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Precision measurement of the 1S Lamb shift and of the 1S-2S isotope shift of hydrogen and
deuterium
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A precision measurement of the 1S Lamb shift of atomic hydrogen and deuterium, using high-resolution
laser spectroscopy is reported. The 1S-2S transition was observed by Doppler-free two-photon spectroscopy,
using a single-frequency cw dye laser near 4860 A with a nitrogen-pumped pulsed dye amplifier and a
lithium formate frequency doubler. The n =2-4 Balmer-P line was simultaneously recorded with the
fundamental cw dye-laser output in a low-pressure glow discharge, using sensitive laser polarization
spectroscopy. From a comparison of the two energy intervals a ground-state Lamb shift of 8151+30 MHz
has been determined for hydrogen and 8177+30 MHz for deuterium, in agreement with theory. The same
experiments yield a tenfold improved value of the 1S-2S isotope shift 670992.3+6.3 MHz and provide the
first experimental confirmation of the relativistic nuclear recoil contribution to hydrogenic energy levels,

I. INTRODUCTION

The measurement of Lamb shifts in hydrogenic
atoms has played a vital role in the development
of quantum electrodynamics (QED). Since the first
measurement of the splitting between the 2Si/2 and

~», levels by Lamb and Retherford, '- Lamb shifts
have been measured for many hydrogenic states.
Some of these measurements are among the most
precise tests of quantum electrodynamics. One
measurement which was notably missing, however,
was that of the shift of the 1S ground state.

This paper reports on the last of a series of
three increasingly precise measurements of this
quantity performed at Stanford University. Unlike
previous Lamb-shift measurements, these exper-
iments are based on high-resolution laser spec-
troscopy. A first and rather preliminary experi-
mental value of the 1S Lamb shift was obtained by
H5nsch et al. ' at the time of the first observation
of 1S-2S two-photon excitation in hydrogen. This
was followed by the more careful measurement of
Lee et al. ,

' combining the techniques of Doppler-
free two-photon spectroscopy and saturated ab-
sorption spectroscopy.

In the present measurements we have made a
number of important technical improvements
which have enabled us to further reduce the un-
certainty to +30 MHz. Among these improvements
have been the development of a new, highly sensi-
tive technique of Doppler-free laser spectroscopy,
"polarization spectroscopy, " and the construction
of a cw dye-laser oscillator with pulsed dye-laser
amplifier which offers substantially better power
and bandwidth than the previously used pulsed
dye-laser system. The new laser has also enabled
us to measure the Lyman-n isotope shift for hy-
drogen and deuterium, to within +6.3 MHz. This

result gives the first experimental confirmation
of the relativistic nuclear recoil correction to
hydrogenic energy levels.

Traditionally, Lamb shifts of S states have been
measured by exciting radiofrequency transitions to
a nearby I' state. This technique cannot be used
for the ground state, because there is no P state
in the n=1 level, and a measurement of the 1S
shift is consequently considerably more difficult.
Herzberg' attempted the direct approach of mea-
suring the absolute wavelength of the Lyman-o,
line to sufficient precision, but such an experi-
ment is beset by many problems. First, the Ly-
man-a, line (1215 A) is in the vacuum-ultraviolet
region of the spectrum where precision wavelength
measurements are difficult. Secondly, traditional
emission spectroscopy is complicated because
emission sources are strongly self-reversed,
while absorption spectroscopy is plagued by spur-
ious background lines in continuum. sources.
Thirdly, the Doppler width of the Lyman-z line
is about 40 GHz at room temperature, four times
larger than the expected Lamb shift. And finally,
if all these difficulties could be surmounted to ob-
tain a precise value for the Lyman-z energy, the
present uncertainty of the Bydberg constant' pre-
vents one from determining the 1S Lamb shift to
better than one part in 1000.

Recent advances in high-resolution laser spec-
troscopy together with improvements in dye-laser
technology have made it possible to determine the
1S Lamb shift in a different manner, however,
which avoids all these difficulties. This approach,
as first described in Ref. 2, uses laser spec-
troscopy to precisely compare the Balmer-P (n =2
to 4) transition energy with ~ of the Lyman-o. en-
ergy. If the Bohr formula were correct these two
intervals would be exactly the same, —,', of the
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Rydberg energy. Actually they differ by the
ground-state Lamb shift plus small, well-mea-
sured QED and fine-structure corrections to the
excited-state energies. Thus an accurate com-
parison of the two intervals allows one to deter-
mine the 18 Lamb shift.

The comparison of the two energies is made us-
ing a powerful and highly monochromatic dye laser
with a wavelength near 4860 A as illustrated in
Fig. 1. The frequency-doubled output of this laser
is used to excite two-photon transitions from the
18 ground state to the metastable 2S state. Simul-
taneously, the fine-structure spectrum of the Bal-
mer-P line is observed using the fundamental laser
output, and the position of some component of this
line is measured relative to the two-photon reso-

:nance. As can be seen in Fig. 1, a major con-
'tribution to this separation originates from the 1S
Lamb shift. Both wavelengths are near 4860 A,
and one avoids ihe problems of vacuum-ultraviolet
spectroscopy. Furthermore, Doppler broadening
of the 18-2S transition can easily be avoided by ex-
citation with counterpropagating beams. ' And be-
cause the measurement only involves the compar-
ison of two hydrogen transitions, the uncertainty
of the Rydberg constant is unimportant.

II. BACKGROUND

A. Hydrogen energy levels and 1S lamb shift

The energy levels of hydrogen can be written in
the form'
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(1)

where ED is the energy predicted by the Dirac
equation using the reduced mass Rydberg con-
stant, E~ is the additional nuclear recoil correc-
tion predicted by the Breit equation for a relativ-
istic two-body system, E~ is the correction due to
nuclear size and nuclear structure effects, and E~,
a sum of many terms, gives the QED corrections.
In this paper we will be somewhat loose with the
term "ground-state Lamb shift, " and use it to re-
fer to the total deviation of the 1S energy from the
Dirac energy, i.e. , the sum Ez(18) +E~(1S)
+E~(18). A detailed list of all the known con-
tributions to this shift with their most recently
computed numerical values is given in Ref. V.

