected in one broad delayed
interval.

The results of method (ii) are particularly useful for the
analysis of SXL events (Sec. IV) as they permit the most
accurate determination of the expected number of 2S
states existing at the laser injection time. This method
will therefore be discussed briefiy. The measured number
of prompt L-K transitions, NL&, fulfilling the S3S5 con-
dition is linked to the corresponding number of muon
stops N„„, [28] by

NLtt =N„„»W(Ka)(E(L ~2P, Ka) ) ( ALtt ) W, .

W(Ka) =0.784+0.023 is the probability per muon stop,
measured at 4.1 kPa, that a Ka x ray occurs [11]. (Note
that each Ka is preceded by an L x ray since nonradia-
tive transitions are completely negligible at this density. }
(E(L +2P,Ka)—) is the detection efficiency of both x
rays and ( ALtt ) is the average acceptance of L Ktransi--
tions in the on-line pulse-shape analysis of signals from
the x-ray detectors. Long-time instabilities of this
analysis caused an L x-ray acceptance considerably less
than unity for part of the data. This effect was taken care
of by fitting the relative x-ray intensity ratios on a run-
by-run basis, and by normalizing the results to those of
runs where the L acceptance as ~0.97, which was the
case after the analyzer had been readjusted and tested
with sources. The acceptance of Ka x rays never

dropped below 0.99. The average acceptance was

( ALx ) =0.92+0.03.
The expected number of two-photon transitions

N„„(t„tz) falling in the delayed interval [t, , tz ] and satis-

fying the S3S5 condition is, for t, ~ t,„,

N„„(t„t~)=N„„,pe2sk„„r~~(E(X„X2).)( A„„)

X f W„„(t)dt . (5)

H«e, e» =(2.6+0. 3)%%uo is the relative 2S population per
muon stop which, at low densities, can be deduced unam-
biguously from the measured K-line intensity ratios [11].
The factor A,„„v2s is the relative number of two-photon
decays By taking .the ratio N„„(t„t2)/Ntx, the number
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of the not directly measured muon stops cancels and only
relative values for the detection efficiencies and accep-
tances are to be compared:

(E(x„x,))
W(Ka) (E(L~2P, Ka) ) ( ALx )

N„„(t,, t, )

D. Results

p t~ /T2g 2 —(L + 1 /T2g )t

The ratio of detection efficiencies (E(x&,xz))/
(E(L~2P, Ka) ) was determined to a value l.91+0.10
by a Monte Carlo simulation. This value includes the an-
gular correlation between the x rays from two-photon de-
cays. Its relative error is moderate, since in the ratio the
solid angle cancels and the compared energies are not
very different. The ratio of the electronical acceptances
was found to be ( A „„)I( Az+ ) = 1.06+0.03.
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FIG. 10. Spectrum of energy sums F& +E& of delayed XX
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events with t„„—tp') t between t, = 1.125 ps and t, =2.5 ps.
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FICx. 9. Single energy spectrum of prompt XX events: The
solid line corresponds to the fit described in Sec. IIID, the
dashed line to the continuous part of the background.

Figure 9 shows a measured single-energy spectrum of
prompt XX events. For the majority of the events, one of
the detectors recorded a pHe-Ka transition and the other
an L transition. The detection of higher pHe-K lines was
suppressed due to the XX coincidence condition. The
fitted function shown in Fig. 9 is composed of the La
(1.52 keV), Lp (2.05 keV), L( & p) (2.52 keV), Ka (8.22
keV} lines of @He, several K-fluorescence lines of the Cr-
Ni steel used for the target vessel (5.4—7.4 keV), a xenon
escape line at about 4 keV, and a continuous x-ray back-
ground multiplied by the detector efficiency. If events are
selected with an x-ray energy less than 4 keV in one of
the detectors, the energy spectrum of the other one is
dominated by the Ka line. The total number of such Ka
events from both detectors is the number of detected
prompt L-K transitions Nttt =(356+4)X10 .

The spectrum of measured energy sums for delayed
XX events in the interval between t& =1.125 ps and
t2 =2.5 ps is given in Fig. 10. An additional analysis of
the events in the peak at 8.2 keV proved that their single

2S ts T2& 2 —(A,„+1/T2g ) t

W(Ka)

= ( 6. 14+0.59 ) X 10 (7)

and from this

~2s =1.014+0.121 ps . (8)

The main contributions to the error given in (8) are the
uncertainties of @2' and N„„(t„t2).

