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Lamb shift measurement in the 1'S ground state of helium
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With a phase-modulated extreme ultraviolet pulsed laser source the frequency dit#e'® transition of
helium at 58 nm has been measured. The phase modulation scheme enabled measurement and reduction of
frequency chirp, usually limiting pulsed precision spectroscopy. From the measured transition frequency of
5130 495 08&5) MHz, a fourfold improved value of the ground state Lamb shift of 41(2B4MHz is
deduced, in good agreement with a theoretical value of 4138381Hz based on QED calculations up to order
«°Z8. From these measurements, the well-known binding energy of tifres?ate and the previously deter-
mined “HeHe isotope shift, accurate values for the ionization energies of the helium atom follow:
198 310.6672(15) cm' for “He and 198 301.8808(15) crh for 3He.[S1050-294@7)05403-§

PACS numbds): 32.30.Jc, 12.20.Fv, 42.65.Ky

I. INTRODUCTION in helium are more complex than in hydrogen. Compared to
hydrogen the one-electron contributi¢denotedE, (;)) to
Fifty years ago Lamb and Retherford found that thethe Lamb shift in helium is reduced due to mutual shielding
2282 %Py, levels in atomic hydrogen are not degenerateof the nucleus by the two electrons. In addition, a contribu-
as predicted by Dirac theofyL,2]. This observation, a split- tion due to a proximity effect of the electrons is present
ting of ~1 GHz, marked the start of intense theoretical aC~(E_ (), for which no equivalent in hydrogen exists. Helium
tivity, resulting in the development of quantum electrody- s therefore an interesting system for QED tests when mea-
namics(QED). Since then the “Lamb shift” denotes energy gyring absolute transition frequencies.
contributions due to QED effect8ncluding some higher-  \easyrements of the Lamb shift in helium mainly con-

order relativistic effects Tests of atomic theory including centrated on the 3S and 21S states. Most accurate results
quantum electrodynamiQED) effects are now possible for were obtained for 3S[9,10]. However, the interesting two-

an increasing number of systems. Until recently, accural@ o ctron contribution to the Lamb shift is ten times larger for

tests of QED calculations could be performed only in thels states because of the larger spatial overlap of both elec-
most simple atoms such as hydrogen and positronium. For S ger sp p ot
ons in singlet states. Recently two groups excitethfi

these systems the non-QED energy structure can be calc , .
lated with high precision using relativistic quantum mechan 111] and Isnd states[12] with CW lasers starting from
ics. The most important contributions to the Lamb shift are? S- Values of 2810.521) MHz and 2809.9€15 MHz,

the self-energy and vacuum polarizatitsee, e.g.[3]). An respectively, for the 2S Lamb shift are deduced from these
increasing number of smaller contributions can be calculatefneasurementsl3]. Initially a large discrepancy of 93 MHz
nowadays such as, e.g., two-loop virtual photon exchangwith theory was found13], which was largely resolved in a
[4]. As the main QED effects scale withrif(n is the prin-  reevaluation of the Bethe logarithm by Baket al. [14].
cipal quantum numbgrand are only large ir§ states, the Both experimental values are now in reasonable agreement
Lamb shift is largest in the ground state. Developments irwith the most recent theoretical value of 2808.48 MHz,
laser technology enabled Lamb shift measurements in thehich has an uncertainty of 1 MHz from uncalculated
12S,, ground state of hydrogen, applying two-photon higher-order terms oD(a*Z*) and 0.18 MHz due to the
Doppler-free excitation to 2S,, and 32S,,,. The results Bethe logarithn{13]. However, in the calculation of relativ-
surpass the accuracy of the best RF measurements on tistic corrections ofO(«*Z°) to the lowest-order Lamb shift
22S,,,22P,, transition [5,6]. In these precision experi- of size —51.44 MHz an approximation was made for a two-
ments the size of the proton rather than the understanding @lectron shielding effect that has not yet been proven rigor-
QED is becoming the limiting factor. In fact these measure-ously. Also higher-order terms are expected to contribute at
ments can be interpreted to provide a new value for the prothe 1 MHz level.
ton radius[5,6]. As in hydrogen, the Lamb shift of helium is more than an
Although analytical non-QED calculations are impossibleorder of magnitude larger in its ground state. Theoretically a
for any system with more than two particles, recent calculaLamb shift of 1.3754 cm?, including a two-electron contri-
tions based on a variational approach in helium and heliumbution of —0.1404 cm?, has been calculatdd5,16. The
like ions with low Z are now sufficiently accurate to be re- study of the IS ground state is difficult due to its large
garded as exact for all practical purpo$8&]. The accuracy energy separation from the excited states
of these variational calculations in helium was confirmed by(>160 000 cm'). Therefore an investigation of the'$
a nonvariational solution of the Schilinger equation based state presents an experimental as well as a theoretical chal-
on the correlation function hyperspherical-harmonic methodenge. For a long time the most accurate data on the ground
[8]. Therefore experimental transition frequencies can betate were those obtained with classical spectroscopy. In
used to test QED calculations also for helium. QED effectsl958 Herzberg used a helium discharge in combination with
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o tion isotope shift on the 1S-2 'P resonance line was studied
10nization with the PDA system resulting in an accurate value of
continuum W 263 41@7) MHz.

Precision measurements with pulsed laser sources are
generally hampered by time-dependent frequency deviations
| UV 292nm (chirp) resulting from phase fluctuations in PDA'24,25.

2’p A d This phenomenon may significantly limit the accuracy of
21s \ frequency calibration in precision studies using pulsed laser
238 sources. Indeed chirp was the limiting factor in our second
study on the helium ground state Lamb sh#8]. Early ex-
XUV periments on hydrogei26] and positroniuni27] were lim-

58.4 nm fluorescence ited in much the same way, before cw laser excitation was
achieved [28,29. Many experiments, however, can at
present only be performed by pulsed excitation. As a result,
the study of frequency chirp has become an active field of
research.

FIG. 1. Detection principle of the 1S-2 1P transition in helium th In r:hls pf?petr we lpresent Ia methO(rj] tot accgratell\yjl measure
in a 1 XUV photon excitation followedya 1 UV photon ionization ec |rp.e ects (.)n aser pu _ses as shortas ns_. . oreover a
scheme. The 1 XUV 1 UV two-photon ionization competes with method is described to actively control and eliminate the

resonant fluorescence to the ground state; fluorescence decay QB"F’ e.ffects using an elec.tro-optic modulator t_° produce
215(<0.1%) is neglected. “antichirped” pulses. Applying these electro-optical tech-

nigues we demonstrate that chirp-induced calibration errors
a3m Spectrograph to measure the Wave|ength of thé’] XUV spectroscopy can be eliminated to a large extent. In
11S-2 1P transition at 58.4 nmi17]. He obtained an absolute combination with methods to address the phenomenon of
accuracy of 0.15 cm® for the 1'S binding energy. The dynamic Stark shifts and an improved calibration standard,
115_2 1P transition isotope shift for3He_4He was deter- this results in a determination of the Lamb shift with an
mined in the same setup to be 264.6) GHz. accuracy 45 MHz, again a fourfold improvement over the

Since the classical experiment of Herzberg, considerablgrevious valug23]. A detailed account will be given of the
progress has been made in extreme u|travi0t’élV) spec- eXperImental teChanueS that were used to determine the ac-
troscopy_ Narrow-band laser radiation at Wave|ength§urate value for the nground Lamb shift in helium as well
>70 nm is now routinely produced by third-order nonlinear@s the*He-He transition isotope shift in the 5-2 *P reso-
up-conversion in gases and metal vapors, using high-powé}ance line. Also the dynamic Stark-shift calculations for both
visible and ultraviolet laser pu|sésee' e.g., 18_20H|gher- iSOtOpeS, which were not pUb“Shed in full before, will be
order up-conversion with short-pulse lasédewn to a few Presented.
tens of f§ has been demonstrated and radiation at wave-
lengths as short as 0.7 nm has been genef@#&ld Short
pulses, however, possess an inherently large Fourier trans-
formed bandwidth which is not favorable for high-resolution = The setup consists of three functional pdFg. 2). In the
experiments in the frequency domain. first part a narrow bandwidth carrier frequency at 584 nm is

In recent Letter§22,23 we reported precision measure- generated and accurately calibrated using an etalon and satu-
ments of the £S Lamb shift in helium. In a first studf22]  ration spectroscopy. This part will be described in Sec. Il A.
the 1'S-2'P transition was excited by a pulsed dye laserThe second stage consists of a pulse-dye amplif&A)
based XUV-radiation source of bandwidth 0.3 chvat 58  and frequency doubler to generate high-power UV pulsed
nm. Production of XUV radiation was based on fifth har- radiation at 292 nm. Chirp induced in the PDA is monitored
monic up-conversion of the frequency-doubled output of aand modified in this part of the setup, which is detailed in
dye-laser system at 584 nm with nanosecond laser pulseSec. Il B. In the third part the UV is up-converted to XUV
The XUV-induced 1!S-2 1P resonance line was detected by radiation at 58.4 nm by a fifth-harmonic process, which then
photoionization with UV pulsegsee Fig. 1L An advantage induces the 1S-2 1P resonance line in helium in a crossed-
of harmonic up-conversion is that calibration is possible inbeam setugSec. Il Q.
the visible, where accurate frequency standards are available.
As a result, the ground state Lamb shift was determined with
an accuracy of 1 GHz, which meant a factor of 5 improve-
ment over the value of Herzbef@7]. In this pionering ex- The primary source of radiation is a Spectra-Physics
periment the bandwidth of the XUV-laser source turned ou380D cw ring laser with Rhodamine 6G dyeutput 700
to be the limiting factor. This led to the replacement of themW, ~1 MHz bandwidth. In the harmonic up-conversion
dye laser by a more narrow-band pulsed-dye-amplifieprocess the frequency relatiofy,,~10f., (apart from
(PDA) system. This home-built high power PDA system wassmall deviations which are discussed in Sec) hblds, so
successfully employed to measure the sam8-2'P transi-  the calibration of the $S-2'P transition frequency can be
tion in helium resulting in an accuracy for the ground stateperformed in the visible using saturation spectroscopy on
Lamb shift of 175 MHz[23], which was again a fivefold molecular ioding(Fig. 3). For this purpose the “0” compo-
improvement over the first study. Also tféleHe transi-  nent of the P88)15-1 transition inl,, close toth of the

11s

Il. EXPERIMENTAL SETUP

A. Primary light source and calibration
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spectral rang€FSR of this etalon of 148.9564) MHz was

| I saturation spectr. | ring dye —ME determined using, hyperfine lines[30,31] within a few

faser hundred cm?® from the R88)15-1. No significant wave-
, fibe length dependence of the FSR was found av&00 cni !
around our calibration position.
IW < The calibration standard was measured by Griesel.