The relativistic nuclear recoil term is given to
lowest order by
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FIG. 1. Top: Simplified diagram of hydrogen energy
levels and transitions. The Dirac fine structure and

QED corrections for n = 1, 2, and 4 are shown on an en-
larged scale. Hyperfine structure and Stark effect are
ignored, except for showing the weakly Stark-allowed
transition 2$&y2 —4$&y2. Bottom: Fine-structure spec-
trum of the Balmer-P line and relative position of the

1$-2S two-. photon resonance as recorded with the
second harmonic frequency. The dashed line and the
dashed arrows above give the hypothetical position
of the 1$-2$ resonance if there were no 1S Lamb shift.
An experimental value of the 1$ Lamb shift has been
determined from the frequency interval 4v between
the two-photon resonance and a crossover resonance
observed in a polarization spectrum of Balmer-P
halfway between the fine-structure components 2$&y2-

4Pg] 2 and 2$(]

82 Q
R M 8+4 (2)

B. Doppler-free two-photon spectroscopy of 1S-2S

The technique of Doppler-free two-photon spec-

where m is the electron mass and M the nuclear
mass. This recoil shift, which. has never been
experimentally verified, amounts to -23.81 MHz

for hydrogen 1S and -11.92 MHz for deuterium 1S.
The respective 1S shifts due to nuclear structure
are 1.00+ 0.05 and 6.78 + 0.09 MHz. Including
these corrections, the 18 Lamb shift has a the-
oretical value of 8149.43 +0.08 MHz for hydrogen
and 8172.23 +0.2 MHz for deuterium.

The previous measurements of the 18 Lamb
shift and the nonlinear spectroscopic techniques
involved in this work have been discussed else-
where in various degrees of completeness. ""
However, for the sake of clarity we shall give a
brief review.
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troscopy, reviewed in Ref. 10, has been central to
all measurements of the 18 Lamb shift. First sug-
gested by Vasilenko et al. ,

"two-photon excitation
of gas atoms with two counterpropagating laser
beams can provide na. rrow resonance signals free
of fi.rst-order Doppler broadening, because the
atoms see the two beams with opposite, and thus
canceling, Doppler shifts.

Two-photon excitation of hydrogen 18-2S requires
ultraviolet radiation nea. r 2430 A of relatively high
intensity, because there is no nea, r-resonant inter-
mediate level. The transition rate for cw excita-
tion has been computed numerically by several
authors. "'" According to Gontier and Trahin, "
the two-photon absorption cross section is of the
order

o (A) = 2.75 && 10 "Ig cm',

where I is the light intensity in W/cm' and g the
inverse atomic transition linewidth in sec.

The expected natural linewidth of the 18-2S tran-
sition in the absence of collisions is only about 1

Hz, limited by the —, -sec lifetime of the 28 state.
While currently available lasers are much too
broadband to reach this limit, they are more than
sufficient to observe the transition. For a pulsed
laser we can easily estimate the excitation prob-
ability with the help of time-dependent second-
order perturbation theory. " Assuming, for sim-
plicity, a square excitation pul. se of time duration
7, intensity I, frequency &, and transform limited
bandwidth he =m/T we obtain an excitation prob-
ability per atom

i '
SQJ 2g (2QJ —(dye 2g)

where (u~s-~s denotes the atomic resonance fre-
quency. At exact resonance, the rightmost frac-
tion simplifies to T; i.e., the effective absorption
cross section, compared to the steady-state re-
sult (Eq. 3), is reduced by a factor T/2g With a. .
pulse length of 7 nsec and an intensity I=2 &10'
W/cm' (approximately the experimental condi-
tions), we find an excitation probability per atom
of about 2&&10 '. Since the density of 1S atoms
can easily be as large as 10'~/cm', the signal can
be substantial even if the detection efficiency is
poor.

C. Previous measurements of the 1S lamb shift and
limitations

In both previous measurements of the 1S Lamb
shift, "the frequency-doubled output of a pulsed
dye-laser oscillator-amplifier system'"' wa, s used
to excite the 18-2S transition, and the excitation
was detected by observing the Lyman-n radiation
emitted in the collision-induced 2S-18 decay.

In the first experiment, ' the 18-2S interval was
compared with the n =2-4 interval by simply re-
cording a Doppler-broadened absorption of the
Balmer-P line in a glow discharge plasma, using
ihe fundamental dye-laser output. The second
measurement' achieved a substantial improvement
in accuracy by using the technique of saturated ab-
sorption spectroscopy to obtain better resolution of
the Balmer-P line, again with a portion of the fund-
amental dye-la, ser beam. But despite sub-Doppler
linewidths, the fine structure of this line remained
partly unresolved, and the quoted accuracy of the
1S La.mb shift was still almost entirely limited by
the inadequate resolution of this reference line.

D. Laser polarization spectroscopy

Searching for ways to improve the resolution of
the Balmer-P line, we developed the technique of
laser polarization spectroscopy, ~ a method of
Doppler-free spectroscopy which offers consider-
ably higher sensitivity than conventional saturated
absorption spectroscopy. This technique enabled
us to observe the Balmer-P line with a low-power
cw dye laser in a mild glow discharge. Single
Stark components of fine-structure lines could be
readily resolved in the small axial electric field
of the discharge plasma. This success opened the
way for the present improved measurement of the
18 Lamb shift.

The basic concept of polarization spectroscopy
is rather simple: A linearly polarized probe laser
beam is sent through a gas sample and passes
through a nearly crossed linear polarizer, before
reaching a detector. Any optical anisotropy in
the sample which changes the probe polarization
can thus be detected with high sensitivity.

