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First Laser Excitation of the *He 1 1S-2 ! P Resonance Line at 58 nm
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We have observed the 1'S-2!P resonance line of *He at 58.4 nm (linewidth 0.3 cm™!) in a laser-
atomic-beam experiment. The coherent radiation is produced by fifth-harmonic generation of UV light
from a frequency-doubled, pulsed dye laser at 584 nm in a pulsed expansion of acetylene gas. The fre-
quency of the fundamental radiation is calibrated against the iodine absorption spectrum, resulting in a

transition frequency of 171134.89(3) cm ~'.

From this value a Lamb shift for the ground state of

+1.38(3) ecm ~! is extracted, in good agreement with the theoretical value of +1.3745 cm ~\.

PACS numbers: 32.30.Jc, 12.20.Fv, 42.65.Ky

Level energies of the two-electron helium atom can
nowadays be calculated with advanced computational
methods to high precision [1-4]. In these calculations
quantum electrodynamics (QED) shifts are, as in the
case of the hydrogen atom, important. In the helium case
two-electron contributions to the Lamb shift, which
reduce the single-electron shifts, introduce an extra com-
plexity to the calculations. Especially for 'S states,
where both electrons have a large overlap, this contribu-
tion becomes large and attributes up to 10% to the total
Lamb shift [1}. Nonrelativistic level energies and relativ-
istic corrections can be calculated accurately [1,3,4] so
that precise measurements of transition frequencies, in-
volving low-lying 'S or !P states, allow for the extraction
of QED contributions to these energies. In a recent series
of experiments Sansonetti and Gillaspy [5] and Lichten,
Shiner, and Zhou [6] followed this procedure for the 2 1.
state of “He. Using single-frequency cw tunable dye
lasers they accurately determined its binding energy to a
few parts in 10'%, After a recent accurate evaluation of
the Bethe logarithm [2] the experimental binding energy
of the 2 !P state is in agreement with calculations at the
1075 cm ™! level. O(e*) contributions (a is fine-struc-
ture constant), expected at this 107> ¢cm ~! level, have
not yet been calculated.

The Lamb shift of the 1'S state of helium and the
two-electron contributions to this shift are an order of
magnitude larger than in any other state (calculated to be
+1.3745, respectively, —0.1404 cm ' [1,2]. This makes
a study of the ground state most challenging and an accu-
rate measurement of its binding energy would provide a
stringent test for theory. The most recent calculation [2]
predicts an energy of —198310.66774 cm ~!. As in the
21S case 0(a*) contributions, expected to contribute at
most 0.001 cm ~!, are not yet included. However, the
high frequencies involved in transitions from the ground
state (> 170000 cm ~') hampered accurate measure-
ments thus far because narrow band, tunable laser
sources in the short wavelength range below 60 nm were
not available. The most accurate value for the ground
state binding energy is already 35 years old. In a classi-
cal emission experiment Herzberg [7] measured the
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wavelength of the first two members of the *He principal
series (1'S— 21P). An absolute accuracy of 0.15 cm !
was stated for the 1'S binding energy. More recently
Baig et al. [8] measured transition energies (with an ac-
curacy of 0.16 cm™!) for the principal series n'P for
n> 10 in a photoabsorption experiment using synchrot-
ron radiation.

In this Letter we report the observation of the *He
1'S— 2P resonance line at 58.4 nm using coherent,
tunable and narrow band extreme ultraviolet (XUV)
laser radiation and an atomic beam. The XUV radiation
was produced by fifth-harmonic generation of the UV
light from a frequency-doubled pulsed dye laser operating
in the visible near 584 nm. This scheme allows for a
direct and accurate comparison with iodine frequency
standards in this wavelength range. The production of
coherent XUV radiation below 100 nm using nonlinear
up-conversion techniques of high-power pulsed laser light
is_ now well established [9-11]. Tunable XUV radiation
(with a bandwidth of 9 cm ') at a wavelength as short
as’ 66 nm has been produced using pulsed lasers in the
nanosecond range [12]. We believe the present work to
be the first example of the production and application of
narrow band tunable XUV radiation below 60 nm.