584 nm [30] at 6 °C while we used 20 °C. Comparison of the fre-
A A N&:;?G _m i quency of this transition at temperatures of 0(Gell partly

in ice watej and 20 °C showed that the uncertainty due to

J,_,I_J, this temperature difference is smaller than 0.4 MHz. Pressure
>l pulse dye | | pulsed shifts may also arise from leakage of air into thecell.
— amplifier EOM | 7 Therefore the difference between the standard sealed cell and
one that can be evacuated and refilled in a few minutes was
also measured. The influence of up+t®.01 mbar of air on
the reference lines was investigated and no difference was
skimmer found within an uncertainty of 0.3 MHz. Additional tests on

T

A

A

292 nm XUV spectrometer

the influence of dynamic Stark shift, magnetic field, and
L1 0 58 nm electronic integration timé0.07 seg resulted in a conserva-
[ +292 nm tive estimate for the uncertainty in the position of both lines
of ~1 MHz. Together with the uncertainty in the difference
Nj jet  Kr-He beam measurement with the etaléh MHz due to 2563 fringesan

estimated total rms uncertainty of 1.7 MHz for the PEB
1)-o line at 513 049 427.1 MHz results. The small interval of
FIG. 2. Overview if the experimental setup to measure the__g4 MHz in the visible to the resonance position of
11S-2'P transition in helium (EOM, electro-opti dulator; ; e
ransition in_helium (EOM, electro-optic modulator; 1 155 1p jntroduces no significant additional error. There-

g%'\s/l’thaecszztjodr%ptsign%o%?l;tging:nthii)nnt?ﬁrtlr?zvre(;ertigillz dcic:1nl-:ig fore the XUV frequency uncertainty due to the absolute cali-
' ‘bration in the visible is 17 MHZsee Table)l.

5.

11s-21p frequency, was calibrated in our laboratory using B. The pulse dye amplifier

saturation spectroscofgee also Sec. IMvrelative to the “i” Tunable 58 nm radiation with a pulse length of a few
component of the @9)15-1i transition inl, [30]. The satu- hanoseconds is generated in a fifth-harmonic process from
rating beam of 5 mW, mechanically chopped at 850 Hz, isultraviolet light at 292 nm. Due to the low nonlinear effi-
focused wih a 1 mlens in a 10 cm long iodine cell at room ciency high laser powers are required. The requirements for
temperature. The saturation signal is recorded with a weaReam-pointing stability are stringent because of calibration
probe bean(0.2 mW). A bandpass filter with 0.07 sec inte- errors induced by Doppler effects. With these two require-
gration time was used to select the saturation signal at 85@ents in mind a high-power PDA system was built, as
Hz. The energy separation of almost 13 chbetween these shown in Fig. 4(the boxes indicating the PDA chirp modi-
two hyperfine components was measured using a sealed afigation and measurement components are described in Sec.
temperature stabilized<0.1°C) etalon. In addition, this eta- Il B).

lon is actively locked to ar,-stabilized HeNe laser, result- A single-mode fibe(25 m long is used to decouple the

ing in negligible drift during the measurements. The freeCW ring laser from the PDA, ensuring a good pointing sta-
bility. A Faraday isolator is inserted to prevent disruption of

the cw laser by backreflections from the fiber. The fiber does

I, stabilized argon-ion| [ ying dye not preserve polarization, and therefore the polarization may
locking HeNe laser laser laser be scrambled because of temperature changes and mechani-
é ~lon { cal stress. However, the PDA and the harmonic conversion

PD D)\%;}l T ) - processes require stable Iine_ar pola_rization. Therefore, a sec-
chopper r ond Faraday isolator at the fiber exit serves two purposes. It

wavelength i A protects the fiber exit from being damaged by backscattered
meter det. and amplified PDA radiation and it selects the linear, vertical
I polarization component. Twisting of the fiber in combination

with two quarter-wave plates is used to maintain linear po-
larization and optimal seed power.
The PDA is pumped by an injection-seeded and

FIG. 3. Setup for calibration of the seed lagéng dye laserin ~ frequency-doubled 10 Hz Nd:YAG laséBpectra Physics
the visible. Relative calibration is performed with the etalon that isGCR-9 delivering 740 mJ at 532 nm. Amplification of 150
length stabilized using aln, frequency locked HeNe laser. Absolute MW cw laser light to 6.5 ns pulses of 220 mJ takes place in
calibration is obtained by recording dn saturation signalPD,  three rectangular dye flow cells, mounted under Brewster
photodiode; WP, Wollaston prism; FI, Faraday isolator; PDA, pulseangle to minimize losses. All cells contain Rhodamine B.
dye amplifiey. The first cell(optical length 15 mm, 45 mg/ls transversely

single mode fiber
to PDA
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TABLE |. Experimental and theoretical values for thd 22 1P isotope shift*“He*He and for the
transition frequency ofHe. All values in MHz(1o errop.

Isotope shift Transition frequency

Measured 263 416 (5) 5130495110 (5)
Corrections
Chirp : measurement analysis 0 a0 (19

PDA beam inhomogeneities 0 0 (20

fifth harmonic, measured 0 10 (13
Stark shift -6 3 —44 (15
Doppler shift 0 (2) 7 (20

drift (systematig 0 3)
Line shape 0 3 0 3
Calibration 584 nm 0 (D) 0 17
Corrected value; experimental 263410 7 513 0495 083 (45)
Theory 263411.26 (0.1) 513 0495 074 (395

@Already included in “Measured.”

pumped with 10 mJ from a quartz wedge reflection. Twoside pumping because it allows the pump power to be dis-
cylindrical lenses and a diaphragm are used to illuminate th&ibuted unevenly over the cell to match the power needed by
amplification zone homogeneously. The seed beam is fathe amplified beam as it propagates through the gain me-
cused to a diameter of only a few tenths of a mm just behind@lium. Optimum power is generated for a dye solution of

the quartz window of the first dye cell. In this way the PDA about 15 mg/l Rh B in the second and last stage, which
output saturates at relatively low seed power50 mw), therefore share the same circulation pump. Spatial filtering of
and spatial variation of the gain (101%F) over the seed the amplified beam is used before the second stage only

beam diameter is kept to a minimum. The optical path of thd 80 #m pinhol§ to remove diffracted beams from the first
amplified beam through the PDA is folded, as shown in Fig_cell. No further spatial filtering is necessary after the second

4, to allow fa 2 m and 1.3 m distances between the ampliﬁerand thir_d amplifier cell because Qf the good beam_ quality of
cells. Together with a diaphragrdiameter 3 mmjust be- the Nd:YAG laser(near Gaussignand the longitudinal

e ission is PUMP geometry. A telescope in the pump beam for the sec-
fore the second stage, spontaneous amplified emission is Th stage(4% reflection from a prism: 30 mdnatches the
this way kept below 1% without any further measures. In '

: X ump to the seed beam diameter of 3 rgalightly divergin
contrast to previous de_S|gr_(ie.g.,[20]) bof[h the se_conc_j and Eearg. The dimensions of the dye céﬂjmenéth 159mmg
third amplifier are longitudinally pumpe@ih opposite direc- 56 gomewhat larger to avoid diffraction. Typical output
tion to the seed beamThis geometry is more efficient than powers of the second stage are 5-6 mJ. The beam then di-
verges further and is finally collimated to 8 mm diam. Am-
: plification of this beam in the third stage delivers220 mJ
fiber from cw laser at 584 nm, from a pump power of 650 @ mm diam, gain
length 20 mm. The bandwidth of the PDA is typically
M4 90-95 MHz, measured using an etalon with a bandwidth of
S 30 MHz.
[ +200 The PDA output is frequency doubled in a KP crystal
Nd-YAG of 20 mm length to generate up to 100 mJ at 292 nm. Sepa-
EOMI—Itiming|—1aser ration of the UV from the fundamental radiation is per-
150 mw/__ﬂ{m formed with two dichroic mirrors. When all reflection losses
due to windows and crystal surfaces are taken into account, a
< — ra— second-harmonic conversion efficiency of 63% is estimated.
+100 cyl. This high efficiency reflects the good spatial quality and
+100 cyl. spectral purity of the PDA beam. The UV beam hdsmall
i N divergence of~0.4 mrad. Nonoptimal phase matching then
DMITI . 6113 A La results in a slight UV beam asymmetry which is detected by
=T :220mJ I 1 7 two photodiodes. The difference signal of the diodes is used
SHG 534 nm +100 cell 2480 [+1ION_ in a feedback loop to adjust the crystal angle. In this manner
80um  3mm the UV power is kept optimal during the measurements with
pinhole  diaphr. a long term stability better than 5%; pulse to pulse intensity

N
o~ ;gg nmri variations are within~10%.

0

chirp
detection

/

+250

-100

N

FIG. 4. The pulse dye amplifi€EOM, electro-optic modulator; C. Fifth-harmonic generation and signal detection

DM, dichroic mirror, Fl, Faraday isolator; SHG, second harmonic  The vacuum setup of the XUV spectrometer consists of
generation Focal lengths of various lenses are given in mm. three differentially pumped chambers. In the first chamber
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In case of tight focusingl(>L) optimal phase matching for

&b%%r harmonic production is achieved in negatively dispersing

media, while in case of positively dispersing media loose
focusing p>L) is best[33,34. For third-harmonic genera-
tion these conditions can be met by choosing a proper mix-
ture of gase$35]. In this case energy conversion efficiencies
of typically 10 * to 10" can be obtainef18].