To determine rzz by the first method (i), the number of
two-photon events N„„(t,, t, +At) at various time inter-
vals was fitted as for method (ii). From a fit of the ex-
ponential slope in time of these measured numbers (Fig.
11), r2& =1.016+0.136 ps was deduced. The good agree-
ment of both results shows the consistency between the
two methods, which are quite ind|:pendent. In particular,
it corroborates the comparison of the absolute numbers
of delayed and prompt events used for method (ii), which
will be used analogously in the analysis of the laser
events.

The quenching rates A,H&'=(1.63+0.34) X 10 s ' and
N2

A,&'=(1.24+0.33}X10 s ' (for 4.1 kPa He plus 0.22%
Nz) were determined in earlier experiments [11,27]. The
2S quenching by H20 was not measured; a rough estima-
tion of the cross section (dominated by long-ranged ion-

dipole forces) gives A.&' =(0.8+0.5)X10 s ' at a H20
partial pressure of (4+2) X 10 Pa. Inserting these
values in (1) we obtain an expected 2S lifetime

r~z =(1.06+0.08) ps, in good agreement with the direct-
ly measured value (8).

energies were distributed as expected for two-photon
transitions [22). The shown background function is the
superposition of the background spectrum measured in
each detector, which is essentially an energy continuum
multiplied by the detection efficiency. The number of
two-photon transitions in the peak is N„„(t,, t2)
=623+45, whereby the main uncertainty results from
the uncertainty of the background. Inserting these num-
bers in (6) we get
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FIG. 11. Number of two-photon transitions N„„(t;t;+Et),
determined from the corresponding spectra of energy sums mea-
sured for delayed intervals, with ht =0.25 ps.

IV. LASER RESONANCE MEASUREMENT

A. Principle and data analysis

FIG. 12. Measured 8-keV time spectrum of SXL events (with
laser) with x ray energies around E& =8.22 keV. The data
from both detectors have been added up. The entrance time of
the triggering pion is at t &4=0.61 ps and the laser injection
time at tL =2.23 ps. An additional scale illustrates the time
differences relative to the mean muon stop time t, .

The goal of the experiment was to test the resonance
wavelength A, =811.7 nm of the p He 2S&&2-2P3/2 tran-
sition, found in the earlier experiment [3]. We searched
for delayed Ka x rays in coincidence with the laser pulse.
If the wavelength is on resonance, an enhancement of the
number of Ka x rays with an energy around 8.22 keV
should be observed in the time spectrum at the laser time.

In this spectrum (shown in Fig. 12) the time of the
laser injection into the mirror cavity is at tL =2.23 ps,
and the entrance time of the triggering pion is at
t +4=0.61 ps (the origin of the t axis was chosen arbi-
trarily). The laser is triggered with a fixed delay after a
pion fulfilling the m.S4 condition for the scintillation light
("stop light" ).

Qualitatively, the data shown in Fig. 12 give no evi-
dence for a laser resonance. For a precise quantitative
analysis, it is necessary to subtract the background from
the data and to determine the number of remaining
"laser-on" events, and to compare it to the calculated
number of events expected on resonance. The latter can
be deduced froin (i) the number of prompt events in the
time spectrum (Fig. 12), (ii) the probability that a 2S state
is populated and survives until tt, and (iii) the laser-
induced 2S 2I' transition pro-bability. The values for (ii)
and (iii) will be given in the following section. For the
precise determination of (i), it was taken into account
that the triggering pion is not always identical to the pion
that produces the stopping muon. In 7.S% of the cases
the laser trigger is started (incorrectly) by a pion which
precedes or follows the correlated one. (The latter case
explains the enhanced 8-keV x-ray rate at "negative"
times t„&0.61 p,s compared with late times. } The func-
tion of time correlations between the triggering and the
correlated pion was calculated from an analysis of the
detected scintillation light and the ~S4 trigger electron-
ics, and found to be in good agreement with measured
data [22]. A detailed understanding of this correlation

function guarantees that the correct value for (i) is ex-
tracted from the measured 8-keV time spectrum.

The time spectrum of x rays with energies around 8
keV without laser-induced transitions is composed of the
following contributions.

(a) Prompt x rays from muon stops, correlated to the
mS4 trigger. Their time distribution is mainly given by
the stop-time distribution, increases sharply after t„&4,
and decreases nearly exponentially with ~-100 ns after
the maximum. The energy distribution is dominated by
the L and K lines of muonic helium, with a moderate
contribution of steel Quorescence lines.

