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Accurate Measurement of the23S1-33D; Two-Photon Transition Frequency
in Helium: New Determination of the 23Sy Lamb Shift
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We have performed a precise measurement of2t%-3°D, two-photon transition frequency in
“He at 762 nm. The&3s,-3°D, frequency is 786 823 850.002(56) MHz, with a relative uncertainty of
7.1 X 107!, The deduced?s; Lamb shift is 4057.276(60) MHz. This result, the most accurate at the
present time, reduces the uncertainty in 248, Lamb shift by 1 order of magnitude and is 100 times
more precise than the theoretical prediction [4062.3(8.0) MHz]. [S0031-9007(97)03086-X]

PACS numbers: 32.30.Jc, 12.20.Fv, 31.30.Jv

In simple atomic systems, calculations, as well agive uncertainty of1.3 X 107> [12]. In Florence, the
experimental measurements, have reached an impressigeoup of Inguscio has realized the first pure frequency
accuracy. The hydrogen atom is the most significant caseneasurement of an optical transition in helium and de-
Its properties have been calculated very precisely, with auced the2’s Lamb shift with an accuracy of 790 kHz
relative accuracy of order0~!! [1,2], and, at the same [13]. The 23S-n’D two-photon transitions were exten-
time, experimental measurements have been performegively studied during the 1980's [16,17] and, more re-
at the same level of precision [3—6]. Because it iscently, the2! S-n!D transitions (withs in the range 7—20)
the simplest multielectron atom, atomic helium plays anwere investigated at Yale [18]. In this Letter, we report
important role. The helium level energy is conventionallya very precise measurement of thes;-3°D; two-photon
expressed as the sum of three terms: the nonrelativistitansition at 762 nm irfHe and we deduce an improved
energy, the lowest order relativistic correction, and thevalue for the2s; Lamb shift.

Lamb shift, which includes the quantum electrodynamics The heart of our measurement apparatus is a very stable
corrections (QED) and the high order relativistic terms.Fabry-Pérot reference cavity, labeled FPR. It consists of a
As the theoretical uncertainties of the first two terms50 cm zerodur rod and two silver coated mirrors, one flat
are well below the experimental accuracy [7], preciseand one spherical (60 cm curvature radius). The finesse
measurements in helium provide an important test of QEDs about 100 at 760 nm. The FPR cavity is scanned with a
calculations. Thanks to a better evaluation of the Betheiezoelectric translator and locked to an iodine stabilized
logarithm for the1S and 2§ states [8], the theoretical helium-neon laser (He-N&,) at 633 nm. The 762 nm ra-
uncertainties are now 180 MHz for theS state and diation used for the two-photon excitation in helium is
8 MHz for the2S and2P states [9]. For théd states, the provided by a homemade titanium sapphire laser (TiSa)
theoretical uncertainties are much smaller, for instancejescribed in Ref. [19]. This laser is actively stabilized on
20 kHz for the3D states. Consequently, it is possible toa second cavity by the sideband technique, the frequency
use theD states as points of reference in the interpretationjitter being reduced below 10 kHz. The laser is then
of the spectroscopic results. For example, very preciseocked on a fringe of the FPR cavity. This second servo
measurements 02S-nD ftransitions in helium provide loop transfers the long term stability of the He-Nlestan-
accurate determination of tf2S and23S Lamb shifts. dard to the TiSa laser. The laser frequency scanning is

