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Direct Laser Measurement of the Lamb Shift of 23S-23P Transitions in Heliusss
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For the first time, Lamb shifts of the 2 SI-2 Pp, I,2 transitions in helium have been measured directly
with an LNA laser. The absolute wavelengths have been measured to a precision of 1 part in 10, or
10 cm '. The Lamb shifts have been determined to 6 parts in 10 . Our results agree well with previ-
ous, indirect measurements, but represent a fivefold improvement in precision. The experimental results
are compared with recent precision calculations. The obtained experimental Lamb shifts are 1 order of
magnitude more precise than current theory.

PACS numbers: 35.10.Fk, 12.20.Fv, 42.60.By

In order to test QED theory in two-electron systems,
calculations and measurements of the Lamb shift in heli-
um and heliumlike ions have drawn attention from both
experimental and theoretical physicists over the course of
the last two decades. ' ' The low-lying S and P states in
helium are especially interesting. Not only are their
Lamb shifts larger than those of higher-lying levels, the
nonrelativistic energies and relativistic corrections can be
calculated to very high precision. Calculations of the
Lamb shifts for these levels, however, are considerably
less precise. Experimentalists may thus challenge theor-
ists by making accurate measurements of transitions
connecting these states so that precision experimental
Lamb shifts can be deduced.

The optical transitions 2 S~-2 Pp ~ 2 in helium have
attracted considerable theoretical interest, ' ' because
the QED contributions to the transition energies are
larger than for any other transitions except for those
connecting the ground state 1'Sp. The status of these
transitions from both the theoretical and experimental
point of view was summarized by Martin in 1987.s

Since then, there have been some improved nonrelativis-
tic calculations with relativistic corrections of these tran-
sitions by Drake' ' and by Baker, Hill, and Morgan, '

and also improved QED calculations (Lamb shifts) by
Drake. ' '

The experimental Lamb shifts 4 of these transitions
are defined in the following way:

~expt ~n &

where Q pt is the absolute transition energy measured by
the experiment and a„is the theoretical calculation of
the non-QED parts of the interval 2 S~-2 Po ~ p.

Until recently, no laser capable of operating at this
transition wavelength existed. The best experimental
measurements of these transitions were obtained by com-
bining the measurements of the 2 S-3 D two-photon
transitions' and the 2 P-3 D single-photon transi-

tions, ' ' with a combined uncertainty of +.5&10
cm '. Now a direct measurement has become possible
because of a newly developed solid-state laser ' ' em-
ploying as the active medium a crystal of LNA
(La~ „Nd„MgA1~~0~9), which operates at the exact
transition wavelength —1.083 pm.

In this Letter, we report the first direct precision mea-
surement of the transitions 2 S~-2 Pp ~ 2 in He.
Doppler-free signals were obtained using saturated ab-
sorption spectroscopy. A magnetically shielded sealed
cell containing He of high purity (99.99%) was excited
with a weak rf discharge. The optical frequency of the
LNA laser was dithered at 2 kHz and the laser was
locked to the center of one of the lines by means of a
lock-in amplifier. A portion of the laser light was sent
into a traveling Michelson interferometer (wave meter),
where the wavelength was compared to that of a
Zeeman-stabilized He-Ne laser (633 nm).

The LNA laser is homemade, in a ring configuration.
The LNA crystal is made by Airtron. It is pumped by a
dye laser with rhodamine-6G dye tuned to 5830 A. A
lens of 5 cm focal length focuses the pump beam onto
the LNA crystal. The absorption of the crystal is 99.8%
at this wavelength. The laser cavity is comprised of the
following: (1) four fiat mirrors —three high reflectors
and one output coupler with 90% reflection; (2) two
lenses, both of 5 cm focal length; (3) one optical diode;
(4) one birefringent filter; (5) one solid thin etalon of 0.2
mm thickness, no coating; and (6) one solid thick etalon
of 3 mm thickness and R 45% coating on both sides.
The laser is stabilized to an external super-invar confocal
cavity (L 10 cm) by the reflected polarization meth-
od. With 1.5 W of pump power from the dye laser, the
LNA laser puts out 130 mW single mode at 1.083 pm
and has a bandwidth of 200 kHz.

The Zeeman-stabilized laser is based on the design of
Baer, Kowalski, and Hall. It was calibrated by observ-
ing the beat note between it and a National Institute of
Standards and Technology (NI ST) iodine-stabilized
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He-Ne laser. The beam was expanded with a telescope
to a radius of -2.5 mm to minimize diffraction. The
correction due to diffraction of the Gaussian beams is
then less than 5 parts in 10' . The wave-meter design
follows Bennett and Gill. By using a 48-MHz local os-
cillator to do fringe interpolation, it achieves a resolution
of 3 parts in 10 .