For fifth-harmonic conversion to 58 nm the situation is
quite different. Because the fifth-order nonlinear susceptibil-
ity is low, very high peak powers of the fundamental UV
radiation are required. A typical focal length of 25 cm used
for focusing the UV results in our case in power densities of
10*2-10"® W/cn?. Under these conditions intermediate

XUV+UV resonances must be avoided as they will enhance multipho-
He-Kr atomic beam ton transitions, eventually leading to ionization and optical
breakdown of the medium. In Secl B 1 the detrimental
effects of ionization on XUV production are discussed in
more detail. In addition, phase matching is not easily ad-
justed because the XUV photon energy is well above the

a second the atomic beam is produced before entering a third inteP—Ound state energies of most gaé®ecept neon and helium

action chamber through a skimm@M, electron multiplier; TOF, I_Equation(l) is in_ principzle only valid for the I_ow-fie_ld
time-of-flight separator regime (power density<10*? W/cnm?). When the intensity

is larger than 18 W/cn? the force of the electromagnetic
the UV is focused in a gaseous nonlinear medium for uIO_field on the electrons becomes equal Or even surpasses the
conversion to the XUV at 58 nm. In a second chamber anternal forces of the atom. A perturbative approach is then
pulse expansion of He generates the atomic beam. Both° longer valid an(_j an altgrnative description is required
XUV and helium beam intersect in the thiihteraction  L36]- OUr present situation is somewhere in between these
chamber to induce the resonance transitisee Fig. 5. two regimes of harmonic generation. In Sed.Bl 4 high-

Tunable radiation in the extreme ultraviolet is generatedi€ld harmonic generation is discussed in refation to chirp-

by the method of harmonic generation in a gaseous jetnduced calibration errors.
which is now well established, experimentally as well as S€veral gases such as XeHz, and N, were employed
theoretically. In a perturbative approach thth harmonic as nonllnear.med|um with backmg pressures of a few bar.
yield for a focused Gaussian beam along thexis can be Although Xe is often used for third-harmonic generation be-

FIG. 5. The XUV spectrometer setup with ion detection. Note
that the setup at the right side of the ldnss kept under vacuum
(10°5-10 "mbar). This part consists of three differentially
pumped vacuum chambers; in one XUV is generated3 et, in

expressed ak32 cause of its high nonlinear susceptibility, the low threshold
P 32| for ionization and optical breakdown makes it unsuitable for
Pd fifth-harmonic generation using nanosecond pulses. Both

Py WNzlxq(wl,wq)lzlequV- (1) C,H, and N, have a lower nonlinear susceptibility, but they

are more resistant to breakdown. These gases were chosen as
nonlinear medium for most of the measurements as the lower
susceptibility can be compensated to a large extent by a high
gas density. We use a free jet as nonlinear mediem, e.g.,
Ref. [20]), in which high gas density at the location of the
L2 @ ibAkz2 focus is combined with high vacuum conditions along the
_j —__dz ) path of XUV propagation. The pulsed jet 6f150 us dura-
) oLp(1+iz)8 tion and estimated density of a few mbar is produced by a
home-built, piezoelectrically driven valve after a design of
b is the confocal parameter of the fundamental beBgrand  Proch and Trick[37]. A diffusion pump with liquid-nitrogen
P, the power of theyth harmonic and fundamental radiation, baffle is used to maintain an average background pressure of
respectively. The phase mismatch between the driving and-2x 10 ° mbar. Higher background pressures result in re-
generated field expressed in the wave veckois given by  absorption of the XUV because of the high photon energy,
Ak=ky—qk; . well above the ionization threshold of most gases. Approxi-
The nonlinear susceptibility decreases rapidly for highermately 16 photons at 58 nm are produced per laser pulse
order processes. From EQ) it is apparent that high UV (see below Third-harmonic radiation at 97 nm is produced
power is the most effective way to compensate for this efsimultaneously at much higher intensities, but this does not
fect. Also a high density and resonances in the medium at thaffect the experiment as helium is transparent at this wave-
2-, 3-, or 4-UV photon level may enhance the nonlinear suslength. The XUV and UV pulses overlap both spatially and
ceptibility and thereby the harmonic yield by several orderdn time. Both beams pass thrdug 3 mmhole and a variable
of magnitude. The energy level structure of the particles irslit diaphragm into the interaction chamber where the
the nonlinear medium also determines whether the mediurm 1S-2 1P transition is induced. The slit was used to deter-
is either negatively 4k<<0) or positively dispersing mine the divergence of the fifth-harmonic beam which turns
(Ak>0). This is important for the phase-match integfal out to be approximately of the UV beam divergence. The

HereN is the density of the nonlinear mediupp, (w1, 0y) is
the nonlinear susceptibility of ordey, andF is the phase-
match integral over the medium with lendth given by
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UV divergence and power density in the interaction regiondensity on the order of 100 mW/énin the interaction re-
depend on the focal length of the lens used to focus the U\§ion, far below the saturation intensity of 190 W/cfor the
for fifth-harmonic conversion. This dependence was used ta 1S-2 1P transition. Although the transition is not saturated,
determine the influence of the dynamic Stark effect inducedroadening effects were observed of the order of 10—20 % of
by the high UV power density on the helium energy levelthe linewidth due to saturation in the electron multiplier for
structure. This is described in Sec. Ill C. For the24.3 cm  higher He and B density. The XUV bandwidth cannot be
lens used in the final Lamb shift measurement the XUV di-determined easily from the transition linewidth of typically
vergence is~18 mrad, resulting in a power density on the 600—650 MHz due to Doppler broadening effects. However,
order of 100 mW/crh at 58 nm in the interaction region.  from the chirp measurements and calculated effect on the
To reduce Doppler effects, the!$-2 1P transition is in-  resonance positio(Sec. Ill B 2 an XUV bandwidth of 250
duced in a helium atomic beam produced in a differentiallyMHz can be estimated.
pumped chamber by a pulsésupersonit expansion. Both The UV power dependence of the Hasignal was mea-
pure He and a 10—-90% He/Kr mixture were used. The backsured by varying the UV down te-65% of the maximum.
ing pressure is typically 3 bar for the solenoid va{@eneral For GH, and N, as nonlinear media a UV dependeriza
Valve) generating the pulsed expansion. The average presignal~ Pyj,) of, respectivelyx=5.0 and«=5.5 was found
sure in this source chamber is kept below 205 mbar by  with an uncertainty of about 0.5. A power law of 6 is ex-
a 2500 I/s diffusion pump. A skimmer is used to select thepected based on the fifth-harmonic process anduhsatur-
central part of the expansion, thereby reducing the beam diated ionization step. For Ma XUV power dependence on
vergence considerably. Further details of this skimmer andJV of 4.5 (5.5 minus one for ionizatignis obtained, which
other methods to reduce Doppler effects are discussed in Sewas used in calculating the effect of chirp on théSi2 1P

" A. transition(Sec. Il B).
In the interaction chamber, kept at pressures below
5% 10 " mbar by a turbomolecular pump, the XUV/UV and Ill. SYSTEMATIC EFFECTS

helium beams perpendicularly intersect. Once the XUV in- _— .
duces the transition to the short lived'R level (0.556 ns . _Although calibration can be acc_urately performed in the
[38,39) the powerful UV ionizes the excited atoms. High Visible due to the frequency relatiofyy = 10fyis, several
UV power (>10 MW/cn?) is necessary to compete with the systematic error sources are important for a precise determi-

fluorescence decay back to the ground stsée Fig. 1 The nation of the 11S-2 1P transition frequency. In this respect it
high UV power density also gives rise to dynamic Starks @n advantage that the harmonic up-conversion to 58 nm is

shifts in helium(Sec. Il O and fragmentation of hydrocar- not enhanced by intermediate resonances in the nonlinear
bons from pump oil.into many ionic fragments. For the dy_medium, which implies that the fifth-harmonic yield does not
namic Stark shift measurements at high UV power a ”quidstrongly depend on wavelength. Therefore no distortion or

nitrogen cold finger was used to reduce the amount of pumps_hift of the transition Iine_z shape is expet_:ted. Three otht_er
oil fragments. phenomena, Doppler shift, frequency chirp, and dynamic

A delayed and pulsed electric field 650 Vicm is used Stark shift, do have a significant effect of several tens of
to extract the ions into a time-of-flight tube to separate theMHz on thg cal|brat|on..Each error source _W'” be d|spussed
masses ofHe, *He, and unwanted pump-oil fragments. De- separately in the following sections, including extensions to
tection is performed using an electron multiplier. Pulse-to-tN€ Setup needed to measure and control the effects.

pulse signal fluctuations of 50% were observed. After am-
plification the signal is stored on a comput&UN 4) using
a BOXCAR integrator and a 12 bit AD converter interface  The one-photon 1S-2 1P transition is highly sensitive to
(Stanford Research Systems SR250 and SR245, respeDeoppler shifts and broadening. To reduce these effects a ge-
tively). A measurement is performed by computerized scanemetry with perpendicularly crossed and collimated beams is
ning of the cw ring laser in small steps. For each step the iothosen(see also Figs. 2 and.5The average velocity of pure
signal of four laser pulses is averaged. The absolute frelelium in the pulsed expansion is 12800 m/s, deduced by
guency position is recorded on-line using the 150 MHz etacomparing the flight time of the helium atoms for various
lon and saturation spectroscopylifnas described in Sec. Il distances between the nozzle and interaction zone. An ex-
A. pansion of 10% He in 90% Kr reduces this velocity to
The fifth-harmonic yield is derived from the number of 480(100) m/s due to He-Kr collisions in the first few cm of
He ions detected, taking into account absorption, ionizationthe expansion40]. No significant difference in velocity
and detection efficiency. For the He/Kr mixture using the(“velocity slip” ) between®He and “He occurs because of
24.3 cm UV focusing lens typically a few hundred ions perthe small mass difference compared to the mass of Kr. Con-
laser pulse were detected. Using pure helium the ion signalequently the Doppler shift in a pure He beam is 2.5 times
saturated because of total absorption of XUV at a more thatarger than in a He/Kr beam. This difference is used to align
an order of magnitude increased signal. From this it may behe XUV/UV and helium beams perpendicularly. As long as
concluded that the absorption in the He/Kr mixture is of thea Doppler shift exists, the He/Kr and pure He will show a
order of a few percent. Due to the short lifetirfe56 ng of  difference in transition frequency. The geometrical beam
2P only a few percent of all atoms that absorb an XUV alignment is adjusted until this difference is comparable to
photon are ionized. Combined with a detector efficiency ofthe statistical uncertainty in this measurement. A possible
~30% a minimum XUV yield at 58 nm of-10° photons  source for a Doppler shift of several MHz induced by asym-
per laser pulse is estimated. This corresponds to a powenetry of absorption in the atomic beam is minimized by

A. Doppler effects
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taking equal partial helium pressures for the pure He and the 1d

He/Kr beam during the alignment procedure. At)=5— 4" 3
Doppler broadening of the transition is related to the di-

vergence of the atomic beam and to the velocity spread aSources for this effect are self-phase modulatioptical

the atoms. The XUV divergence is generally a few timesKerr effec), time-dependent ionization of the medium of

smaller and therefore only marginally contributes to broadpropagatior(in nonlinear up-conversion proces$é4]), and

ening. In principle the divergence of the helium beam detime-dependent gaifin PDA’s).

pends on the geometry, determined by the diameters and In this section chirp occurring in pulse amplification of a

positions of skimmer and nozzle openings. However, backew seed frequency is considered as it has the largest impact

scattered atoms from the skimmer can disturb the beam, ré@n the calibration of the present Lamb shift measurement.

sulting in an increased divergence. Without Doppler effects &U€ to the harmonic up-conversion process any frequency

symmetridinewidth of ~400 MHz is expected, based on the deviation from the seed laser in the visible results in a fre-

linewidth of our XUV source of~250 MHz (see Sec. II ¢  9Uéncy excursion ten times as large in the XUV. Frequency

and natural linewidth of 286 MHz. Any broadening beyond chirp in a PDA has recently been the subject of several in-

400 MHz is interpreted as Doppler-induced. In the earliervestigations[24,25,42, from which it is now well estab-

experiments, including the determination of the isotope shif!'SheOI that the origin of chirp in a PDA is time-dependent