Helium has been studied experimentally for manymade with an acoustooptic modulator placed between the
years. Optical spectroscopy involving the ground statd-PR cavity and the laser. The FPR cavity is also used to
is very difficult since the lowest excited level lies aboutdetermine the TiSa frequency. Frequency measurements
20 eV above it. Recently, a beautiful experiment has beewith a Fabry-Pérot cavity are difficult, owing to the reflec-
performed in Amsterdam, by Hogervorst al. who have tive and Fresnel phase shifts. The reflective phase shift
measured the frequency of théS-2!' P transition in both  is influenced by the mirror coatings and is wavelength
“He and®He at 58.4 nm [10]. Thd'S Lamb shift, in dependent. To eliminate this effect, a first method is to
agreement with the theoretical one, was deduced with ahange the length of the Fabry-Pérot cavity. We used this
relative uncertainty oft.2 X 1073. Most other spectro- technique in our group in 1989 to measure precisely some
scopic studies use th2'S and 23S metastable states as hydrogen frequencies, but this method is long and difficult
lower level [11-18]. For instance, the combination ofto implement [20]. In the present experiment, the length
the Lamb shifts involved in th@3s-23P transition has of the FPR cavity was fixed and we simply used the FPR
been measured by an interferometric method with a relacavity to make a linear interpolation between two, very
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well known reference frequencies. The first is providedsignal for 40us starting 40us later. This signal is sent
by a new frequency standard, a laser diode stabilized om an integrator which is read once every second by the
the 55-5D two-photon transition of rubidium at 778 nm, computer. In addition, this delay reduces the effect of
whose frequency has been measured recently with gparasitic electric field produced by the discharge: no
uncertainty of only 2 kHz [21]. The second referencesignificant frequency shift was observed when the radio-
frequency is the2S;,,-10Ds/, two-photon transition in frequency power was varied by a factor of 2. Ten scans
deuterium at 760 nm. We have chosen this transition besn the line are combined to obtain the signal shown in
cause it lies close to the@3s-3*D transition in helium Fig. 1.
(about 2 nm). Taking advantage of our apparatus used To study the pressure shift, we filled the cell with seven
for the Rydberg constant measurement [3,20], we havdifferent gas pressures, in the range 0.05-0.5 Torr. For
made several recordings of this line. Using the receneach pressure, the two-photon transition was recorded for
experimental value of th&sS,,-8Ds,, two-photon fre- various optical powers (typically ten different one-way
quency in deuterium [3], and the theoretical value of thepowers from 9 to 26 W inside the cavity). A theoretical
8Ds/>-10Ds , splitting, we are able to know the frequency line shape is fitted on each experimental signal (see
of the closest FPR fringe with an uncertainty of 10 kHz.Fig. 1). We employ a convolution of a Lorentzian line
To evaluate the effect of the reflective phase shift, weshape, which takes into account the natural width and the
have used a third reference frequency, the 633 nm radigressure broadening, and of a double exponential curve,
tion of the He-N¢l, laser. Immediately after the helium which describes the broadening due to the finite transit
experiment, we have measured the frequency of our Hetime [23]. The parameters of the fit are the parameters
Ne/l, standard with an uncertainty of 4 kHz, using the of the Lorentzian shape. The fit provides the width of
same scheme as described in Ref. [22]. If we simulate ththe Lorentzian shape and the frequency of the experi-
effect of the reflective phase shift by a slight, linear varia-mental line. For each pressure, linear extrapolations of
tion of the FPR free spectral range versus the frequencyhese data versus the light power give the width of the
we can make a quadratic interpolation between these thrderentzian shape and the frequency of th&s,-33D;
reference frequencies. The result, for the FPR fringe clostansition without light shift. In a second step, we make
to the helium line, differs from the linear interpolation by linear extrapolations versus pressure [see Figs. 2(a) and
only 0.8 kHz. Consequently, the variation of the reflec-2(b)]. Figure 2(a) shows the pressure broadening of
tive phase shift between the two reference frequencies #lte line which is evaluated to be 35.6(1.7) MHDrr.
760 and 778 nm is negligible. This is due to the fact thafThe width for zero pressure is 11.33(19) MHz, in very
we use silver coated mirrors which are very broad bandgood agreement with the natural width of the 3D level
Finally, we estimate the uncertainty on the frequency 0f{11.25 MHz [9]). On the other hand, the pressure
the FPR fringe used to stabilize the TiSa laser close to thehift is small [0.4(3) MHZTorr]. The extrapolation of
helium line at 10 kHz. In addition, we have to take into Fig. 2(b) gives the frequency of the line corrected for
account the accuracy of the servo loop of the TiSa lasethe light and pressure shifts. This frequency is also
on the FPR fringe, which is also estimated to be 10 kHz.

The apparatus used for the helium experiment is the
following. The cell is a sphere (6 cm in diameter) with T T T T T T
Brewster windows. A large spherical cell is necessary to
avoid quenching of the metastable state on the wall. Theg
cell is filled with “He gas. A radio-frequency discharge,
at 14 MHz, populates th@3s; metastable states. The
Earth’s magnetic field is compensated by a system of three
Helmoltz coils. To enhance the optical power seen by the
atoms and to obtain two counterpropagating waves, theZ
cell is placed in a built-up cavity formed by two spherical
mirrors (77 and 104 mm curvature radius, 150 mm apart).
This cavity maintained in resonance with the TiSa laser
using a lock-in amplifier. The two-photon transition is
detected by monitoring thé3*D,-2*P fluorescence at
587 nm which is collected with a large lens (150 mm
of diameter and 100 mm of focal length) and detected
with a photomultiplier. To avoid parasitic light due to the FIG. 1. Line shape of the’s;-3°D, two-photon transition
discharge, the discharge is pulsed at 10 kHz and detectidf "H€. Optical power inside the Fabry-Pérot cavity is 11 W

ied out in the afteral . The dat isiti In each direction; the pressure in the cell is 0.151 Torr. The
carried outin the aitergiow regime. 1he dala acquisitiony, serimental points are fitted with a theoretical curve which

is driven by a computer. The radio frequency is switchedakes into account the natural width, the pressure broadening,
on only during 5us, then we look at the photomultiplier and the transit time broadening.