Preliminary scans showed a large signal and a sym-
metric Doppler-free line shape. To minimize power
broadening, we attenuated the laser beam with a
neutral-density filter. We obtained linewidths of —25
MHz, which presumably arose from collisions; the nat-
ural linewidth is 1.6 MHz. With a 300-ms time constant
on our lock-in amplifier, the signal-to-noise ratio was
—800. We found it advantageous to keep the rf power
as low as possible; otherwise absorption of the probe
beam severely limited our signal.

We investigated the possibility of pressure shifts by us-

ing two cells of 0.27 and 0.78 Torr and maintaining the
alignment of our wave meter for successive data sets.
The pressure shift was found to be no greater than 2
MHz/Torr. These measurements were limited by the
resolution of our wave meter. Consideration of other
data suggests that the pressure shift is actually lower

by an order of magnitude, or less than 2 parts in 10' in
the 0.27-Torr cell used for most of our measurements.

Since our wave meter was not operated &n vacuo, the
raw data must be corrected for the dispersion of air.
For the dispersion of dry air at standard conditions, we
use the work of Peck and Reeder, which they claimed
to be an improvement over the earlier work of Edlen in
the near ir. The effect of this choice on the final wave-
length measurement is only 3 parts in 10 . This must
then be corrected for temperature, pressure, and water
vapor content, where we follow Edlen. The water-vapor
correction is an extrapolation of data for visible light into
the ir.

In practice, the wave meter was realigned prior to
each run of the experiment. The LNA laser was locked
to the saturated absorption line, and 100 measurements
of the wavelength were taken over a period of about 10
min. The typical standard deviation of each run is 10
MHz (3 parts in 10 ). Corrections for the dispersion of
air were made, and the final vacuum wavelength was
displayed on the computer screen. In all, fifty such sets
of measurements were made, each with a statistical un-

certainty a/JN of about 4 parts in 10 .
The most significant source of error is imperfect align-

ment of the wave meter. Typically consecutive sets of
100 measurements using the same alignment would be
consistent to 1-2 MHz, but as the instrument was
realigned for each run the results fluctuated by consider-
ably more than this. The Po, P&, and P2 lines were
measured 18, 12, and 20 times, respectively, yielding
standard deviations of the mean of from 2.7 to 4.6 parts
in 10.

The Zeeman reference laser was calibrated against an
NIST standard ' I2-stabilized He-Ne laser, accurate to
1.6 parts in 10' . Short-term fluctuations were of the or-
der of 3 MHz, but these were averaged over the 10-min
duration of each set of wavelength measurements. Five
repeated averages for 5 min each over 2 days showed a
standard deviation of 1.3 MHz. The mean of these aver-

ages was calculated and taken as our calibration, with a
standard deviation of the mean of 0.6 MHz (1.3 parts in
10').

In order to deduce experimental Lamb shifts 4 from
measurements, one must be clear about the definition of
the non-QED part of the transition energy, o„.The total
energy of an atomic state is

TABLE I. Calculated term values for the 2 SI and 2 Pp, I,2

levels by Drake. The o„arethe non-QED parts, with accura-
cies better than 10 cm '. The hg are the QED parts. Bak-
er, Hill, and Morgan's value for the non-QED parts of 2'S~ is
—38454.8299864 cm '. All numbers are converted using the
newly measured Rydberg constant: 109737.315709(18).
Units are cm

Term

2 Si
2 Pp
23PI
2 P2

—38 454.829 9867
—29 222.796 120
—29 223.784 243
—29 223.860 729

0.1349(5)
—0.0426 (10)
—0.0426 (10)
—0.0426 (10)

Enr+ +Frel+ +F.nuc+ + QED ~

Here E„,is the nonrelativistic energy, &F,„Iare the rela-
tivistic corrections of O(a ) and O(a p/M), AF.„„,is the
finite-nuclear-size correction, and &F-QpD is the sum of
all quantum-electrodynamic (QED) and relativistic
corrections of O(a ) and higher. We call the first three
terms the non-QED parts. We attribute all O(a") terms
to +FQFD even though some of them arise from the
Dirac equation. In a one-electron system, it is easy to
separate the QED and non-QED parts, but in a two-
electron system there is no unique way to distinguish
them. Here we accept Drake's classification and in-
clude O(a ) terms as uncalculated parts of &RQpD. The
O(a ) corrections, which are difficult to calculate and
have not yet been done, include the mixture of 2 P with
higher levels (n ~ 3) that arises from the second-order
relativistic perturbation.