Such an anisotropy is introduced by a second
laser beam of the same frequency, which is
counterpropagating and circularly polarized. In
this case, assuming low intensities, one detects
a Doppler-free signal as given by Eq. (4) of Ref. 4:

s x g 1
I=IO 0 +0 2+

where I is the detected intensity, I, the incident
probe intensity, and 0 is the rotation angle of the
analyzing polarizer from the perfectly crossed
orientation. The f requency detuning from the cen-
ter of the Doppler-broadened line is described by
the normalized parameter x = (ur —&o„)/y~, where
w is the laser frequency, +~ is the transition fre-
quency, and y, b is the natural linewidth of the
transition. The parameter s gives the maximum
relative intensity difference between the right-
and left-circularly-polarized components of the
probe and is defined by s= —2(1 —d) n, lI/I
where l is the sample length, o., is the unsaturated
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8. Frequency-marker interferometer 0. Polarization spectrometer

The frequency-marker interferometer is a semi-
confocal interferometer, consisting of two dielec-
tric mirrors cemented onto the ends of a quartz
tUbe. It hRs R finesse of 15 Rnd its transmission
peaks are separated by 113.14233(15) MHz. This
separation was used for frequency calibration in
all reported measurements. The thermal drift of
this frequency marker was 0.2 to 1.5 MHz/min
and typically remained constant to better than 10%
over 5 h.

The marker separation was determined to within
2 parts in 10', by mechanically measuring the
length of the spacer. To find a more accurate val-
ue, the dye laser was tuned to the center of a
transmission peak, and the laser frequency was
measured with a precise fringe-counting digital
wave meter. " Then the laser was tuned to another
peak, about 10' fringes away, and the frequency
WRs meRsured RgRin. From the frequency differ-
ence and the known marker spacing the number of
fringes between the two peaks can be determined
exactly, which in turn yi.elds an improved marker
separation. The procedure can then be repeated
with a new, larger frequency interval. Taking
several iterative steps in this manner, the sep-
aration between adjacent orders could be quickly
determined to the quoted accuracy.

C. Hydrogen discharge tube

In order to observe the Balmer-P line in absorp-
tion, hydrogen atoms are excited in a Wood-type
glow discharge tube, similar to those described
in Hefs. 6 and 9. The tube is 138-cm long with an
inner diameter of 1.5 cm, and the walls are coated
with orthophosphoric acid to prevent catalytic re-
combination of the atoms. Wet molecular hydrogen
from an electrolytic generator provides a continu-
ous gas flow through the tube. A large area cold
aluminum cathode ensures a stable discharge.

The laser beams pass through a 60-cm-long
center section of the positive discharge column.
The windows are formed by pieces of quartz mic-
roscope slides, cemented onto tube extensions with
Torr Seal adhesive. By gently squeezing these
windows with small transverse clamps their bi-
refringence can be reduced until extinction ratios
better than 10 ' are observed between crossed
polarizers.

During the experiment the tube was operated at
pressures between 0.1 and 1.0 torr and at currents
between 5 and 20 mA, and the absorption at reso-
nance ranged from as high as 10% to less than 1%,
depending on pressure and current.

A simplified scheme of the polarization spec-
trometer is included in Fig. 2. The polarizing
beam is sent through a quarter wave plate to
change its polarization from linear to circular.
Two lenses of focal length f=7.8 cm form a 1:1
telescope (not shown in Fig. 2) which focuses the
beam (original diameter 3 mm) to a waist diam-
eter of about 0.2 mm at the center of the hydrogen
discharge tube at 75-cm distance. The probe
beam, coming from the opposite direction, passes
through an identical telescope to nearly match the
confocal parameters of the polarizing beam. To
ensure nearly perfect linear polarization the probe
is sent through a prism polarizer before entering
the discharge tube. It crosses the polarizing beam
near the center of the discharge tube at an angle of
2 mrad. After emerging from the Wood tube, the
probe is sent into a second, "analyzing" polarizer
whose axis is rotated nearly 90 degrees relative to
the first one.

Both polarizers are cemented Gian Thomson
prism polarizers (Karl Lambrecht) with a rated
extinction ratio of 10 . By using small (about 2-
mm diameter) and fairly well collimated beams,
however, we typically achieve extinction ratios
better than 10 '. During the experiment, the angle
of the analyzing polarizer was adjusted so that the
I9s contribution to the signal' was about 5 to 10
times larger than the s' contribution. This angle
depended on the experimental conditions and varied
between 4&10 ' and 3&&10 ' rad.

Probe light which passes through the analyzing
polarizer is sent through a spatial filter at 1.5-m
distance from the discharge tube (lens of f=7.8
cm, pinhole of 50-p, m diameter), and its intensity
is monitored by a photomultiplier (RCA 1P28) fol-
lowed by a lock-in amplifier (PAR model JB5).
The internal sine wave reference of this amplifier
provides the signal for the 2-kHz dye-laser fre-
quency modulation.

Although this apparatus can be assembled quite
easily, certain pains must be taken to attain the
large signal-to-noise ratio offered by polarization
spectroscopy. The first requirement is a good
extinction ratio for the probe beam. Considering
the small rotation angle of the analyzing polarizer
it is obvious that an extinction ratio much worse
than 10 ' would have been a serious limitation in
the reported experiments. Several different mea-
sures are taken to assure this ratio: First, fairly
good polarizers are used and the beams through
them are kept small and collimated; second, there
are as few optical components as possible in be-
tween the polarizers, and for those which are un-
avoidable (the discharge windows) the birefringence
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is minimized; finally, all surfaces are kept clean
to avoid depolarizing scattering.

It is also important to minimize any light other
than the probe light which reaches the detector.
The two primary sources of such background in
the present experiment are the gas discharge and
backscattering of the polarizing beam. The spatial
filter reduces the light from both these sources to
below the residual probe intensity (10 I,). Orig-
inally we were facing the problem, however, that
the small amount of scattered polarizing light
which still reached the detector was coherent with
the probe light, causing the detector to respond to
an interference between the two electric fields.
Slow phase fluctuations resulted in considerably
increased noise. The use of the acousto-optic
frequency shifter eliminates this problem by caus-
ing the interference term to oscillate at a frequen-
cy too high for the detector to respond to it. We
found that vibrating one of the mirrors reflecting
the polarizing beam, for instance, by mounting it
on a radio speaker, also eliminates this noise
source. The frequency shifter is preferred, how-
ever, because it also reduces amplitude fluctu-
ations of the dye laser due to feedback into the
cavity, a problem to which this dye laser is par-
ticularly sensitive.