luorescence sig

Laser frequency
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T T T T T TABLE I. Uncertainty budget of the Lamb shift determi-
nation.
Frequency determination (experimental) 56 kHz

Lamb shift of the3*D; level (theoretical) 20 kHz
10 MHz Nuclear size 3 kHz

Uncertainty in Rydberg constant 8 kHz
Overall uncertainty 60 kHz

Atomic line width

=)

predictions and the conservative uncertainties given in
Ref. [9]. Our result, 10 times more precise, is in very
good agreement with the latest measurement made by
Inguscio et al. [4057.61(79) MHz] [13]. Our measure-
ment is also in good agreement with the precise result
deduced from the235,-23P, and 23P,-33D; measure-
ments [4056.7(9) MHz] [12,17].

We can also combine our measurement with various
measurements starting from tlés; state to eliminate
400 kHz (b) the uncertainty due to th2’s; Lamb shift and so get

: . . L ! an accurate determination of the Lamb shift of the higher
0 100 Pressure (mTorr) level. These results are presented in Table Il. There is
good agreement with the theoretical predictions, which are
given with uncertainties from Ref. [9].

In conclusion, we have measured the frequency of
235,-3°D, transition in*He with an uncertainty of.1 X

. 107", The deduced®’S; Lamb shift is the most pre-
shifted .by the second orqler Doppler effect. At 300 K, thecise determination at the present time. The comparison
correction to the atomic frequency is about 8.1 kHz

Finally, the frequency of thé351-33D1 transition in *He between different precise measurements gives access to

is 786823850.002(56) MHz. This uncertainty arisesaccurate values of other Lamb shifts. To complete these

from the interferometric measurement (28 kHz) and the

statistics of the extrapolations (in optical power and

pressure) of the line center (48 kHz). This result is in

good agreement with a previous measurement of the 1

235,-33D; transition [786 822 451(13) MHz [16]] using 254D . .

the theoretical value of thé&®D,-3°D; fine structure 31 !

splitting [1 400.455(24) MHZz] given in Ref. [7]. 25 53D1 l ® 1 (a)
Using the theoretical value of th@’D; ionization

energy [366018892.857(20) MHz from Refs. [7,9] ® | o

after correction of the recent value of the Rydberg () 1 ® | 2S-3P,

constant [3]], we obtain the ionization energy of the s 4

23S, level. By subtracting the nonrelativistic energy, 25-2P (0

the first relativistic corrections and the finite nuclear - —@ |

size correction calculated in Ref. [7] for thES, state s 2 3

[1152 846 800.135(3) MHz after correction for the Ryd- 28,-2% 2B-3D, —e—i (@

berg constant], we can deduce th&; Lamb shift. We s 3

obtain the valueL(23S,) = 4057.276(60) MHz. The 28-3P —e—i (e

uncertainty is essentially due to the experimental deter-

mination of the two-photon frequency. Contributions

to this uncertainty are listed in Table I. Our precision 2331_ 331)1 # ourresult

surpasses by more than 2 orders of magnitude that of

the theoretical prediction [4062.3(8.0) MHz]. This resultFIG. 3. Comparison of2’S; Lamb shift deduced from

; . ur result and recent high precision measurements‘He
should stimulate new developments on the theoretice ith the theoretical calculations from Ref. [9]: (a) Ref. [17],

side. We compare our result to previous measuremen{%) Ref. [11], (c) Ref. [12], (d) Refs. [12,17], (f) Ref. [13].

in Fig. 3, where we have extracted the Lamb shift(e) corresponds to Ref. [13] using the theoretical values from
values from other measurements by using the theoretic&lef. [7].

Atomic frequency

FIG. 2. Extrapolations of the Lorentzian width (a) and of the
line position (b) versus the pressure.

4052 4058 MHz

| | >
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TABLE Il. Comparison with other transitions.

235,-3°D,

combined with Deduced Lamb shift Theoretical predictfons
235,-3%P,2 L(3%*P;) = —357.3(1.5) MHz L(3*P;) = —359.7(2.4) MHz
235,-33P,? L(3%*P,) = —356.6(1.5) MHz L(3*P,) = —359.7(2.4) MHz
238,-33PyP L(3%*Py) = —359.51(20) MHz L(3*Py) = —359.7(2.4) MHz
238,-4’D, ¢ L4*D;) = —10.1(1.8) MHz L(4*D;) = —7.887(10) MHz
238,-5°D, ¢ L(5°D)) = —5.4(2.4) MHz L(5°D;) = —4.224(6) MHz
238,-23pd L(2°P) = —1253.9(1) MHz L(2°P) = —1259.5(8.0) MHz

aRef. [11].

bRef. [13].

‘Ref. [17].

‘Ref. [12].

*Ref. [9].
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