[23], a metal skimmer (90° total cone angle and orifice of 2gain in the amplification process. This can be explained us-

mm) was used. Although from geometrical considerations a'sng the Kramers-Kronig relationp43], connecting the ab-
- ; ; orption(i.e., negative gainto the refractive index of a ma-
500-600 MHz linewidth was expected, both isotope ption(i gative gan Ve fhdex

Sterial. Melikechiet al. [25] have shown that one may write
showed the same asymmetric line shape with a width of 950 [25] y

MHz for pure He as well as for the He/Kr mixture. In spite of ag(w)—ay(w) d
this peculiar behavior, the Doppler shift depended on the Af(z, T)dej
XUV atomic beam angle as predicted. This was an indication s

that the 90° skimmer diffused the atoms, although the beampiere w=2#f,r=t—zn(w)/c is the time coordinate trans-

direction was still determined by the skimmer-nozzle axisformed to the moving pulse window, is the refractive
As no significant differences for the line shapes fete and  index of the dye solvent, an; the excited state population
“He were found, the resulting uncertainty in the isotope shifiof the dye, which is a function of time and positiorz along
due to shape and related effects was limited to only 3 MHzthe beam direction in the amplifier cell. The two coefficients
However, the absolute transition frequency in that mea«wy and @4 in Eq. (4) can be calculated from the absorption
surement was severely hampered by asymmetric line shapespss sectionog(w) and the fluorescence cross section
resulting in an uncertainty contribution of 70 MH23]. A o,(w), respectively, as given by Haas and Roftf]:
test was performed to study this effect v 3 mmwide slit
ma_sk in the ion coIIecFion system along the directipn of the (@)= —ZC”s(w)Pf
helium beam. The skimmer was mounted at a distance of 0
about 20 cm from the interaction region, with a skimmer- o )
nozzle distance of 15 cm. The slit selected a small part of th&/here P denotes the principal integral. When the absorption
helium beam contributing to the signal. In this case the linednd fluorescence band of a dye are well separaigdis
shape became symmetric with a linewidth reduction toh€gligible due to the frequency denominator in ES). It
500(30) MHz. This is the narrowest linewidth observed, but follows that the_re must be a Wavelength_ln the_fluorescence
the use of a slit is not practical for the beam-alignment proand wherez, is zero[due to the denominator in E¢5)],
cedure described earlier in this section. Therefore a ne
skimmer was designed by deforming acrylic sheet plastic
This skimmer is steefiotal cone angle<15°) and “volcano
shaped,” smooth, thif0.1 mm, and has an opening of 2.5
mm diam. With this skimmer a minimum linewidth of
~600 MHz and a symmetric profile for thel$-2 1P tran-
sition is obtained. Pure helium gives a symmetric linewidth
of ~850 MHz and a line shape resembling more a Lorentz-

ian than a Gaussian. From these line shapes and widths it C%ﬂunteractmg phase modulation with an electro-optic modu-

. : or (EOM) on the seed beam of the PDA. This technique
be concluded that the Doppler broadening for the He/Kr mix- ) 4 ; .
ture is best described gs convolution gwith a 200 MHzWas investigated independently by Reinhatdal. [45] for
FWHM Lorentzian measurements on muonium using PDA pulses-@D ns du-

ration. Due to the nanosecond time scale of the puisehe
present case 6.5 nthis compensation cannot be tailored for
each individual pulse. However, the average chirp over mul-
When a laser beam experiences a time-dependent refratiple pulses can be reduced considerably, as demonstrated in
tive index, its optical phase is modulated by an amount equébec. IV.
to ®(z,t). The resulting time-dependent frequency devia- When chirp and intensity profile of the XUV pulse can be
tions Af (chirp) from the original frequencyf can be ex- measured, it is possible to calculate the effect on the
pressed as 11s-21p resonance frequency. The difficulty is that the

szl(z,r)dz

0

N

@) i e

7T(w/2—a)2)

ading to chirp-free amplification. Such behavior has been
demonstrated in DCM dye at 661.95 nm by Melikeehil.

[25]. Often the combination of wavelength and dye cannot
be chosen freely, and the absorption and fluorescence band
may overlap such as for the Rhodamine B dye used in the
present experiment. Frequency chirp is therefore inevitable
in many experiments with a PDA.

A solution is to eliminate chirp actively by applying a

B. Frequency chirp
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XUV intensity profile has to be measured with subnanosec-
ond resolution, which is a technical problem. To investigate
the net effect of chirp in the PDA on the resonance fre-
guency, several detailed measurements have been performed

delayL polarization

fast 1.5 mm

where the chirp was actively increasgéxtra-chirp™) and photodiode pps | diaphragm 2
decreasedantichirp” ) with the use of an EOM in the seed- [ -2 ER= i

laser beam(see the next sectipnWhen the EOM is not T

used, the chirp in the PDA is referred to as “normal chirp.” detay line OV ssiom

6 mm

1. Chirp measurement and modification procedure diaphr.~|~

Ix2| <

The chirp measurement principle used is similar to that ., g4 nm

described by Feet al. [24] and Ganghopadhydy2]. It is
based on heterodyning the cw seed laser with the pulsed
output of the PDA. The total beat intensity(t) is

fast
switches

i) 4 g1 FIG. 6. Chirp detection and modification set(ftOM, acousto-
L) =1 ()41 ot 2 (O] _ 6 optic modulator; PDA, pulse-dye amplifier; EOM, electr_o-optic
o(1)=1p() + lew p(Dlew 2 ©) modulator; FI, Faraday isolator; PBS, polarizing beam splitter

|, andl, are the PDA and cw laser intensities, respectively frequency-shifted seed beam on a quartz plate to generate a
A small part of the PDA beam is selected for this measureheterodyne beat signal. A diaphragm of 1.5 mm diam, which
ment ensuring that the beat signal is not averaged out due tan be displaced transversely to measure the position depen-
spatial interference patterns. The initial phase difference dedence of chirp, selects a small part of the PDA beam. The
pends on the path difference and therefore varies from puls@tensity in the beam profile is not a fixed function of posi-
to pulse. For this reason averaging of the beat wave is nafon due to random fluctuations induced by the pump laser
possible and the chirp analysis algorithm has to be used fqsometimes mode-beating effects are observadd by
each pulse separately. To reconstruct the difference phasthlieren effects in the dye. To be able to divide out the
®(t) a Fourier-transform-filtering=FT) technique is applied pulse envelope it is therefore necessary to measure the pulse
as demonstrated by Fee al.[24]. It requires that the refer- at the same spot where the heterodyne signal is observed. For
ence beam is frequency shifted by an amotigt When this purpose two half-wave plates are used to obtain a cw
Af<f, the heterodynédifferencg phase is approximately laser beam with pure linearlthorizonta) polarized light,
equal to and a PDA beam with both linear polarization components.
The parallel components generate the beat signal, while the
_ / ' perpendicular polarization component of the PDA output is
d)(t)—zwft[Af(t )+ Im]dU=2Tnt. @ unaffected by the cw light. Both signals are recorded on the
same photodiode, separated in time by a polarization-
Insertion of Eq.(7) in EQ. (6) shows how to reconstruct the dependent delay line of 25 ns. This ensures that also the
phase. Retaining only the positiYer negative frequency electronic detection properties are the same. Once the delay
components in the FFT df,(t) one of the exponentials in and the amplitude ratio of the pulse component in both sig-
the beat signal is selected from which the phase is easilpals have been calibratédw light off) the pulse envelope
retrieved. This method requires that the frequency compoean be subtracted and divided out from the sighal To
nents associated with the pulsed enveldpg are well sepa-  calculate the effect of chirp on the resonance transition also
rated from the true heterodyne signal. For th@0 ns long the UV intensity profile is measured on the same photodiode
pulses in Refs[24,42 this is accomplished by frequency (delay ~50 ns). As the photodiode is not sensitive at 292
shifting the cw laser a few hundred MHz with an acousto-nm, the fluorescence of a piece of black felt is measured
optic modulatofAOM). A bandpass filter can then be used instead. Due to the short fluorescence time of this material
to select the pulse-independent heterodyne signal. The shqr 1 ns) the UV pulse profile is not significantly broadened.
PDA pulses of 6.5 ns duration in our experiment would re-The total bandwidth of the 1 GHz photodiode combined with
quire an awkwardly high offset frequency 6f1 GHz and a the 1 GHz, 5 Gs/s, 8-bit digital oscilloscop@ ektronix
detection bandwidth of several GHz to obtain an accuracffiDS680B is ~800 MHz, which was determined by measur-
better than 1 MHz. Instead, we measure the pulsed intensityng the response of laser pulses of 100 fs duration.
profilel, in such a way that it can be eliminated frdgwith In Fig. 7 the different stages of the chirp measurement
high accuracy. Reconstruction of the phase with the FFTprocedure are shown. Pd#) of Fig. 7 shows a typical os-
filtering method can in this way be performed with a low cilloscope readout. Electrical and digitizing noise limit cor-
offset frequency of 250 MHz. rection with the measured pulse intensity to the central part
In Fig. 6 a schematic of the chirp measurement and phasef the heterodyne signal with a pulse component larger than
modification setup is shown. Part of the output of the seed0% of the maximum intensity. Outside these regions the
beam(10 mW) is split off to serve as a phase reference, 250pulse corrected beat signal is extrapolated with a slowly de-
MHz shifted by an AOM(accuracy 1 kHz The main seed creasing sinusoiddlFig. 7(b)]. In this way wraparound ef-
beam travels through a pulsed EOM which allows for modi-fects are avoided in the FFT of this signal. Only the positive
fication of the input phase before amplification in the PDA.frequency components are transformed bdugh-frequency
Part of the output of the PDA is recombined with the noise components are filtered out as wefitom which the
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] ) ) FIG. 8. Comparison between simulat@htbtted lineg and recon-

FIG. 7. Chirp measurement and analysis procedure of a singlgycted chirp(solid and long-dashed lijein the lower part the
laser pulse 4, typical oscilloscope readout, with the beat signal yifference between simulated and reconstructed chirp is given, to-

between the PDA output and the 250 MHz frequency shifted cWyether with the simulated pulse intensity. Paytreconstruction of

beam, the PDA pulse, and L.JV pulse; pulse corre.cted and ex- «normal” chirp. Partb, reconstruction of extra strong chirp using
trapolated heterodyne signa; reconstructed phase, calculated  he standard metho@olid line) and the line arized heterodyne sig-
chirp). nal method(long-dashed line See text for description of chirp