We use a pulsed dye laser (Quanta Ray PDL 3),
operating on the dye Rhodamine B, which is pumped by
the green output of an injection-seeded Nd:YAG laser
(Quanta Ray GCR 4). The tunable visible output near
584 nm, which is also used for calibration purposes, is
frequency doubled in a KD*P crystal. UV and visible
light are separated using dichroic mirrors. Next the UV
pulses near 292 nm with peak energy of 45 mJ and dura-
tion of about 3-4 ns are focused with a 15 cm lens in an
expanding pulsed gas jet for nonlinear up-conversion.
The gas nozzle is mounted inside a differentially pumped
vacuum setup; the generated short-wavelength radiation
is transmitted from the nozzle chamber through a small
hole into the interaction chamber. The beams of UV,
third-harmonic (A =97 nm) and fifth-harmonic (A = 58
nm) light spatially overlap. We used C,H; gas as the
nonlinear medium. The number of photons is estimated
to be at least 10* per laser shot. In the interaction
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chamber the diverging laser beams perpendicularly inter-
sect a pulsed beam of helium seeded in krypton (25% He
and 75% Kr). The helium atoms are excited by the 58
nm light to the 2 'P state and subsequently ionized with
the UV light profusely present (1 XUV+1 UV photoion-
ization). Helium ions are extracted from the interaction
zone by a small electric field (25 V/cm) and detected
with an electron multiplier. A schematic of this setup is
shown in Fig. I. A more detailed description of the ap-
paratus in conjunction with third-harmonic generation
and molecular spectroscopy can be found elsewhere [13].
A typical recording of the *He 1'S-— 2 'P resonance
line at 58.4 nm is shown in Fig. 2. Also shown are the
simultaneously recorded iodine absorption spectrum and
the transmission peaks of a quartz etalon (free spectral
range 0.25 cm ~!). Each data point in the 2048 channel
spectrum is averaged over twenty laser shots, thus reduc-
ing shot-to-shot fluctuations. The linewidth of the ob-
served resonance is 0.34(3) cm ~! in the XUV, mainly
determined by the dye laser linewidth of 0.065 cm .
From the divergences of the XUV and atomic beams a
residual Doppler broadening of 0.02 cm ~! is estimated.
The helium resonance line was fitted by a Voigt profile,
whereas the I, lines were fitted by Gaussians. The lines
labeled 924 and 920 in the I, atlas [14] were found to be
symmetric in our experiment and were used for calibra-
tion. The iodine spectrum was recorded with pulse ener-
gies at the nJ level, where saturation broadening or
laser-induced shifts can be neglected. The transmission
peaks of the etalon were used to linearize the dye laser
scan. Convenient for future calibration is the near coin-
cidence of the helium transition with the Doppler
broadened icdine absorption doublet 921 and 922 (see
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FIG. 1. Schematic of the experimental setup for XUV laser
spectroscopy. DM: dichroic mirror; EM: electron multiplier;
TOF: time of flight.

Fig. 2).

We carefully investigated a possible systematic error
introduced by a nonperfect perpendicular alignment of
laser and atomic beam. The velocity of the helium atoms
in the expansion was varied using a beam of helium seed-
ed in krypton [velocity 480(100) m/s] and one of pure
helium [1200(300) m/sl. In this way a small mismatch
was observed, which resulted in a correction of 0.03
cm ~} in the resonance position. A value for the transi-
tion frequency of 171134.89 cm ~!, with a statistical er-
ror of 0.02 cm ~! when averaging over several spectra, is
found. This error contains both the statistical error in the
determination of the He-resonance line and in the I, ab-
sorption lines. Systematic uncertainties, due to ac and dc
Stark effects or by frequency chirp of the laser [15], are
smaller than 0.01 cm ~!. The uncertainty in the iodine
atlas, given to be 0.001 cm ™! (1 standard deviation)
[14], results in an additional systematic error of 0.01
cm ~! in our measurement. Combining all these unrelat-
ed errors gives a result of 171134.89(3) cm ~!, in good
agreement with the measurement of Herzberg [71,
171135.04(15) cm ~".