(b) Trigger-correlated x rays, which are produced by
bremsstrahlung from the electron of the muon decay and
thus, in the time spectrum, decrease exponentially with
v.„.Their energy distribution is continuous.

(c) Trigger-correlated x rays, which are produced by
pHe-2S decays and decrease therefore exponentially with
'T2g. In particular, these are Ku x rays from radiative 2S
quenching or, less probably, single x rays from two-
photon decays falling into the accepted 8-keV energy re-
gion.

(d} Time-independent ("flat") background of accidental
x rays which are not correlated to the trigger. The ener-
gy distribution is mainly a continuum superposed by pHe
L and K lines from muon stops not correlated with the
trigger.

At the laser injection time the contributions (a)—(d) in the
8-keV time spectrum had to be considered as back-
ground, and therefore to be minimized in the on-line
analysis by different cut conditions without strongly
affecting possible laser-induced Ka x rays. To reduce the
contribution (a), a stop-light condition "CUTS" was used
which rejected events with more than five scintillation
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photons in the interval [1.0 ps, 1.6 ps] relative to the
triggering pion and thus suppressed muon stops with
long slowing down times. To "minimize' the contribu-
tion (b), an energy window 7.0 ~ E„~9.6 keV was
chosen, accepting most of the Ea x rays (according to
the detector energy resolution). The contribution (c)
could not be reduced without suppressing laser-induced
events proportionally. To minimize the flat background
(d), a cut was defined which rejected events where a pion
(not identical to the triggering pion) occurred within 0.5
ps before t„("n.,deut").

From an analysis of the background at various times
and energies, the relative contributions to the 8-keV time
spectrum at tL were determined to be 39% from (b), 32%
from (c), and 28% from (d), whereas the contribution
from muon stops (a) was negligible (1%), if the mentioned
cuts were applied.

For the final analysis the small number of SXL events
having a laser energy below 45 mJ was rejected. The data
shown in Fig. 12 fulfill all these conditions.

B. 2S-2P transition probability

In order to deduce the expected number of laser-
induced Kn transitions, the mean 2S-2P transition proba-
bility has to be determined. On resonance, the 2S-2P
transition rate A,2s 2p of a pHe ion in an external elec-
tromagnetic field with intensity I and polarization paral-
lel to the z axis is [29]

8~eIZ„
~zs, zP I I ( 2P

I
Z I2S ~ I +fzs, zPI (9)

with the recoil correction for the "effective radiative
charge" Z„=1+(Z—1)m„/(mH, +m„)=1.03 [19],
I =T2S +72P =2&10' S ', and K=1.44 J ' Cm . The
value of the Clebsch-Gordan coefficient fzs zp is —,

' for the
transition to the 2P&&2 state and —', for the transition to
the 2P3/2 state. The total Probability ~zs zp(t ) that a 2S
state existing at t=0 undergoes a transition during the
time interval [O,t ] obeys the differential equation

dcozs, zp(t )

~zs, 2P( ) l~zs, 2P (10)

1 exp[ +fzs, zpl'rzs(1 e )] (11)

In practice (10) was integrated numerically, using the
measured intensity distribution I(t) (cf. Fig. 7), but the
deviations from (11) were small ( & 2%). The approxima-
tion (11) will therefore be used henceforth.

The spatial intensity distribution within the four-
mirror cavity is not uniform. A local transition probabil-
ity has therefore to be defined, and the mean transition
probability can be determined by integration over the
muon-stop volume. Detailed computer simulations
showed that the space-time correlation of the intensity

In the case of a constant laser intensity I in [0, T] the to-
tal 2S-2P transition probability is

~zs, zP ~zs, zP(

distribution can be neglected in good approximation,
since, for geometrical reasons, every place crossed by the
laser pulse at the time t will be hit a second time by the
laser pulse at T—t. In addition, the decrease in intensity,
caused by reflection losses, is small [(14+8)% after
%=30 round trips). The local distribution of the time-
integrated intensity ("energy per area") in the cavity was
deduced from the information of the CCD camera. The
calibration of this energy distribution was obtained from
the pulse shape of the cavity diode by equalizing the
space integral of the local energy distribution to the mea-
sured and calibrated time integral of the diode. The pulse
shape of the diode was recorded for each laser event,
whereas a representative CCD picture was stored about
once an hour. The justification for this procedure was
that simulations demonstrated that the 2S-2P transition
probability was quite insensitive to small displacements
of the laser beam, whereas it depended almost propor-
tionally on the diode integral, which fluctuated up to
10% from event to event.