E. Pulsed dye-laser amplifier

The pulsed laser amplifier is shown in Fig. 3.
The system worked at first try more than ade-
quately for this experiment, and little effort was
made to optimize the geometry. The pump source
is a Molectron UV 1000 nitrogen laser operating
at 15 pulses per sec and producing 10-nsec-long
pulses of about 650-kW peak power. Approximate-
ly 10% of this light is used to pump the first dye
amplifier stage, 30%%uq is sent to the second, and
60% to the third stage. The dye cells and the
transverse focusing of the pump light into them
are identical to those used in the pulsed oscillator-
amplifier forerunner of this system. "

With 1-mW cw input power a gain of about 10' in
peak power is readily achieved in the first stage,
but the pulse width is only about 3-4 nsec (FWHM).
The power of the amplified beam after the first
stage is about 5 to 10 times larger than the amp-
lified spontaneous fluorescence into the same solid
angle. The second stage gives a (saturated) gain
of about 45 and some pulse stretching, while the
third stage gives a gain of 22 and stretches the
pulse to about 7 nsec (FWHM). The third stage is
saturated to such an extent that it produces the
same peak power under almost any alignment con-
dition. Optimizing the alignment broadens the
roughly Gaussian-shaped pulse in time, however,
and reduces the bandwidth accordingly, as we
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FIG. 3. Pulsed dye-laser amplifier.

found empirically. Pulse energies of about 5 mJ
with less than 5%%uq fluctuations are easily obtained,
and the spatial beam profile can show a much
closer resemblance to a Gaussian TEM«mode
than was normally attained with the earlier pulsed
oscillator-amplifier system.

In hindsight the most serious problem in the
present experiment is the fact that the pulsed amp-
lifiers not only broaden but also shift and distort
the spectrum. To monitor this shift, a portion of
the amplified output beam is sent through a con-
focal interferometer (2-GHz free spectral range,
finesse 150) as indicated in Fig. 4. The trans-
mitted light is measured by two photodiodes; one
of these records the pulsed light while the other
registers only the simultaneously present collinear
cw light. Thus, as the laser is scanned over the
transmission peak of the interferometer, the
pulsed and cw spectra are obtained simultaneously
and can be compared.

F. Two-photon spectrometer

Also shown in Fig. 4 are details of the two-
photon spectrometer which is almost identical
to that used in the earlier experiments. "The
output of the pulsed amplifier is focused into a
lithium formate frequency-doubling crystal (Laser-
metrics) using a lens of f=18 cm. The crystal is
1 cm long and phase matching near 4860 A is
achieved through angle tuning. With this geometry



198 C . W I K M A Ki A 1V 0 T. %. HAS SCH 22

I ~ PGHz
INTERFEROMETE

Fl * IOOcm

I 0 crn

55cm

LITHIUM
FORMATE
FREQUENCY
DOUBLE R

LYMAN-0
FILTER

expect a 2S lifetime of about 10 nsec at a pressure
of 0.1 torr, which seems to agree with our (im-
precise) observations. However, there is sub-
stantial radiation trapping and loss of photons
through nonradiative decay mechanisms which are
not well understood. To minimize this loss of sig-
nal the ultraviolet beams are kept as close to the
side window as possible (distance less than 1 mm).

The emerging Lyman-n photons are detected
with a solar blind photomultiplier (EMH 541J).
Scattered laser light is reduced to a negligible
level by a Lyman-n interference filter in front of
the detector (Matra Seavom Co. , 15% peak trans-
mission, 90 A bandwidth). The output current from
the photomultiplier is sent into a gated integrator.

li (W F L = I Bcm

BEAM FROM
PULSED AMPLIFIER SYSTEM

FIG. 4. Details of two-photon spectrometer.

G. Data processing

All data from the experiment, are converted in-
to digital form (12 bits accuracy) and stored on
magnetic disk for processing with a minicomputer
(Hewlett-Packard 2100A).

the doubling efficiency approached 2'%%uo, and most
data were taken at pulse energies of about 7 p, J.
The crystal showed signs of burning after about
15000 pulses at such a power level. (With tighter
focusing it was possible to obtain over 7'%%uo con-
version efficiency, but the crystal burned much
more rapidly. )

The generated ultraviolet beam is separated from
the fundamental beam by a Brewster-angle quartz
prism and then collimated with a Suprasil lens
(f=1000 mm). The ultraviolet intensity is mon-
itored by observing the light reflected off this lens
with a photomultiplier with attenuating diffuser.
As it passes through the hydrogen absorption cell
the beam has a nearly rectangular cross section
of 0.2.by 0.4 mm. A flat mirror immediately after
the cell is used to reflect the beam back onto itself
to provide the required standing-wave field.

The two-photon absorption cell is the same as
described in Refs. 2 and 3. The ground-state hy-
drogen atoms are produced in a Wood-type dis-
charge and flow and diffuse into the absorption cell
through a 25-cm-long folded transfer tube, coated
with phosphoric acid. The discharge was run with
a current of 20 mA and at pressures between 1.0
and 0.05 torr of wet hydrogen. The absorption cell
is about 10 cm long with quartz windows for the
ultraviolet beams on the ends set at the Brewster
angle. The 1S-2S excitation is monitored by ob-
serving the Lyman-n radiation emitted through a
magnesium fluoride side window.

The vacuum-ultraviolet radiation is due to col-
lisional mixing of the 2S and 2P states. From
measurements of the collision cross sections" we

IV. EXPERIMENTAL PROCEDURE AND ANALYSIS

A major portion of our efforts were devoted to
the investigation of systematic line shifts, as
summarized in Table I. The experimental pro-
cedure was divided into five distinct portions; the
investigation of systematic shifts of the hydrogen
two-photon line, the measurement of the separ-
ation of hydrogen and deuterium two-photon lines,
the study of shifts of the Balmer-P reference line,
the measurement of the separation between the hy-
drogen two-photon line and the Balmer-P refer-
ence line, and finally, the measurement of the
hydrogen-deuterium separation of the Balmer-P
line. The result of the first two parts gives the
H-D 1$-28 isotope shift while the first, third, and
fourth part yield the hydrogen 1S Lamb shift. The
deuterium 1S Lamb shift is obta, ined by combining
results of all five portions.