. . . reconstruction methods.
difference with the AOM frequency can be determined. In

partc) of Fig. 7 the resulting phase evolution is shown. Thetual XUV intensity function introduces an additional uncer-
initial phase depends on the optical path difference of cw andhinty in the net effect of chirp as discussed in Sec. IV B.
PDA beam which is different for each pulse. Using EB). Because of the good transverse beam profile of the PDA
the frequency chirp is calculated from the measured phase dlse variation of the chirp is typically 1-2 MHz over its cen-
shown in part(d) of Fig. 7. Pulse-to-pulse fluctuations in the tral part(5 mm out of 8 mm total beam diameteand up to
chirp are typically on the order of 5—10 MHz. To reduce the4-5 MHz outside this region. This was measured with the
effect of these real and detection-noise-induced fluctuation$.5 mm diaphragm in the PDA beam. To reduce the uncer-
most chirp measurements were averaged over 50—100 lasiinty in the absolute transition measurement only the central
pulses. 5 mm (~70% of the total powerof the PDA output was
The total chirp measurement process has been automateded for harmonic up-conversion during the Lamb-shift mea-
and the chirp of one out of every three laser pulses is detessurement. The uncertainty in the XUV resonance frequency
mined (limited by computer and data transfer time of thedue to spatial variation of chirp is estimated to be
oscilloscopé In addition an estimate for the XUV shift is ~20 MHz.
calculated from each measurement based on weighting the The chirp and phase are monitored continuously and
chirp with the 5.5th UV power dependence of the ionizationphase adjustments with the pulsed EOM are performed inter-
signal (Sec. Il Q. actively to either increase or decrease the chirp of the PDA.
To estimate the accuracy of the chirp measurement profhe EOM consists of a 200.5<0.6 mm LiTaQ crystal
cedure extensive computer simulations were performed, indriven on each side with a fast voltage switchnge 0—30
cluding noise and other typical experimental features. FronV). The risetime is adjustable from 1.5 ns to 10 ns, and a
simulations [Fig. 8@)] of normal chirp variation of delay of both pulses can be set independently relative to the
<10 MHz/ns within the pulse it can be concluded that theNd:YAG laser pulse(delay generator: Stanford Research
reconstruction algorithm predicts the chirp for a large part ofSystems DG535 Nd:YAG laser pulse timing jitter is
the pulse very well. For the PDA pulse time window with an +0.6ns. Decreasing chirp with the EOM by applying a coun-
intensity larger than 40% of the maximum, deviations ofteracting phase modulation reduces the sensitivity of the cal-
~1-2 MHz from the simulated chirp are found with a ten- culated effect on the XUV production function. This is used
dency to “cut corners” for rapid chirp variations. In the to perform highly accurate “antichirped” measurements. By
leading and trailing part deviations increasing up tointroducing an extra large chirp pulse 6f80 MHz in 2 ns
~10 MHz are observed, attributed to the extrapolation of thehe transition linewidth and shape is made sensitive to the
heterodyne signal to decrease the effect of noise. The nefffective XUV production time dependence, which can thus
effect on the XUV measurement is on average calculatetbe investigated accurately. Simulations of such strong extra
(Sec. lll B 2 to be smaller than a few MHz due to the chirp, however, show that the approximation in E@) is
averaging over the expected ion signal. The total calculatethen no longer valid, and can lead to an underestimation of
chirp-induced shift of the resonancaverage over 50 laser the chirp amplitude by as much as 20—30%. We found that
pulse$ shows random fluctuations of typically 5 MHz. the reconstruction algorithm can be improved in this case, by
Based on simulations and measurements an uncertainty neducing the number of frequency components in the hetero-
the XUV measurements of 10 MHz due to the chirp mea-dyne signal in a recursive manner. For this purpose the re-
surement procedure is estimated. The uncertainty in the aconstructed phase is used to linearize and resample the het-



55

LAMB SHIFT MEASUREMENT IN THE 1'S GROUND ... 1875

erodyne signal. This procedure is then repeated two times
and the total phase is obtained by adding the results of all
intermediate steps. Figurdt8 shows the improvements us-
ing such a procedure. Although still slightly underestimated,
large chirps are measured more accurately in this way, lead-
ing to a better agreement between calculated and measured
line shapegsee Sec. IV.

dpas

dt

+7

‘521

i
+ﬁﬂleo(P22—P11)a (14

dpar _

1
[poot %IU'ZLZEOPIZL (19

2. Line shape calculations
To have an indication of the influence of chirp on the

11s-2 1p transition during the measurements, an estimate of
the ion-signal intensity weighting over the measured chirp is
used to calculate the chirp-induced shifts. However, for a
correct description the coherent nature of the excitation pro-
cess has to be considered. The final analysis is based on the
density matrix formalisn{see, e.g., Boy@46)).

As shown in Fig. 1, the excitation scheme is similar to aThe experimentally observed signal is proportionalptg.

dp2z
dt

1 .
—(I'+7n)pyp— ﬁ#leOPIZb (16)

dpss

ar P22 17)

two-level system in whichew (linearly polarized XUV
couples the 1S and the 2P state (difference frequency
w15) Via a dipole interactioriV. Fluorescence back to the
ground state at a rate induces the largest dampir(fjuo-
rescence to 2S is 10 3 times weaker and therefore negli-
gible). The effect of the ionizing UV intensity,y, is incor-

The 1'S-2'P dipole moment and fluorescence rate are
1,=3.56x10 %0 C m and 1.& 10° s !, respectively[38].

The ionization cross sectionec at 292 nm is
4.1x10 18 cn? [47] (for linear polarizationAm=0). To
integrate Eqs(14)—(17) the UV and XUV frequency and
intensity functions deduced from chirp measurements are

porated into the equations of motion by introduction of aused as input. The time-dependent XUV field amplitige

dynamic Stark shiftA;=pIy, and an ionization rate
7= olyy [46]. The dynamic Stark constaptand ionization
cross sectiomr are discussed in Sec. Il C. Without explicitly
showing the time and position dependenceg ¥, and the
density matrix elementg, the equations of motion can be
written as

dpo; dpl, .
- gt - |(entAds

2 P21

i
+ %VZl(PZZ_ P11, (8)

dpiq

dt 9

i
[pyot %(V21P12_ p21V12),

dp22 . i
T (I'+7n)p2o— g(Vzlplz_ p21V12), (10)

dps3

ot - P2 (11

Here pq1, p2o, and ps3 represent the populations of the

is approximated bysee Sec. Il €

) 1/2

Here( is a scaling constant to match the field strength to the
estimated XUV yield. As N was used as a nonlinear me-
dium for fifth-harmonic generation we used=4.5(0.5)
(Sec. Il Q for all calculations of the line shape. The coupled
differential equationg14)—(17) have been integrated with
the Burlisch-Stoer metho¢adaptive stepsize[48] for the

UV and XUV intensities in the center of the XUV beam, as
a function of frequency. For this purpose the excitation prob-
ability was calculated for 100 frequency points evenly dis-
tributed over an interval of 4 GHz around the transition fre-
quency. Cubic-spline interpolation was used in between
these points. Without Doppler broadening a linewidth of
~400 MHz (natural linewidth 286 MHgis found using typi-

cal experimental chirp and UV pulse data. Doppler broaden-
ing is included by convolution with a 200 MHz Lorenzian
(see Sec. Il A

K
uv

Soc

3. Chirp properties of the PDA

ground, excited, and ionic state, respectively. The interaction The observed wavelength dependence of chirp in the PDA

V is given by

E, . )
Vi12=Vo1= —Iul; k (e''+e™'h

12

with wq,=€er, the transition dipole moment. Substitution of

pr=pi=e “pu=e"""(pyt+ipy (13

together with the rotating wave approximatipgt6] removes

with all three amplifiers active is quite strong as shown in

Fig. 9. Probably due to the overlapping fluorescence and
absorption band of Rhodamine B, the chirp is never close to
zero. On the short wavelength side, closer to the absorption
band of Rhodamine B, the phase at the end of the pulse does
not return to its original starting point. An explanation might
be that at the short wavelength side the amplified beam is
reabsorbed, keeping the excited state population high instead
of decreasing it. Despite the strong wavelength dependence
of the chirp, its effect on the isotope shift can be neglected

the optical frequencies from the coupled differential equa-due to the small frequency separation of only 1¢nin the

tions (8)—(11), resulting in

visible between théHe and“He resonance lines.
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. . phase mismatctAk of maximally 0.07 mm? is estimated

Lor “;‘7“;) i for our 20 mm long KB P doubling crystal. This is based on
0.8 577 an estimated maximum efficiency reduction of 15% due to
5 06 i ] imperfect feedback and an effective beam divergence of
< L To58l ~0.4 mrad. As the ion signal strongly depends on UV
g 04 535 power, the lower yield for mismatched UV production helps
“oal ] to reduce the net effect of mismatch-induced chirp.
r \o- 589 The chirp is roughly proportional to phase mismatch and
0.0 593 ] laser power. Translating the results in R@0] to the visible
40.0 power density of~70 MW/cn? and a maximum phase mis-
match in our crystal results in a phase modulation of at most
200 - 30 mrad. For 6 ns UV pulses this corresponds to frequency
3 A (nm) excursions ranging from-1.6 MHz to —1.6 MHz in the
= g;g | UV. Simulations using typical experimental data for the UV/
E - gg; ] XUV intensity profiles show that the net shift is negligible
Q.zo.o | i (—0.4MHz). The reason is that the chirp largely averages
589 out, especially because XUV production only takes place
oo 93] close to the maximum of the UV power where the cHinpt
50 10.0 15.0 20.0 the phasgchanges sign.
time (ns) In this discussion the optical Kerr effect in KIP has

been neglected because of its small magnitude. From the

FIG. 9. Observed wavelength dependence of phase evolutiononlinear refractive index in the \visible of
and reconstructed chirp in the PD@verage 50 laser pulses, all ~6x 1016 cnm/W [50] a phase modulation of only-0.9
amplifier stages Rhodamine B dye mrad is calculated. The nonlinear refractive index at 292 nm

_ is of almost equal size, but with opposite sig®,51], result-

In contrast to what might be expected from E4), the  ing in an even lower, and negligible chirp amplitude.
strongest chirp effects were seen for the lowest pump power At the UV power densities used for fifth-harmonic gen-
in the first amplifier cell. The reason probably is saturation oferation (18%-10 W/cn?) frequency chirp may arise from
the gain for high pump power, which reduces the phasggnization and/or excitation of the gaseous nonlinear medium
modulation during the pulse amplification. A similar effect is or the optical Kerr effect. A quite large reduction of the
seen when the second and third amplifier stages are addegfractive index may occuf41] when electrons created by
The chirp decreased with each extra amplifier, instead of agjrect ionization gain energy in the light field by an inverse
increase as observed by Feeal. [24]. Changing the seed “premsstrahlung” process thereby ionizing other atoms and
power from 30 to 150 mW made no significant difference fOTeventuaIIy resulting in breakdown of the medium. We ob-
most of the PDA pulse. Only in the leading and trailing edgeserved strong effects of breakdown in the case of xenon as
were deviations of the order of 5 MHz observed. nonlinear medium. In Fig. 10 the resonance transition is

