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g(I.,) from Nb to Nb" and Nb" respectively.
The M, N, and 0 shells do not appear to be re-

sponsible for the 3. 8%%ug effect. We computed rel-
ativistic Hartree-Fock-Slater potentials for the
configurations Nb, Nb'+, Nb'+, Nb", and used
these to generate n»o. The results are only ap-
proximate since eigenvalues were used in place
of the experimental binding energies, but they do
indicate that changes in n»0 contribute less than
O. 5% to ~X.

In addition the half-life of the 122-keV radia-
tion of" Nb on the spots was measured yielding
T,~, = 18.6+ 0.5 sec. This value agrees well with
the earlier result"' T», =18.8 sec for" Nb in
several chemical environments. Thus even "free"
Nb atoms show within the limits of error the
same T,» as atoms bound in metals or molecules
indicating that internal conversion takes place in
the L, and higher shells.

In conclusion this work appears to eliminate
the intriguing possibility that " Nb is a unique
case where conversion in a specific inner sub-
shell could be switched on and off by changes in
chemical bonding. Only a steep drop in n~, with-
in 10 eV of threshoM would permit this, and we
find no evidence for such a drop. The inconsis-
tencies among direct and indirect measurements' '
of lifetime changes remain unexplained and fur-
ther work in that area appears necessary. It
should at least be possible to repeat the indirect
measurement by Cooper, Hollander, and Bas-
mussen' of transition energy with about + 12 eV
precision. Finally the present theoretical calcu-
lation of conversion coefficients appears to be
much more successful in the energy region close

to threshold than its predecessors. "
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Hydrogen 1S-2S Isotope Shift and 1S Lamb Shift Measured by Laser Spectroscopy*

S. A. Lee, R. Wallenstein, t and T. W. Hanschf.
Department of Physics, Stanfowd University, Stanford, California 94305

(Beceived 22 September 1975)

We measured the isotope shift of the 1S-2S transition in atomic hydrogen and deuterium
to be 670.988 + 0.056 GHz, using Doppler-free two-photon spectroscopy with a frequency-
doubled, pulsed, dye laser. The Balmer-P line is simultaneously observed in saturated
absorption with the fundamental dye-laser output. A comparison of the intervals 1S-28 and
2F'3]p-4D5gg determines the Lamb shift of the 1Sground state to be 8.20+ 0.10 GHz (H) and
8.25 + 0.11 GHz (D), in agreement with the theoretical values.

We report on the first accurate measurement
of the Lyman-n isotope shift for atomic hydrogen
and deuterium, using Doppler-free two-photon
spectroscopy of the 1S -2S transition with a fre-

quency-doubled, pulsed, dye laser near 2430 A. '
The fundamental dye-laser output near 4860 A
allowed the simultaneous observation of the Bal-
mer-P line by high-resolution saturation spec-
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troscopy. From a comparison of the energy in-
tervals 18 -2S and 2P,~,-4B,~, we could determine
the Lamb shift of the 1S ground state of hydrogen
and deuterium with an accuracy better than 2%.

Previous attempts to measure these quantities"
had to rely on high-resolution vacuum-ultraviolet
spectroscopy of the Lyman-n line near 1215 A.
They were hampered by the large Doppler width
(30 6Hz for H at room temperature), by strong
self -reversal observed in emission spectrosco-
py, and by spurious background lines in the con-
tinuum light sources used for absorption spec-
troscopy.

In the only reported experiment of its kind,
Herzberg' determined the 1S Lamb shift of deu-
terium with about + 15% accuracy by comparing
the absolute wavelength of the I yman-n line with
its calculated Dirac value. Radio-frequency spec-
troscopy, which has been very successful in
measurements of Lamb shifts of excited hydrogen
states, 4 cannot be used for the ground-state Lamb
shift because there is no nearby P level.