A. Systematic shifts of the 1S-2S line

The-only systematic shift of the two-photon sig-
nal studied experimentally was that due to the
pressure in the two-photon absorption cell. First
the pressure was set at 0.05 torr and ihe laser was
scanned -5 times over an -1-GHz range containing
the resonance line. During these scans the com-
puter sampled the inputs to six channels on the an-
alog to digital converter 100 times per sec. Each
sweep la,sted -25 sec so the sampling points were
about 0.25 MHz apart. The six data inputs were
the two-photon signals, the intensity of frequency-
doubled (2430-A) light, the frequency-marker sig-
nal, the pulsed signal from the spectrum analyzer
monitoring the amplified beam, the cw signal from
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TABLE I. Systematic line shifts considered.

1S-2S two-photon resonance

pressure
ac Stark effect
laser line shape

meas
calc
meas/calc

0 +5
+0.6

-13 + 9'
MHz/torr
MHz/MW cm
of linewidth

po
po
pr s
zero-pressure Stark shift

and unresolved
hyperfine structure

ac Stark effect
discharge current
frequency-marker thermal drift

calc
calc
meas '
meas

Babner-P line (4S&~2-2S&~&-4P&~z crossover)

larizer angle meas
larizer angle calc'
e sure electric field meas'

15 +4
12

-28 ~ 6

-4.5 + 2
-0.28
-0.1 + 0.2
60 +1

MHz/se ~

MHz/s~ ~

MHz/torr

MHz
MHz/Wcm 2

MHz/mA
MHz/h

Shift v (observed) - & (true) in terms of fundamenta1 dye-laser frequency.
"Good approximation for

~
s& i

(
& 0.2, as in all measurements. See Eq. (5).

'These results are not independent. See text for discussion.
Typical value for a given run.

that analyzer, and last, the scanning voltage ap-
plied to the cw laser end mirror piezodrive. All
pulsed signals were processed by gated integrat-
ors. The output proportional to the pulse area
was held constant in between laser pulses. After
recording these scans the pressure was changed
to 1.0 torr and 5 more scans mere made with the
same recording procedure. This was followed by
5 scans again at 0.05 torr and then 5 at 1.0 torr.
The entire procedure took about 30 min.

The first step in the analysis of these data was
to set the frequency scale for each scan by finding
the centers of the frequency-marker peaks. For
each peak the computer generated a smoothed
curve where each point of the smoothed curve was
the average of 10 adjacent raw data points. For
example, the 95th point on the smoothed curve was
the average of the 91st through 100th raw data
points. The line center for the smoothed curve
was found at the 4, &, and 4' peak-height points
and the average of these points was taken to be
the frequency-marker center. Although there was
essentially no uncertainty in finding the center of
a given peak, imperfections in the laser piezo-
drive caused a 2-3% random fluctuation in the
peak-to-peak spacing causing a corresponding un-
certainty of the frequency scale. All subsequent
analysis in this and the remaining part of the ex-
periment was done in terms of frequency scales
determined using this procedure.

The two-photon spectra were first normalized
by dividing the signa1 by the square of the 2430-A
intensity. This caused no observable shift of the
lines, but did reduce the pulse to pulse amplitude
fluctuations slightly. Next the spectra were

B. Hydrogendeuterium 18-2$ isotope shift

The next stage of the experiment was the mea-
surement of the 18-2S isotope shift. For this, the

H 1S"2S -2S

C$

I

X

I s I s I g I g g» I s I a

0 0.2 0.4 0.6 l68.0 I68.2 (GHz)

DYE-LASER FREQUENCY TUNING

FIG. 5. Two-photon spectrum of 1S-2$ transition in
hydrogen (left) and deuterium (right).

smoothed in the same manner as used with the
frequency marker except that a 40-point average
was used. While such a smoothing routine could
conceivably cause the peak frequency to shift, for
our lineshapes the shift would be less than 0.4
MHz and hence negligible compared to the statis-
tical uncertainty. Examples of such spectra are
shown in Figs. 5 and 6(b). After smoothing, the
centroid of the line including both hyperfine com-
ponents was calculated. The values for each set
of 5 runs were averaged and the resulting four
points (at 0.05, 1, 0.05, and l torr) were plotted
as a function of the time of acquisition to deter-
mine the thermal drift of the frequency marker.
The drift rates shown by the high- and low-pres-
sure points were the same, and an appropriate
correction mas made.
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FIG. 6. (a) Portion of the polarization spectrum of the
hydrogen Balmer-P line. (b) Two-photon spectrum of
hydrogen 1S-&S transition. The frequency-marker sig-
nal at the top has been recorded simultaneously.

two-photon absorption cell was filled with a, mix-
ture of H and D at 0.05 torr. A crude preliminary
measurement using a digital wave meter was made
to determine the separation of the hydrogen and
deuterium lines to within one free spectral range
of the frequency marker. The following procedure
was then used to determine the additional fraction.
Several (4 to 5) scans of the hydrogen two-photon
line mere made and the spectra. stored as previous-
ly described and then the laser frequency was
shifted to the deuterium line and the procedure
repeated. The laser wavelength was returned to
the hydrogen 1.ine and the sequence repeated until
a total of 52 spectra were obtained.