Very recently, high-precision calculations were carried
out independently by Drake' ' (2sS& and 23Pc

& 2) and
Baker, Hill, and Morgan' (2 S& only). In addition to
the nonrelativistic energy, all of their non-QED correc-
tions of order a, p/M, (p/M), and a p/M are calcu-
lated to a precision of better than 10 cm ' and agree
exactly to that digit. Their results are listed in Table I.
The difference between their numbers is only 3 x 10
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FIG. 1. Comparison of our results with previous measure-
ments (Refs. 16-18) and theory (Refs. 13 and 14) for the
Lamb shifts of the 2 SI-2 Pp, i,2 transitions in He. The Lamb
shift is the diA'erence between the measured interval and the
non-QED parts of the calculated interval. Table II gives de-
tails.

cm ', or 9 kHz. Here we used the most recent value for
the Rydberg constant '—109737.315709(18)cm

The QED energy shifts AF QEo in the 2 S and 2 P
states according to Drake's paper' ' are also listed in
Table I. The uncertainties are hard to estimate. The
quoted uncertainties result from discrepancies with ex-
periments, which according to Drake could be attributed
to uncalculated relativistic and QED effects in terms of
O(a ). Because of this, the combined uncertainties are
added linearly.

Our new experimental Lamb shifts of the interval
2 S1-2 Po12 in He are listed in Table II and illustrated
in Fig. 1. The experimental statistical uncertainty, taken
to be the sum in quadrature of the standard deviation of
the mean from repeated measurements and the standard
deviation of the mean of our reference calibration, is 3-5
parts in 10 . The estimated systematic uncertainty, due

to the extrapolation of the contribution of water vapor to
the dispersion and possible long-term drifts of the Zee-
man laser, is less than 6 parts in 10 . The quoted uncer-
tainties in Table II are three times the statistical uncer-
tainties. Our results agree very well with theory. The
experimental value has an order of magnitude better pre-
cision.

As a check on the reliability of our results, we may
compare the fine structure of the 2 P states determined
optically in our experiment to the very precise results ob-
tained by Hughes and co-workers using the optical-
microwave atomic-beam-magnetic-resonance tech-
nique. ' Table III shows this comparison. The num-
bers agree very well within the quoted uncertainties.

In conclusion, we have made the first direct precision
measurement of the transitions 2 S~-2 Pp ~ 2 in He and
have obtained the most precise experimental Lamb shifts
for these transitions. Our results agree with the most re-
cent QED calculations. They agree with previous in-
direct measurements and are more precise by a factor of
5. The precision can be improved by at least an order of
magnitude if an iodine-stabilized He-Ne laser and a
high-quality interferometer are used. To go further, the
cell would have to be replaced by a helium beam to elim-
inate possible shifts due to the cell. Then it would be
possible to measure these transitions to a precision of 2
parts in 10', i.e., 50 kHz, the limit of frequency mea-
surement in this region. This will provide a greater chal-
lenge to theorists because this experimental Lamb shift
will be 3 orders of magnitude more precise than current
theory. Alternatively, if the QED calculations can be
done to sufficient precision, these measurements could be
interpreted as a new measurement of the Rydberg con-
stant. The experimentally limited precision would be 2
parts in 10', the same as that from measurements in hy-
drogen. ' It would be interesting to see how well the
values of the Rydberg constant measured by means of
these two simplest atoms agree with each other to such
high precision.

We are grateful to J. D. Morgan, III, for very helpful
discussions and for communicating his results before
publication. We thank G. W. F. Drake and W. C. Mar-
tin for useful comments and suggestions. We also thank

TABLE II. Lamb shifts of the 23S&-2'Po, /, 2 intervals. Previous results (o~„,) are from Refs.
16-18. The experimental term intervals o,„~tare our results. The calculated on-QED intervals
o., are from Table I. The experimental Lamb shifts, 4=—oe pt a„arecompared with the cal-
culated Lamb shifts AL, from Table I. The bottom line shows the averaged Lamb shifts of the
2 P states. Units are cm

Separation O'pre v ~expt

2 Si-2 Pp
2 Si-2 Pi
2 Si-2 P2
Average

9231.8565(5) 9231.85650(9)
9230.8686(5) 9230.868 50(14)
9230.7922(5) 9230.79208(8)

~ ~ ~ ~ ~ ~

9232.033 867 —0.177 37 (9) —0.1775(15)
9231.045744 —0.177 24(14) —0.1775(15)
9230.969 258 —0.177 18(8) —0.1775(15)

—0.177 26(10) —0.1775(15)
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TABLE III. Comparison of the Gne structure obtained in
this work to that obtained by precision microwave measure-
ments by Hughes and co-workers (Refs. 32 and 33). Units are
MHz.

Interval

2 Pp 2 P2
2 PP-2 PI
2 PI-2 P2

Hughes and co-workers

31 908.040(20)
29 616.844(21)

2291.196(5)

This work

31 910.5 (36)
29619.5(50)

2291.0(48)

H. J. Metcalf and L. D. Schearer for information about
the LNA laser. One of us (J.R.L.) would also like to ac-
knowledge support from AT8cT Bell Laboratories. This
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