From the measurements it is clear that chirp cannot b&hown to shift and broaden when strong breakdown in Xe is
neglected in these XUV experiments. For this reason theghduced. An apparent downward shift of the resonance fre-
phase modulation in the PDA is aCtiVer altered with anquency as |arge as 400 MHz was Obserm XUV fre-
EOM as described in Sec. lll B 1. The results of inducedquency shifts upward due to ionizatjon

extra- and antichirp on the calibration will be presented to-  These effects depend on the density of the nonlinear me-

gether with final measurements in Sec. IV. dium. Therefore the harmonic chirp in,Mas determined by
o _ _ ) measuring the 1S-2 1P transition for different N densities.
4. Chirp in frequency doubling and harmonic generation At the UV power density used in the final measurements a

Measuring chirp induced in a frequency-doubling procesgotal shift of 17 MHz was found when the density of Was
is difficult [42] and can lead to erroneous conclusions abouthanged from~0.5 to~2 times the standard density. Linear
the amplitude and even the sign of the cHi#8]. Therefore regression to zero pressure results in a correction for the final
recent realistic calculations of chirp in frequency doubling inmeasurements o#10(13) MHz (see Table )l The error
a KDP crystal by Smith and Boweif€9] were used; they includes the uncertainty in the actual functional dependence
included strong fundamental power depletioonversion ef-  of this chirp on N density. Although this correction is on the
ficiency 569, diffraction, absorption, and beam walkoff. edge of being statistically significant, such a shift can be
One of their main conclusions is that no significant phaseexpected based on the clear shift of(BB MHz (again
modulation is induced in the doubled light under conditionschanging the B density over a factor ofound for doubled
of perfect phase matching in combination with negligible UV power density resulting from the use of a 1.5x telescope
losses due to absorption, diffraction, or beam walkoff. How-in the UV beam.
ever, any deviation from this ideal situation, such as a size- For progressively higher fundamental power another
able phase mismatch, will result in frequency chirp. Diffrac-source of chirp becomes important, as shown recently in a
tion and beam walkoff are not important in the presentnumber of papers on high-harmonic generation in the strong
situation because of the large beam diameter of 8 mm. Wéeld regime(see, e.9.[36,52). A perturbative approach is
expect chirp mainly because of a possible phase mismatch. #hen no longer valid and a full quantum description must be
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Sec. Il B).
FIG. 10. Breakdown-induced broadening and shift of the He

resonance position usin@) C,H, and(b) Xe as nonlinear medium  Also higher UV power in the interaction zone helps to in-
for fifth-harmonic conversion. Both recordings were measured withcrease the ionization rate. Relative UV power densities in the
the 90° cone angle skimmer resulting in a slightly asymmetric linejnteraction zone were determined from the focal lengths and
profile with a width of ~950 MHz even without breakdown. are accurate te-5% (including power meter readingthe
absolute UV power density, however, has an uncertainty of
used, in which the trajectory of an electron excited by the40—50%. Since the 24.3 cm lens was used for the final mea-
electromagnetic field is evaluated. Rapid changes in fielgurements under the same conditigpewer, beam profile
amplitude as in short laser pulses may lead to significanis in the Stark shift determination, the absolute uncertainty
chirp in the generated harmonics. Essentially a single atorin the power is not important.
effect occurs, which can have strong implications for the In Fig. 11 the results of the dynamic Stark shift measure-
phase matching and propagation of the generated harmonigents are shown. The vertical error bars are a combination
radiation[53,54. As a result this chirp cannot be quantified of the statistical uncertainty of 7-9 MHz in the'$-2 1P
by changing the density of the nonlinear medium. An orderrecordings and the uncertainty due to the beam alignment
of magnitude estimate can be made for fifth-harmonic genwith the three lenses of 9—-15 MHz. For the final absolute
eration at a typical power level of 38-10'® W/cn? and  resonance position measurement a correction-d#(15)
pulse length of a few ns. The influence of this chirp on theMHz is found based on the shift for the 24.3 cm lens. Linear
transition frequency averages out to a negligible effect. extrapolation results in a Stark shift coefficient of
2.77 Hz/W cnd, with a conservative uncertainty of

C. Dynamic Stark shift and hyperfine structure 1.3 Hz/W cnt almost co_mpletely due to the error in the
absolute UV power density.

XUV frequency —p»

1. Measurement of dynamic Stark shift ifHe

High UV power (>10 MW/cn?) is required to ionize the 2. Dynamic Stark shift and hyperfine structure ifHe

short-lived 2'P state, resulting in a dynamic Stark effect  The Stark shifts irfHe andHe slightly differ because of
induced downward shift for the ground state and an upwardhyperfine structure in the *P state of *He and the use of
shift for the 2P level, thereby increasing the resonance fre-linearly polarized UV and XUV radiation. This difference is
qguency. The intensity of the XUV is negligible in this re- too small to be measured accurately. Moreover, the isotope
spect. Simply changing the UV power to measure this effecshift is defined in the absence of hyperfine structure, which
is not feasible due to the strong dependence of XUV yield ortherefore must be accounted for. An extra complication is
UV power. However, the 1S-2 1P transition is measured in that hyperfine structure iAHe (F=3 andF = separated by
quick succession with three different prealigned lenses usedil.63 MH2 is of the same order of magnitude as the Stark
to focus the UV for harmonic generatidd4.3 cm, 33.9 cm, shift. So the combined effect has to be calculated before a
and 49.0 cmh This procedure changes the UV power densitycomparison between experiment and theory for the isotope
in the detection region from-16.2 MW/cnt for the 24.3  shift is possible. In the Appendix this procedure is presented
cm lens to~65.9 MW/cnt for the 49.0 cm lens. Surpris- in detail. The Stark shift fofHe can be evaluated immedi-
ingly, the helium signal then varies only 30%, in spite of aately from the dynamic scalar polarizabilities yielding a shift
change in power at the focus by a factor 4. This behavioof 3.1(4) Hz/W cn, in good agreement with the value of
suggests a phase mismatbhk=0 in the up-conversion 2.77(1.3) Hz/W crh determined in Sec. Ill C 1. For the
process which is more efficient in case of loose focusingisotope shift measurements a UV power density of
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~ 25 MW/cn? was used23], resulting in a shift for*He of

80 MHz. The combined shift due to the Stark effect and 401 ! | o9y |
hyperfine structure in®He is 6 MHz lower than that of - A
“He, with an error of 3 MHz mostly due to uncertainties in of L ? _
the power density. Because the transition frequencyHé -
is lower than “He this resulted in a correction of -40 : :
—6(3) MHz to themeasured isotope shift. ol b |
IV. RESULTS 5 of A é

As discussed in Sec. lll several systematic effects of the % [ . ]
same order of magnitude may influence the accuracy of the =40 : : ED
11S-2 P measurement. The dynamic Stark shift was mea- % 40} ¢ & | RKY: |
sured in a separate experimegi@ec. lll O, as UV beam % L g ik *
quality and power were sufficiently constant for this purpose. oot P 5 )
The other two important effects, chirp and Doppler shift, >§ L _: ’
were determined in combination with the final frequency &-40 . . -
calibration of the transition. 5 puspry B -

. 40 : 'r \\ -
A. Extra-chirp measurements of /\)L',-\_\/ X

The impact of chirp not only depends on its measurement /! \/
in the visible, but also on the XUV production mechanism o=t o] -
which in principle selects the most intense part of the light 5 10 15 20 -1000 0 1000 2000
pulse. To investigate this influeaca 2 nswide additional time (ns) frequency (MHz)
chirp pulse of~80 MHz was applied with the EOM using
different time delays relative to the PDA output pulsee FIG. 12. Experimental and calculated 32 P transition line

also Sec. Ill B 1. For each time delay thels-2 1P transi-  shape(right side, average over four scandue to induced extra

tion line shape was determined from an average over fouflirP (Partsa to c) and antichirp(“anti” ) (left side, average over
recordings as shown in Fig. 12. The solid lines in Fig. 12100 1aser pulsesThe frequency referend€0” MHz ) is the posi-

represent the theoretical line shape calculati@es. Il B 2 tioq of thel , calibration and the dotted line in the lower trace is the
based on chirp measurements of in total 100 pulses befor%snmated XUV power dependence on UV power.
and after the recordings of the He-resonance line. Only the . . . :
height of the calculated line shapes was fitted. The average/'ce On the resonance position due to its antisymmetric na-
chirp peaks in Fig. 12left side are somewhat broader than ture in th_e Ieao!lng and_tralllng part of the pulse. Application
2 ns due to a pulse-to-pulse timing jitter &f0.6ns. A com- of antichirp typically shifts the resonance between 65 and 90

parison of the experimental and calculated line shapes in Fig/lHZ upward in frequency compared to the uncompensated
12 shows that the effect of chirp on the resonance is wel ituation, leaving a r¢5|dual effect on the resonance position
understood. Some small differences are attributed to an ur?—f l—lOﬁMHz.fThe. dhn.‘ferenci between calculayef-d a'nd mea-
derestimation of the chirp due to the large magnitude in thi$uréd effect of antichirp on the resonance position is gener-

case compared to the offset frequeriegc. Il B 1).

In the analysis presented above the calculated shape of the
transition is especially sensitive to the exact timing of the
XUV pulse relative to the PDA chirp measurements due to
the intense and short chirp pulse. Two examples of the line
shape as a function of the timing relative to the UV pulse are
shown in Fig. 13. Analysis of all measurements results in an
XUV production timing of +0.2(0.4) ns relative to expecta- delay (ps):
tions based on the shape of the UV pulse and a - 800

Pxuv~ Pl power dependence. The XUV pulse width is -400 ’JJE
3+0.5ns. From this it can be concluded that the XUV is 0 A

. chirp a

signal (arb. units)

indeed produced in the most intense part of the UV pulse.
lonization in the nonlinear medium, which could limit XUV
production to the leading edge of the UV pul&d], is there-
fore not significan{see also Sec. Ill B4

+ 400

+ 800

0.0 1000 2000 0.0 1000 2000
frequency (MHz)