The data were analyzed by finding the frequency
scale and normalizing and smoothing the tmo-
photon spectra just as before. At this stage in the
analysis however, it was necessary to confirm
that the deuterium and hydrogen line shapes mere
not systematically different (except for the differ-
ence in hyperfine splitting, of course). Because
the two-photon line shape was not simple and could
change noticeably over periods on the order of a
day such a confirmation that it did not change with
wavelength was necessary. This was verified by
two tests. First, spectra of the fundamental
pulsed laser taken at the wavelength of the hydro-
gen line, the deuterium line, and -100 A on either
side were compared and found to be identical.
While it is impossible to make a direct corre-
spondence bet@ een this spectrum and the two-
photon line shape, as will be discussed later, it
was observed that changes in one were always
correlated mith changes in the other. The second
test mas to compare the two tmo-photon line
shapes directly, a procedure which was compli-
cated by the deuterium hyperfine splitting being

only partially resolved. This problem was sur-
mounted by taking the line shape observed for a
single hydrogen hyperfine component and using it
to generate a predicted deuterium spectrum using
the known hyperfine splitting and intensity ratio
for deuterium. The generated line shape was then
compared mith the observed deuterium spectra
obtained at similar times using only the overall
amplitude as a free parameter. These were found
to match to within the statistical fluctuations, con-
firming that the hydrogen and deuterium line shapes
were the same. Now the centroids of the lines
were calculated and these values plotted as a func-
tion of time. The drift of the frequency marker
mas then calculated and appropriate corrections
made.

C, Systematic shifts of Balmel-P line

The next and longest portion of the experiment
was the investigation of systematic shifts of the
Balmer-P signals. The basic procedure was to
repeatedly scan the cw dye laser to obtain a po-
larization spectrum containing the 2S,&,-4P,&,
line, the 2S,&, -4S», line (Stark allowed), and
their crossover, "while changing various param-
eters [see Fig 6(a)]. We restricted ourselves to
these lines because they are narrow and much
simpler to interpret than the other components.
During each scan the computer sampled and stored
the inputs to three channels on the analog-to-
digital converter (ADC) at 100 times/sec. The
three inputs were the laser scanning voltage, the
frequency-marker signal, and the output of the
lock-in amplifier monitoring the polarization spec-
trometer phototube.

The first systematic effect studied was the shift
of the polarization spectra line centers due to the
addition of the small derivative-shaped SO term to
the larger bell-shaped 8' term. To measure this
shift several scans were made with the polarizer
in the +8 orientation then it was rotated to -8,
which causes a shift in the opposite direction, and
several more scans were recorded. This was re-
peated at several times to determine the frequen-
cy-marker drift, and at a variety of angles.

The following analysis procedure of the polar-
ization spectra was used for this and all subse-
quent portions of the experiment. First the spec-
tra were smoothed in the standard way. Betmeen
one and ten points were used in the smoothing
average, depending on experimental conditions,
with tests made to ensure this introduced no line
shifts. The line center was then determined at
regular height intervals (every 5%%uo of the 2S»,
-4P»2 line and every 10%%d of the crossover) and
the average of these centers found.

The result of the tests of the 8 dependence
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showed that for all values of 8 used in the sub-
sequent measurements the shift was less than 3
MHz, in agreement with the theoretical estimates.
As part of all subsequent measurements the data
were taken with the polarizer in both + and —ori-
entations and the results averaged, thereby can-
celing the shift to within a negligible uncertainty.

The effects of the discharge environment (cur-
rent, pressure, electric field) on the Balmer-P
reference line were also investigated. First the
effect of the current was studied by recording a
series of spectra at discharge currents of 20 and
11 mA, alternating repeatedly between the two
settings.

Next the effects of the pressure and the electric
field in the discharge were measured. Because
only the pressure could be independently varied
and this in turn affected the electric field it was
necessary to obtain a composite correction. In
these measurements the same data-acquisition
procedure was used as for the current shift mea-
surements, except that the current was set at 11
mA and the pressure varied. Two data runs were
used; one which took data at 0.16, 0.41, and 0.70
torr and the second at 0.39, 0.27, and 0.72 torr.
The pressure readings were made using a thermo-
couple gauge. A total of 80 spectra were recorded.

D. Comparison of 1S-2S transition with Balmer-P line

The fourth stage of the experiment was the mea-
surement of the separation between the hydrogen
two-photon peak and the crossover line between the

2$y/2 4P y/2 and the 2$g 2 4$ /2 transitions. This
crossover was chosen as the reference line for the
Lamb-shift measurement because it was less sen-
sitive to the electric field perturbation than the
other lines. In this stage seven data channels were
read into the computer; the combination of the
three cw and four pulsed data lines previously de-
scribed. The two-photon absorption cell was op-
erated at 0.05 torr and the polarization spectrom-
eter discharge ran at 0.27 torr and 11 mA. 1-QHz
scans with the same sampling rate as before were
used. First, 5 scans were made over the two-
photon line; then as rapidly as possible (-1 min)
the laser wavelength was reset and the Balmer-P
crossover line was scanned several times. Ex-
amples of such spectra are shown in Fig. 6. The
laser was then reset to the two-photon line and
the procedure repeated until a total of 45 two-
photon spectra and 51 Balmer-P spectra were ob-
tained.

The Balmer-P spectra were analyzed using the
same procedure as before, but it was necessary to
use a different procedure in the analysis of the
two-photon lines because of their asymmetric line
shape. The difficulties caused by this line shape

will be discussed in See. V. After normalizing and
smoothing the two-photon spectra as before, the
line centers were found at equal intervals in the
region between 30 and 90/o of the peak height.
This region was used because at lower than 30%%u~

the peak is dramatically skewed towards lower
frequency, while above 90%%u~ the amplitude fluc-
tuations make a center meaningless. The 10 cen-
ter points could usually be fit with a straight line
to within statistical fluctuations. This line was
extrapolated to the peak maximum and that point
taken to be the "peak" frequency. This value was
typically about 5 MHz higher in frequency than the
line center at the 50/g point. Once these centers
were found the data were averaged and graphed
as before. Since this data run lasted several hours
the frequency-marker drift was fit with a seeond-
order polynomial (the second-order correction was
about the same size as the statistical spread), and
the data corrected.

E. Hydrogen-deuterium Balmer-P isotope shift

The last quantity measured was the isotope shift
between the hydrogen and deuterium Balmer-P
lines. For this the polarization spectrometer dis-
charge was operated with a 50-50 mixture of hy-
drogen and deuterium. Polarization spectra of the
2$~2 4$'~/2, 2$~/2- 4Pg2, and crossover region
were recorded in the usual way alternating between
the hydrogen and deuterium lines. This was done
at several discharge pressures to ensure that the
two had the same systematic shifts. The spectra
were analyzed in the standard manner.