For each event, the laser energy distribution per unit
area F(x,y, z) was deduced from the data as described
above. Together with the muon-stop distribution
p„(x,y, z), calculated by a Monte Carlo simulation of the
muon bottle, the local transition probability
cllzs zp(x, y, z ) and the mean transition probability E„„„
could be determined:

—Kf2s, 2PF
co2s2p~x, y, z ~=1—e

(12)
Ela ~2s2P xP zP xP z dV.

stop vol

f„,d =rzs(1 —e ' )/T describes the reduction of the
transition probability resulting from the 2S decay during
the illumination of the cavity. By averaging over all ac-
cepted laser events we deduced a mean transition proba-
bility (c~„,„)=0.055+0.005, where the uncertainty re-

sulted mainly from the energy monitoring (cf. Sec. II G)
and from the not precisely known position of the muon-

stop distribution relative to the laser energy distribution
(+5% contribution to b,e~„„/E&„,„).

The laser-induced 2P state was polarized (I, =0) corre-
sponding to the laser polarization. Hence the probability
of emitting a Ka x ray (immediately following the 2S2P-
transition) was proportional to sin 8, 8 being the angle
between the laser polarization and the direction of emis-
sion. The 1aser light was polarized in the z direction
defined in Fig. 2. As a consequence the two x-ray detec-
tors had different detection probabilities. The ratio of the
detection probabilities for laser-induced Ka from polar-
ized 2P states and the one from unpolarized 2P states
(uniformly distributed Ka), f~„(y=y, z ), was calculated
for each detector by integrating over the muon-stop dis-
tribution: f3'

&

= l.37+0.03 for detector y, and

f '„=0.37+0.01 for detector z.

C. Results and conclusions

With the number of prompt Ea x rays (Ng ) mea-
sured in each detector (y=y, z), it is possible to deter-
mine the number of laser-induced Ka x rays expected on
resonance:
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(Nxh"')r =(Ng )~ W Ka

(13)

tsT I =1.23 ps is the mean time difference between muon
stop and laser injection in the cavity corresponding to a
mean slowing down time of 0.39 ps. A,„,=0.883+0.004
is the relative acceptance ratio "delayed relative to
prompt" of the m~ cut. The expected time distribution of
laser-induced events is given by the cavity entrance time
tr =2.23 ps and the convolution of the measured func-
tions of light intensity (Fig. 7), with the x-ray detector
resolution (Fig. 3}. It turns out that a fraction a, =0.95
of all laser-induced events is expected within the time in-
terval [2.25 ps, 2.55 iMs]. The comparison of expected and
measured number of events will henceforth be restricted
to this interval.

The numbers of prompt events (Ng )r were deduced
from a fit of the 8-keV time spectra of SXL events, which
were selected as described in Sec. IV A. A small back-
ground from admixtures of @He EP and-steel-
Auorescence lines was subtracted. The resulting numbers
are (Ng )~ =(8.9+0.1)X 10 and (Ng ), =(9.2
+0.1)X 10 . The numbers (Nx'"" )~ for laser-induced
events expected on resonance, given in Table I, were cal-
culated from Eq. (13). Their relative uncertainty of 14%
resulted mainly from the uncertainty of (s„„,) (10%)
and the uncertainty of the probability to have a 2S state
at the time the laser was injected into the cavity. Based
on the results from the analysis of XX events
[Eq. (7)], the relative uncertainty of the term

ST-L 2S[e2s/W(Ea)]e ' ' can be limited to 10%, since

t&T L is close to the center of gravity of W„„(t) in the in-

terval 0.84&t —t, ~2.21 ps, in which the number of
two-photon decays was measured.

For the determination of the measured number of
laser-induced Ea x rays we compared the delayed regions

of the 8-keV time spectra of SXL events (with laser) and

of SX events (without laser). For each detector the much

more populated time spectrum of SX events was normal-

ized to the SXL spectrum in the delayed interval [2.6 ps,
7.5 ps], which did not include the interval in which the
laser events were expected. The relative error
of the normalization factors is mainly given by the
number of SXL events in this interval (approximately
1800 per detector) and amounts to [(1800)
+(16000} ']'~ =2.5%. For each detector the normal-

ized SX spectrum was then subtracted channel by chan-
nel from the SXL time spectrum. The sum of the two re-
sulting background-free difference spectra from the two
detectors is shown in Fig. 13. While statistical variations
are present, no resonance effect is discernible.