B. Antichirp measurements . . N
FIG. 13. Calculated line shape for chirp situaticm@ndb of

The effect of a counteracting phase modulat@antichiry  Fig. 12 for the 1'S-2 1P transition as a function of the XUV pro-
is shown in Fig. 14. Efforts to minimize the chirp concen- duction timing relative to what is expected based on the XUV-UV
trated on the central part of the UV pulse, where most of theyower dependence. From this analysis the temporal window of
signal is generated. The residual chirp has no strong influxuVv production is derivedsee text
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FIG. 14. Typical phase and chirp evolution for norma) @nd
antichirped &) PDA pulses(average over 10 pulsgsThe dotted
lines represent the PDA pulse and estimated XUV pulse shape
(Pxuv~Puv*9). Note that under conditions of antichirp the recon- I, saturation

structed phase is constant and the frequency excursion close to zero 584 nm
during the time window of XUV generation. 4000 2000 0 2000 7000
ally within 10 MHz, confirming that the influence of chirp XUV frequency (MHz)

can be evaluated with good accuracy. Antichirp did not sig-
nificantly reduce the transition linewidth due to the relatively ~FIG. 15. The I'S-2'P resonance transition for antichirped
small normal chirp. For the visible output of the PDA a PDA_puI_ses_ with etalon anb, saturated absorption spectrum_. _The
bandwidth reduction could be achieved by applying antichirpf"St_e”Sk indicates thed” compon_ent _of the P88(15-1) transition
over the total pulse. In this case the bandwidth reduced fron¥nich was used for absolute calibration.
~97 MHz to 92 MHz, still above the Fourier transform
bandwidth of~78 MHz of those pulses due to pulse-to-pulsetwo measurement series, except that the pump laser was
fluctuation in the chirp, which cannot be compensated.  switched off for several hours. Because chirp and UV inten-
Apart from uncertainties due to the chirp measurementity were monitored regularly this drift is ascribed to Doppler
procedure(10 MHz) and PDA beam inhomogeneiti€20  effects, probably due to thermal drift in the Nd:YAG laser
MHz) a third error is introduced in calculating the effects of intensity profile that influences the UV beam. Therefore, the
PDA chirp due to the uncertainty in XUV production timing 1 1g 5 1p average transition frequency of 5 130 495 @10
(0.4 n9 and width(0.5 ng. The same parameters determine \ y; was determined from a weighted average over the first
the effect of chirp in frequency doubling and harmonic gen-1g measurementéncluding 7 with normal chirp, but chirp
eration. Therefore the combined uncertainty due to timing.grectel for which the drift had an influence of less than 3
and width is calculated, resulting in an extra statistical erof 4, |nclusion of all measurements would result in a 10

of 10 MHz of which 8 MHz is due to the PDA chirp. The ypz jower resonance frequency. To account for possible
calculated effect of the XUV width uncertainty is small yesjqual drifts we included a systematic error of 3 MHz in
(~1-2MHz) because of the antisymmetric chirp in theihe error budgetTable ).

measurements. In conclusion, an overall uncertainty of 14
MHz results from the chirp measurement procedure and cal-
culations of its effect on the resonance positisee Table)l

b » .
C. The 1'S-2!P transition frequency = R o ® o

The measurement procedure started with seven recordingg s4o °°. Je 1 h
using the He/Kr mixture in the interaction zone, followed by @ ce %% o
seven with pure helium, all under normal chirp conditions. £ * * %
From these measurements a Doppler shift-af(20) MHz é g0l * ® e
was determined. Then 25 measurements with antichirp wereg .
performed and corrected for the residual chirp in the XUV of 3 o
typically 1-10 MHz. In Fig. 15 a typical recording of the & o} ¢ ] L ¢ .' _
11s-2 1P transition under antichirp conditions is shown, to- 2. oo o ®
gether with etalon andl, calibration spectra. In Fig. 16 the f ’.
measured resonance frequency is shown as a function of thes 3, e

measurement time, including all measurements except those ~ © 122 403 T8 e
with pure helium. After several hours of measurements a

drift became apparent, which could be reproduced in a sec- F|G. 16. Drift of the resonance position in time due to indirect
ond series of measurements at a later time of which only theoppler effects. Only the accurate chirp-corrected normal and an-
accurate normal and antichirped values are shown in thechirped measurements are shown using the He/Kr mixture. In be-
right part of Fig. 16(in between “extra-chirp” measure- tween the measurement of both series the Nd:YAG laser was

ments were performedNothing was changed between theseswitched off.
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TABLE Il. Contributions to the negative ionization energies of

55

- > “He (in MHz).
B experiment 1958 Ref. [17] |
' 1 1
theory 1961 Ref. [56] f—— Term 1"So 2°Py
theory 1677 . [57] = Enon-0ED —5945 162 994 —814 709 115.82
theory 1988 Ref. [58] . EL 45 441(35) 100.3(1.9
theory 1993 Ref. [13-15] ¥ EL(2) —4208 —62.82
experiment 1993 Ref. [22] e (EL(l) + EL(Z)) (41233 (37.9
experkment 1206 Ref, (23] o total —5945 204 227135 —814709 153.31.9
experiment, this work H EL(l) composition
theory 1996 Ref. [13-16] H Term 1 180 2 lPl
T T T T T 374
37.0 38.0 390 400 410 420 a’Z 44 702.27 100.50
Frequency (GHz) Bethe log. corr. 6.734) —1.8(1.8)
a*z’ 771.11 1.66
43
FIG. 17. Measurements of the'$ Lamb shift and develop- “526"‘(“) 30.67 0.21
ments in theory. The experimental value of R@f7] has been de- @2 —68.8(35) -0.09
duced using the measured wavelength of tH&2 P transiton  two-loop 6.88 0.02
and the most recent evaluation of the non-QED terms. The unceitwo-loop binding —3.95 —-0.01
tainty in the theoretical value in R€/b5] is 6 GHz. Referencgs8| finite mass —4.05 -0.18
does not contain an estimate of the error.
total 45 440.935) 100.31.8

The last correction of—44(15) MHz for the dynamic
Stark shift in the resonance transition‘4ie was determined
from a separate run as described in Sec. Ill C 1. In Table | . ) 3 .
the results are summarized, together with the corrections ar{aghlylaccijrafce measurements in thész °p transition.
uncertainties. For completeness the previously determine§Ur 1°S-2°P isotope shift measurement, although it consti-
isotope shift of 263 410) MHz [23] is included in Table | tutes the most precise experiment in the XUV spectral re-
as well (see Sec. IIC 2 and Appendix for the Stark shift 9ion, is not yet sufficiently accurate for this purpose.
difference correction The final value for the 1S-2 1P tran- The absolute frequency measurement given in Table | al-

sition frequency for*He is 5 130 495 08@5) MHz. lows for an interesting comparison with theory. Experiment
and theoretical calculations now show the same level of ac-

curacy for the Lamb shift of the 4S ground state. The theo-
retical Lamb shift has a value of 41 23%) MHz which

The present investigation with a tunable XUV laser sys-follows from the accurately known theoretical energy posi-
tem resulted in a determination of the absolute frequency ofion of 2P, and the non-QED energies in the ground state
the 1'S-2'P transition in helium, with a precision better [13—16, shown in Table Il. Theoretically the Lamb shift
than 1 part in 18 From the measured frequency of contains two-electron generalizations of the well known one-
5130 495 08%5 MHz and the calculations for the non- electron effects in hydrogen, and electron-electron contribu-
QED level energie§l3—14 a value of 41 22#5) MHz for  tions(not present in hydrogenthat explicitly depend on the
the Lamb shift in the ground state is deduced. In Fig. 17inter-electronic distance. Calculations of the one-electron
existing experimental and calculated data on tH& Lamb  partE, (; are similar to that in hydrogen, but a correction is
shift are collected. This plot reflects not only the recentapplied to account for the influence of the second electron on
progress in experimental accuracy but also the time evoluthe electron density at the nuclelis3,15. Because the op-
tion in the theoretical value. The transition isotope shifterators describing the two-electron Lamb sHit ) are
“He-*He was determined to be 263 4TDMHz. From these known explicitly this term can in principle be calculated with
measurements more accurate values for the ionization endnigh precision. Higher-order corrections of ordefZ* to
gies of the helum atom can be deduced:E_.,) have not been evaluated yet; however, a great deal of
198 310.6672(15) cmt for “He and 198 301.8808(15) cancellation is suspected in these terms for heliLf. As a
cm ! for 3He. result the uncertainty in the theoretical3 Lamb shift is

As can be seen in Table | and Fig. 17 both isotope shifcompletely determined b, 4, in the ground state as the 1.8
and absolute frequency of the'$-2'P transition are in ex- MHz theoretical uncertainty in the P level (due to the
cellent agreement with the latest theoretical predictions. Théwo-electron contribution to the Bethe logaritttb,16) is
accuracy in the theoretical isotope shift is significantlynegligible in this respect.
higher than that for the absolute transition frequencies. This The terms of order*Z® anda°z® in E, (; are of special
is due to the cancellation of nearly equal QED contributiondnterest. Both were calculated using unscreened hydrogenic
in both isotopes. In principle from an isotope shift measurevalues with a correction for the electron density at the
ment the nuclear charge radius &fle with respect to the nucleus [15,16. Given the size of these contributions
more accurately known charge radius tfle may be de- [771.11 MHz from O(a*Z®% and —68.8 MHz from
duced. This was recently shown by Shirral. [59] using  O(a°Z°)] this appears to be a very good approximation

V. DISCUSSION
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given the excellent agreement between experiment an@-switched laser pulse. Along these lines we propose to
theory. A similar agreement was found for thé2level in  implement two time-separated phase-locked VUV pulses to
Li* [60], and for the 2S level in helium. Comparing the induce the 1£S-2'S transition in helium. A geometry of
calculations for 2S shows that terms of orde®(a*Z°) counterpropagating VUV beams ensures that dephasing of
contribute 51.99 MHz to the Lamb shift of the'Q state, interference fringes due to Doppler effects is circumvented
whereas they shift the %S state 771.11 MHz. The leading (see also the review of Salo[83]).
correction to these values was recently calculated by Drake The elegance of this spectroscopic method is that only the
et al.[15,16. This term ofO(«*Z3%Ina), which is an order of narrow spacingAw between fringes depends on the time
magnitude smaller than the leading two-electron term, adddelay T via Aw=7/T. The spectroscopic resolution is dra-
2.49 MHz in the 2'S case and 30.67 MHz in the!B. Re- matically enhanced when the central fringe is resolved.
sidual two-electron corrections @(a*Z*) are expected to Moreover, disturbing phenomena, such as asymmetries in the
be smaller but still remain to be calculated. They may confrequency profile and frequency chirp effects, only cause
tribute at the 10 MHz level to the shift of the'$ state. For  perturbations in the envelope of the fringe pattern. They have
the present estimate of the theoretical accuracy these terrh@rdly any or no effect on the frequency position of the cen-
are neglected as uncalculaté«°Z®) corrections are ex- tral fringe, which only depends on the locking of the sepa-
pected to be largdr5,16. Two-electron corrections to the rated pulses to the clock frequency of the carrier wave. The
«°Z° term, which has a value of 68.8 MHz, are expected resolution in the experiment is determined by the coherence
to be smaller in a Z expansion by a factor of 2, resulting in properties of the narrow-band seed laser, while pulse ampli-
a theoretical uncertainty of 35 MHz. The order of magnitudefication provides the required power to generate the VUV
estimate of the error in the theoreticat3 Lamb shift thus is  and induce the two-photon transition. Implementation of all
dominated by this 35 MH£15,16]. procedures mentioned above should produce an absolute ac-
curacy of 1 MHz for the Lamb shift of the HE'S state.
An experiment to demonstrate the Ramsey interference
VI. CONCLUSION AND OUTLOOK techniqgue in the VUV/XUV domain is in preparation in our

In the present work it has been demonstrated that highlaboratory. A subsequent goal is then to demonstrate the fea-
precision measurements are feasible at wavelengths in tifability of the above proposed scheme.
XUV as short as 58 nm. The measurement of tH&-R 1P
transition in helium constitutes a test of QED effects in low- ACKNOWLEDGMENTS
energy physics. It is a stringent test because the experimental
accuracy of 45 MHz is comparable to the estimated uncer- We gratefully acknowledge G. W. F. Drake for helpful
tainty in the calculation of QED effects in the helium ground remarks and the results of theoretical calculations prior to
state. Excellent agreement is found between theory and ejublication, and J. Bouma for his valuable technical contri-
periment. Expected improvements in calculations of thebutions to the experiments. We acknowledge financial sup-
ground state Lamb shift in the near future, by evaluation ofPort from The Netherlands Foundation for Fundamental Re-
higher order terms in th&a expansion, raise the question search on Matte(FOM).
whether the experimental accuracy may be improved as well.