V. RESULTS

A. Systematic shifts of the 1S-2S line

In this and all subsequent sections, numerical
results are given in terms of the fundamental dye-
laser frequency unless otherwise stated. All sys-
tematic line shifts are given as v (measured)-v
(true).

The 1S-2S pressure shift was determined to be
less than 5 MHz/torr, and since the isotope and
Lamb-shift measurements were made at 0.5 torr
this caused a negligible correction and uncertainty
to the result.

The ac Stark effect" was estimated by measur-
ing the 2430-A beam size (0.02&& 0.04 cm2) and
peak power (0.9 —1.1 kw) and using the result in
Ref. 21 of 0.6 Hz/W/cm shift. This gave a shift
of 0.8~0.2 MHz.

The largest uncertainty in the results is caused
by the difficulty to relate the line shape of the two-
photon signal to the true atomic transition fre-
quency. The atomic linewidth of the 1$-2S transi-
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I

tion can certainly be neglected compared to the
laser bandwidth. In linear spectroscopy the ob-
served line shape would then simply be given by
the laser intensity spectrum, which can be readily
measured with a spectrum analyzer. For two-
photon excitation, how'ever, the calculation of the
line shape, P (e'), involves the convolution of the
field spectrum,

P(ra' )n fz(~}z(ra —td)
' d~

where E(&o) is the component of the electric field
of the laser at frequency co. A serious problem
arises now, because this integral depends on the
relative phases as well as the amplitudes of the
field components, whereas an optical spectrum
analyzer can determine only the intensity or amp-
litude. In the present experiment the situation is
aggravated because there are two nonlinear pro-
cesses, frequency doub]. ing and two-photon ex-
citation, which can each introduce uncertain line
shifts and distortions between the measured laser
intensity spectrum and the observed two-photon
signal.

If the relative phases in the amplitude spectrum
were truly arbitrary one could create almost any
signal line shape. But fortunately the possible
phase variations in the present experiment are
quite limited by the origin of the laser pulse. We
have used various models for these phase vari-
ations, together with the measured laser intensity
spectrum, to numericaOy calculate possible two-
photon line sha, pes. By comparing the calculated
and observed line shapes we have determined which
model gives the best agreement and have used this
model to estimate a correction to the observed
transition frequency. We have also considered
which models correspond to realistic extremes for
the possible phase variations, and have used the
corresponding corrections to set our uncertainty.

The interferometer in Fig. 4 measures the pulsed
laser intensity spectrum and relates it to the cw
laser frequency. For an ideal laser amplifier this
spectrum would be Gaussian, with a Fourier-
transform-limited linewidth determined by the
pulse length. In this case, there would be no phase
variation and the peak frequency would be the same
as that of the cw laser. The observed spectrum,
however, appeared downshifted in its peak frequen-
cy by IV MHz, the linewidth was almost twice as
large as the transform limit, and the line shape
appeared slightly asymmetric with a small but
long tail on the low frequency side. This would

imply a shift of the measured IS-2S frequency of
—68 MHz.

If the phases varied rapidly and randomly from
one frequency interval to the next, the square of

the convolution integral could be replaced by a
convolution integral of the intensity spectrum. In
this limit there would be no shift between the at-
omic frequency and the peak of the observed signal.
The line profile calculated for this case, however,
was 20% narrower and more symmetric than our
observed line.

Next we investigated the (also quite unrealistic)
limit of zero phase variations across the amplitude
spectrum, given by the square root of the intensity
spectrum. In this case the calculated line profile
wa, s drastically skewed, due to the long tail in the
spectrum, and had little resemblance to the ob-
served line.

Since the long tail is, in all likelihood, due to
some brief, rapid frequency chirping, it seemed
more realistic to remove this tail and to assume
constant phase only for the remainder of the amp-
litude spectrum before computing the convolution
integral. This approximation reproduced the ob-
served line shape fairly well, although the cal-
culated linewidth was about 10% too la,rge. The
predicted resonance peak had a lower frequency.
As a case between these two limits we continued
to assume a constant phase in the integrand of the
convolution integral, but restricted the integration
limits. The rationalization for this is that fre-
quency components separated by much more than
the Fourier-transform-limited width should be
uncorrelated. The calculated peak shape and pos-
ition is fairly insensitive to what is used as the
central frequency of the integration. It matches
the observed shape quite well when our limits are
about 2.5 Fourier-transform-limited linewidths on
either side of the frequency of maximum amplitude.
In this case the predicted shift of the iS-2S fre-
quency is -40 MHz. Because our approach cannot
be entirely rigorous we have cautiously chosen
error bars which more than cover the discussed
limiting cases, assuming a shift of -40+ 28 MHz.
The uncertainty of this shift is much larger than
the +3-MHz statistical limit. Of course, the cor-
rections of the observed fundamental frequency
are one quarter as large.

B. Systematic shifts of the Balmer-P line

The largest correction to the position of the
Balmer-P reference line is that due to pressure
and electric-field effects. The positions of the
2S g 4P / line and the 4S g

-2S
y

-4P
g crossover

both changed linearly with the pressure to within
the statistical accuracy (-1 MHz), although the
shifts were due to both pressure and electric field.
Taking advantage of that behavior we have ex-
trapolated their positions to zero pressure. The
shift from 0 to 0.2V torr is -1V.O+ 3.4 MHz for
the 2Su2-4P u2 peak and -V.6+ 1.6 MHz for the
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crossover, with the uncertainty primarily due to
the inaccuracy, of the pressure readings.

The residual "zero-pressure" electric field can
be found by comparing the extrapolated separation
between the two peaks with theoretical calculations.
Knowing this field we can determine the residual
Stark shift of the crossover line. Because the sep-
aration between the two peaks is approximately 4
times more sensitive to the electric field than the
crossover position, the correction of the latter
should have very little uncertainty.