The number of events measured in the time interval

[t, =2.25 ps, t2=2. 55 ps] for SXL events, Ns'k", v, is

given in Table I, together with the number of background
events without laser, Nbg~, , ~, which is the number of
measured SX events multiplied by the normalization fac-
tor. The difference between the two numbers is the num-
ber of measured laser-induced Ka x rays, which is for
both detectors compatible with zero and in disagreement
with the number Nz"' expected on resonance.

For the analysis of the compatibility of the measured
with the expected numbers, we calculated the probability
that the measured numbers belong to the statistical distri-
butions to be expected on resonance. The expected num-
ber of events, including background, is Poisson-
distributed around the mean value p N& +Nbg[p t j,
which is the sum of expected laser events and measured
background. The resulting values for p and its uncertain-
ties hp are given in Table I. In practice, the Poisson dis-
tribution may be replaced by a Gaussian, and its width
p' can be quadratically added to the uncertainty of the
mean value: cr«, =(p+bp )' . The measured value cor-
responding to this distribution is N8 k",v. The differences

p Ns'k", v (Table—I) were divided by the Gaussian width

TABLE I. Measured and expected number of 8-keV x rays in the delayed interval [2.25 ps, 2.55 ps], where laser-induced Ka x rays
are expected, for both detectors.

Measured:

Description

With laser (includes bg'): N8 k",v
Without laser (bg' normalized): Nb~[,

Difference

Detector y

211+14.5
209+7.1

2+16.1

Detector z

199+14.1
222+ 7.5

—23+16

Detector y+z

410+20.2
431+10.3

—21+22.7

Expected: N&
' (on laser resonance)

P =Naca" +Nba[,r, r )( —~p)
58+8.3

267+10.9
16+2.3

238+7.8
74+10.6

505+14.8

Compatibility: I N8 kev(+~tot)
Deviation in o. terms

56+19.6
2.86o."„,

39+17.3
2.25o tot

95+26.9
3 53o tot

4.3X 10-'
0.901

2.4X 10
0.151

4.3X10
0.355

'bg denotes background.

~res
xy&" off-res ~off-res

7.6X 10 1.2X 10
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FIG. 13. Difference spectrum resulting from a channel-by-
channel subtraction of the normalized 8-keV time spectrum of
SX events (without laser) from the 8-keV time spectrum of SXL
events (with laser). On resonance, laser-induced events are ex-

pected in the indicated time interval between 2.25 and 2.55 ps.
In the lower spectrum the differences are given in units of stan-

dard deviations (o ) by dividing the content of each channel of
the upper spectrum by its statistical error (including the nor-

malization error).

0.„,to determine the probability 8'„, that the measure-
ments are compatible with the values expected on reso-
nance. The deviation is 3.5' for the combined result of
both detectors. The same procedure was performed for
the assumption that the laser was off resonance. The re-
sulting level of significance a=8'„,/8', z„, is 5X10
for detector y alone and less than 2X 10 for both detec-
tors combined.

The tested wavelength A, =811.7 nm (value measured
in air, as in Ref. [3]) is excluded by these data, with the
level of significance given above. Moreover, by taking

into account the natural linewidth b,X=I iL /(2src ) =0.7
nm of the 2S-2P transition, the wavelength region
811.4 X2&2& 812.0 nm can be rejected as resonance
wavelength with a confidence level greater than 95%%uo.

In an attempt to explain the long 2S lifetime found in
some of the high-pressure experiments, it has been sug-
gested in Ref. [15] that excited molecular ions
[He-(@He)2s]'+ are formed at high gas densities. How-

ever, the corresponding correction of the 2S-2P reso-
nance wavelength due to the screening by the molecular
electrons was calculated to be only EA, =0.13 nm [30].
The discrepancy between the results of the earlier experi-
ment and the present laser experiment can therefore not
be resolved by the existence of molecular ions. The deter-
mination of the 2S-2P energy difference in @He must be
left to future experiments at low densities, where molecu-
lar effects are negligible. A wavelength range from 809 to
815 nm will have to be scanned according to the value of
812.2+1.5 nm predicted by QED calculations and elec-
tron scattering data.
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