Using the accurately known energy of the 2 'P state

of —27175.77234(14) cm~! [16], which is in agree-

ment with calculations up to the 10 ™% cm ™! level, the
energy of the *He ground state immediately follows:
—198310.66(3) cm ~'. This value may be compared to
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FIG. 2. The 1'S— 2'P resonance line of *He at 58.4 nm
recorded by 1 XUV+1 UV photoionization in the seeded beam.
Also shown is part of an I absorption spectrum in the visible as
well as a Fabry-Pérot spectrum. We used the lines labeled 920
and 924 in the iodine atlas [14] for calibration.
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FIG. 3. Compadrison of experimental and theoretical values
for the binding energy of the *He 1'S ground state. The uncer-
tainty for the theory is estimated to be on the order of 0.001
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the results of the synchrotron experiments of Baig et al.
{81 on the higher levels of the n !P Rydberg series. From
a fit of energies, derived from their wavelength measure-
ments (accuracy 0.16 cm ™), to calculated energies using
Martin’s formula [17] for the n'P quantum defects we
deduce a value for the ionization potential of 198310.91
cm ™. The three experimental values for the 1'S bind-
ing energy together with a value recently calculated by
Baker et al. [2] are shown with error bars in Fig. 3.
Combining our transition energy, the 2P level energy
and a calculation of the 115 level energy not including
QED effects (—198312.04224 cm ™! [1,4]1) an experi-
mental value of +1.38(3) cm ! is found for the Lamb
shift of the “*He 1 'S state. The QED calculation of this
shift contains both one-electron and two-electron contri-
butions and leads to a value of +1.3745(10) cm ™! [1,2].
The two-electron part of the Lamb shift is calculated to
be —0.1404 cm ~! [1] and its existence is clearly demon-
strated in our measurement.

Our goal for the near future is to improve the accuracy
in the frequency of the *He 1 'S-2'P transition by at least
an order of magnitude and to include a measurement on
3He. The experimental resolution can be considerably in-
creased by incorporating pulsed amplification of narrow
band cw dye laser light. The use of cw light will also al-
low for Doppler-free saturated absorption spectroscopy in
the iodine absorption cell. An absolute experimental ac-
curacy of 0.001 cm ! in the XUV requires a 10 ™% ¢cm ™!
(3 MH2z) accuracy in the visible. For this purpose it will
be necessary to calibrate the relevant I lines to at least
this level of accuracy. Furthermore, the influence of sys-
tematic shifts will have to be analyzed thoroughly. In
particular shifts related to frequency chirp in the pulsed
amplification of cw light {15] may become important.
The influence of this effect might, e.g., be studied on ac-
curately known transition frequencies in the hydrogen
atom. An interesting possibility is to use the Ly, line of
hydrogen at 97.3 nm for this purpose. The frequency of

this Ly, line is almost equal to  of the frequency of the
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“He 1 'S-2'P transition. The frequency difference in the
visible is only 23.8 cm ~!. When producing 58.4 nm radi-
ation by fifth-harmonic generation of 292 nm we also
efficiently generate the third harmonic at 97.3 nm. This
line then may serve to test our iodine calibration setup as
well.

In conclusion, we have measured in a laser-atomic-
beam experiment the binding energy of the 1!S ground
state of *He with an accuracy of 0.03 cm ™!, thereby
directly confirming the importance of two-electron contri-
butions to the Lamb shift. Improvements, on which we
are working now, may push this accuracy to better than
0.001 cm ~!. This will enable detailed confrontation with
theoretical calculations having similar accuracy.
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