One difficulty arises, though, because both the
4sy/2 state and the 4P,~, state possess unresolved
hyperfine structure, and we do not know with cer-
tainty to what extent the hyperfine interaction is
decoupled by collisions in the discharge plasma.
Vfeber and Goldsmith' have found in later investi-
gations of the hydrogen Balmer-n line that the
hyperfine splitting of the 3P,i, state is almost
completely destroyed at helium pressures above
0.1 torr. Unresolved hyperfine splitting is of little
consequence in linear spectros copy where it does
not shift the center of gravity of a spectral line.
In polarization spectroscopy, however, we expect,
in general, some line displacement due to un-
resolved hyperfine structure, and coQisional de-
coupling can lead to measurable line shifts.

In order to consider two limits we have cal-
culated the Stark shift n =4 energy levels as a
function of electric field by numerically diagonal-
izing the Hamiltonian" without and with inclusion
of hyperfine interaction. A comparison of cal-
culated polarization spectra with the extrapolated
observed separation between the two peaks yields
a zero-pressure electric field of 4.3+0.1 V/cm
if hyperfine interactions can be ignored. The cor-
responding Stark shift of the crossover position

amounts to -2.6+0.2 MHz. If the hyperfine split-
ting were fully present the calculated zero-pres-
sure field would e(lual 4.6 + 0.2 V/cm and the com-
bined Stark and hyperfine shift of the crossover
would be —6.5+0.2 MHz. The error bars in the
final analysis are chosen large enough to span both
limits.

Including the pressure shifts discussed earlier
we then arrive at a total shift of -12.2+ 2.6 MHz

for the position of the crossover line. The ac
Stark effect at a beam intensity of 5+ 2 W/cm'
causes a calculated additional shift of -1.4+ 0.5
MHz of the crossover position. No shift of the line
with discharge current between 11 and 20 mA was
observed within the statistical error limits.

C. Hydrogen 1S lamb shift

The hydrogen ground-state Lamb shift is found
from the separation between the Balmer-P cross-
over line (4Sy~2v —p y-2Syg2y'-y 4PU2p-p -y) and the
18~,-2S~, two-photon line, recorded at the
fundamental dye-laser frequency. Under the ex-
perimental conditions described in Sec. IV D we
measure a separation b, v= v (Hs crossover)
—v(1S-2S)/4 of 4760.4+ 1.2 MHz. After applying
the systematic corrections summarized in Table
0, we arrive at a true separation of 4V64.8 + V. 6
MHz.

The theoretical separation, including all terms
(7) except for the 1S Lamb shift, is 2727.0 MHz.
From a comparison, we find a 18 Lamb shift of
8151+30 MHz, which is in excellent agreement
with the theoretical valuev of 8149.43 +0.08 MHz.
The experimental uncertainty is dominated by the
frequency shift introduced by the pulsed dye-laser
amplifiers.

TABLE II. Separation Av = v (B's crossover)-v (IS-2$)/4.

Raw measurement
(statistical average from
45 two-photon spectra at 0.05 torr,
51 Balmer-P spectra at 0.27 torr, 11 mA)

4760.4 + 1.2 MHz

Systematic corrections

(a) 1S-2S line
laser line shape
ac Stark effect

(b) Balmer-P line
pressure, electric field,

hyperfine structure
ac Stark effect

total correction

-10.0 + 7.0 MHz
+0.8 + 0.1

12.2 + 2.6 MHz

1.4 ~ 0.5

4,4 + 7.5 MHz

corrected separation» 4764.8 + 7.6 MHz
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D. Hydrogen-deuterium 1S-2S shift

The 1S-2S isotope shift could be measured with
much less systematic uncertainty because the two-
photon line shape was the same for hydrogen and
deuterium. We found an experimental separation
of 670992.3+ 6.3 MHz between the two line cen-
troids. This result is in good agreement with the
theoretical prediction' of 670 994.96 + 0.81 MHz
and is about ten times more precise than that of
the best previous experimental value. ' This re-
sult is of interest in its own right because it gives
the first confirmation of the predicted relativistic
nuclear recoil corrections [Eq. (2)j.

E. Balmer-P isotope shift and deuterium 1S lamb shift

The isotope shift between the 2$&2m=~ 4Pu2E=O1
component of the Balmer-P line was measured to
be 16V 783.9+1.2 MHz. No systematic dependence
on pressure or voltage could be detected, since
both isotopes are affected in nearly the same way.
A correction of +0.7+0.7 MHz has been included,
though, to allow for a difference in unresolved 4P
hyperfine splitting, as discussed in Sec. IV B. The
result agrees with the theoretical value' of
16V V83.7 ~0.2 MHz.

The Balmer-P isotope shift, together with the
1$-2S isotope shift and the hydrogen 1$ Lamb
shift has been used to derive anexperimental deu-
terium 1$ Lamb shift of 8177+ 30 MHz in agree-
ment with the theoretical result7 of 8172.23 + 0.12
MHz.

VI. CONCLUSIONS AND FUTURE IMPROVEMENT

Using laser spectroscopic techniques we have
measured the 1S Lamb shift in hydrogen and deu-
terium with improved precision and we find good
agreement with theory. We have also improved
the measurement of the 1$-2$ hydrogen-deuterium
isotope shift and find it too agrees with theory; it
agrees, in particular, with the predicted rela-
tivistic nuclear recoil correction which has never

before been tested.
The techniques used offer the possibility of con-

siderable improvements in both these measure-
ments. In traditional excited-state Lamb-shift
measurements, the broad p state linewidth has
always limited the possible precision. Our ap-
proach does not have this limitation. With purely
technical improvements, such as better lasers and
hydrogen atomic beams it could far surpass the
precision of present measurements of any Lamb
shift.

It should, for instance, be possible to achieve
a Balmer-P reference linewidth as narrow as l
MHz by observing the 2$-4$ dipole-forbidden line
component in a two-step process (one optical pho-
ton+one radiofrequency photon), ' or simply by
single-photon transitions in the presence of a weak
electric field. The two-photon linewidth could be
reduced by using a laser amplifier of longer pulse
duration, or by using the technique of multiple
pulse excitation. "' '

It would be particularly interesting to improve
the 1$-2$ isotope shift measurement because the
present theoretical uncertainty is limited by the
electron-to-proton-mass ratio, and thus an im-
proved experiment could be used to obtain a better
value for this ratio.
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