For the 11S-21p transition no immediate improvements APPENDIX: DYNAMIC STARK SHIET
are foreseen: The uncertainties related to Dopplt_ar shift, S_tark AND HYPERFEINE STRUCTURE
shift, and chirp are of the same order of magnitude, which
implies that all three would have to be reduced to gain in Because of its hyperfine structure the dynamic Stark shift
precision. In view of the 286 MHz natural linewidth of in 3He is slightly smaller than ifHe. In the case of random
2P excited state further reduction of the bandwidth of thepolarized UV and XUV radiation no difference in Stark shift
XUV source will have no beneficial effects on precision. would be observed. However, due to the parallel and linear
Improvement may be expected from two-photon excitatiorpolarization of XUV and UV the tensor polarizability of the
of the 11S-2 1S transition at 120 nngsixth harmonic of 720 2 *P transition introduces a Stark shift difference. The com-
nm), which has several advantages: possibility of Dopplerbined effect of hyperfine structure and Stark shift is calcu-
free excitation, a smaller dynamic Stark shift, and an uppelated by diagonalizing the Stark, fine, and hyperfine interac-
state lifetime of 3 ms. Thus in a two-photon scheme severdions together in the $2p configuration in alLSJIFMg)
uncertainties, contributing to the error budget of the onebasis. The transition frequency fdiHe can be calculated
photon excitation, are significantly decreased. Howevergirectly from the dynamic scalar and tensor polarizabilities;
limitations imposed by the frequency bandwidth of the VUV for *He, however, the center of gravity has to be determined
pulses and by chirp phenomena are not avoided in such lay integrating the Schringer equation that describes the
scheme. coherent excitation of the unresolvedR F=3 andF=$

The precision in a 3S-2 1S two-photon transition may be hyperfine components.
further improved by applying sequential phase-locked coher- Analogous to the treatment of Hinds al. [64], the hy-
ent VUV pulses. This technique derives from Ramsey’s experfine structure of 2P, is calculated by diagonalizing a
periment on the hydrogen magé], in which phase-locked matrix containing the interacting P, and 2%P, states to
oscillatory microwave fields drive a transition in spatially include singlet-triplet mixing. The magnetic dipole and elec-
separated zones. Ramsey’s interference technique was exic quadrupole hyperfine-structure matrix elements were
tended to a technique of time-separated phase-locked osciken from Riiset al. [60], with the interaction parameters
latory fields by Salour and Cohen-Tannoudf2] for  for the 1s2p configurationCy s (Fermi contact term Dy
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(nuclear spin orbjt andEg s (nuclear spin-spinas given by  sion from a static to a dynamic Stark shift is performed by
Marin et al. [65]. The fine-structure elements reported byreplacing the static field by the time-averaged squared
Hindset al.[64] were used to account for singlet-triplet mix- electric-field amplitudeE2=1/2E2=1/¢,c as well as a
ing. The energy reference=( theoretical energy in the ab- change in the energy difference denominator to include the
sence of hyperflne StI’UCtL)I‘ES.fII’St determme_d by d|§1go_nal—_ energy of the field at frequenay [67]. Also it has to be
'Z'n? the Jme lst(;ucturr:a mhatnx% Then a redlagonalllzatlon IStaken into account that the polarizations of the UV and XUV
performed including the hyperfine interaction, resulting in a, . inear and L o

: - 1 parallel, definingzaaxis in the system. Start-
hyperfine splitting of 41.63 MHzR=3:+28.63 MHz and ing from the ground state witB=0 the selection rules are

_3._
F=35:—13.00 MH2. AL=AJ==*1; AF=0,=1, andAm=0. The first-order dy-

To include the effect of a dynamic Stark shift, it is con- : . ) .
venient to express it in terms of scalats) and tensor po- o' Stark shift of a level with an unshifted enerigy for
linear polarized light can then be written as

larizabilities (ae) as used for static field$6]. The conver-

AB = Zaud DE - Sae DEC-DTM|
) 1/2
(| GFADEF +1(@343)(23+2)(23+D)| (I F | (A1)
23(23-1) Fd 2

with the polarizabilities expressed in terms of reduced matrix = 3. The diagonal elements contain the hyperfine level en-
elements: ergies together with the Stark shift energy corresponding to
o the scalar polarizabilities. The only off-diagonal elements
Py > (_l)y,JK?’JHMH?’J )WAw,y 3 belong to the tensor polarizability which couplEs=} and
esd 3h(23+1) 55, szJ ,J,_wZ F=2 with the sameMg. At a peak UV power of
7 =Y (A2)  25MWi/cn?, used for the isotope shift measurements, the
resulting eigenstates have mixed amplitudes of 0.9&4d-
and ing term and 0.194admixture of otheF statg. The sign of
; the leading term is always chosen positive, to comply with
2 2341( 10 12 sign conventions. The dipole moments for excitation can be
ater(J) = %(_ 1 3 obtained with the Wigner-Eckart theorefsee, e.g., Sobel-
man|[71]), which are proportional to the reduced matrix el-
11 2 ement(nL|P|n'L") sinceS=0 andL=J. This matrix ele-
ment is the same for all intermediate states and therefore not

2J(23-1) 12

(23+3)(23+2)(23+1)

X (=1

vy o important in this discussion. However, for the ionization step
Kyl el v’ I MWPAw,5 50 to the orthogonal'S and D continua the difference in
~ Aol —w? : (A3) photoionization probability due tnL| wx|n’L")|? [relative
7' values 1(for 1S) and 12(for D) [47]] has to be included.

Here Aw.,y ., 3 =(E,—E,)/f. The summation over Although several theoretical papers have been published
y'J" includes an integration over th&P continuum con- ©n the subject of interference int1l photon ionizatiorisee,
nected to the ground state, aff® and D continua for €-9-.[72]) based on Bloch equations extended with a Raman
21p. The dipole moments up =21 were deduced from type coupling to the continuum, hert_e the S|_mpI|f|ed_ and more
oscillator strength calculations by Theodosi@8] with an  direct approach of Lulet al. [73], directly integrating the
extrapolation to highem based on an array oscillator- Schralinger equation, is used. However, in our case the ex-
strength approximatior{68], including quantum defects. citation and ionization steps ove_rlap and therefore the inte-
Theoretical work of Goldber§69] and Jacob§47] and ex- gration ha_s to be performed partially l_Jy numerical methods.
periments of Charet al. [70] were combined to obtain the Th€ amplitudes of the ground state is deno&g of the
dipole-moment density of the continua up to an energy of 2.4ntermediate hyperfine level§, and of the final ion state
Ry. Using these values to evaluate EGs2) and(A3) at 292  Cr- In addition, Ang=wng—wy and Ay, =wp—w, are de-
nm (carefully integrated around the pole in the contingum fined with v, and wy, being the transition frequencies and
results inag=0.057x 10" Hz V2/m? for the ground state @x andw,(w,=>5w,) the XUV and UV frequencies, respec-
(=0 because J=0), and tively. The excitation process to the intermediatéP2levels
ag=—1.446¢10°6 Hz V¥m? and ae—=1.176x10"7  can then be described fy4]
Hz V2/m? for 2 1P with an estimated accuracy 6f10%.

The combined effect of dynamic Stark shifit a specific
UV powen and hyperfine structure is obtained by diagonal- MngExcos(th)ei‘”ng‘Cg—iFCn=i dCy, (Ad)

izing the total matrix in theF,M; basis withF=3 and h dt -
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I is the fluorescence rate, equal for b&thcomponents. In |C(wy,t)|?
the RWA approximation EqA4) can be written as
s 3 |
@fn

(A5) Mg continua

2
; anBnMngn(Ang Agn,b)

MngEx iA . _.d n
78' ngth—IFCn—l dt

(A7)

In the following its assumed thay~1, a reasonable as-

sumption because the estimated XUV power density ofyith

~25 mW/cnt is much lower than the saturation power of

the transition (190 W/cR). Also it is assumed that the ion- , ,

ization process can be taken as a perturbation, based on the _ 1—g'Amt 1—g€/(Atn*anglt
_est?ma_ted XUV_ and_ uv power Ie_veIS)nIy a few percent 7(Ang A1) = (Apg—iD)A¢, B (Ang=iT)(Apg—Agy)’
ionization. To simplify the integration square laser pulses of (A8)
durationt=3 ns are used. This approximation only changes

the transition linewidth but is not expected to influence the . . .
center of gravity significantly. The amplitude of the interme-Where ., denotes the dipole moment density, connecting

diate states is intermediate and final state. The integration over the con-
tinuum stategwith w;, as variable; integration over a lim-
(,ungEx/Zﬁ)(l—e‘Angt) ited range symmetrically around the poles in E48) be-
Crlwx,t)= By Apg—iT , (AB)  cause only the relative transition amplitudes due to the

intermediate levels are of interéstind the summation over
where,, has been included to account for the relative signghe 'S and 'D continua, intermediate states and equally
of the intermediate hyperfine level wave functiomsixture ~ populatedM = = ; states was performed numerically. The
of F=1 andF=2 due to Stark effegt Phase evolution dif- different continua(and different electron energjeslo not
ferences of the intermediate states wave functions can bieterfere because they represent orthogonal final states when
ignored because of the short interaction time compared to thall electrons are detected ovetr472,73. This condition is
level splittings. When ionization again is assumed to be automatically fulfilled when detecting the resulting ions.
small perturbation, the procedure for E¢a4)—(A6) can be The result for 25 MW/crh is a transition frequency for
repeated resulting in a total ionization signal proportional to®He that is 6 MHz lower than that fotHe (see Sec. Ill C 2
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