An entirely new approach has become possible,
since it was demonstrated' that the metastable
2S state can be excited with high selectivity from
the 1S ground state with two counter propagating
laser photons, whose linear Doppler shifts can-
cel. This technique circumvents the technical
difficulties of vacuum-ultraviolet spectroscopy;
in addition it enables us to use the Balmer-P line
as a closely spaced reference line for the meas-
urement of the 1S Lamb shift. If Bohr's formula
were correct, the n=1-2 interval would be ex-
actly 4 times larger than the n = 2-4 interval,
and the two observed transitions would occur at
exactly the same dye-laser frequency. The actu-
al displacement is due to relativistic and quantum
electrodynamic corrections plus some small nu-
clear-structure effects. ' This scheme drastical-
ly alleviates the need for an absolute wavelength
calibration and for a precisely known Rydberg
constant in the computation of the Dirac line po-
sitions.

Figure 1 shows a scheme of the experimental
setup, i.e., the two-photon spectrometer (top),
the saturation spectrometer (middle), and the
tunable dye laser with frequency marker inter-

ferometerr

(bottom).
The two-photon spectrometer is essentially the

same as described in Ref. 1. A lithium formate
crystal doubles the frequency of the dye laser to
give ultraviolet pulses of about 300-W peak pow-
er. The uv beam is focused to about 0.2-mm
waist diameter inside the observation chamber
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FIG. 1. Experimental setup.

and is reflected back into the chamber to provide
a standing wave field. The atoms are generated
in a gas discharge in a mixture of H, and D, at
0.2 Torr, and carried by gas flow and diffusion
into the observation chamber. The two-photon
excitation is monitored by observing the collision-
induced 2P-1S fluorescence at 1215 A with a
solar-blind photomultiplier (EMR 541J) through
a Mgp, window and an interference filter with
15% transmission. The collection solid angle is
about 2%.

The saturation spectrometer for the Balmer-P
line, using a small fraction of the visible laser
output, is very similar to the setup used in the
study of the red Balmer-n line. ' Two parallel
weak probe beams (1.2 mm diam, 5 mW peak
power) and a counterpropagating saturating beam,
overlapping one of the probes (500 mW peak pow-
er, crossing angle 6 mrad), are sent through the
36-cm-long center section of the positive column
of a Wood-type gas discharge (H, +D„0.2 Torr,
12-15 mA). A light chopper blocks every other
saturating pulse, and the two probes detect the
velocity-selective hole burning in a sensitive dif-
ferential detection scheme.

The pressure-tuned dye-laser system' operates
at 17 pps and provides 10-nsee long pulses of
15-kW peak power and 120-MHz linewidth at
4860 A. The pressure of the scan gas (N, or pro-
pane) is monitored with a Baratron gauge (MES
Instruments). Part of the laser output is sent
through a plane Fabry-Perot interferometer to
provide frequency calibration lines. The inter-
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FIG. 2. Doppler-free two-photon spectra of the 1S-2S
transition in H and D with transmission maxima of the
calibration interferometer.

ferometer with an Invar spacer of 6.3810(1) cm
length is contained in a thermally insulated air-
fiQed housing. Corrected for the refractive in-
dex of air' and in the absence of thermal drifts,
the separation of adjacent marker lines is 2348,47
+0.10 MHz.

The eight listed parameters are stored for each
laser pulse in digital form on a magnetic disk
memory for l.ater computer processing.

To find the 1S-2S isotope shift, the two-photon
spectrum is compared with the marker spectrum.
The Lyman-o. fluorescence signal is divided,
pulse per pulse, by the square of the ultraviolet
laser intensity, and the spectrum is obtained by
sorting the normalized signal according to scan
gas pressure into an array of average values
with frequency increments of about 20 MHz. The
marker spectrum is generated by the same sort-
ing procedure after numerical normalization
with respect to the visible laser pulse height.
[Propane is used as a scan gas to allow continu-
ous tuning across the isotope shift. The speed
of the scan (always towards longer wavelength)
is about 48 MHz/sec near the two-photon reso-
nances, and about 10 times faster in between, to
reduce the total scan time from D to H to about
10 min. ]

Typical two-photon spectra and marker spectra,
smoothed by convolution with a Gaussian profile
of three channels width, are shown in Fig. 2.
The hydrogen spectrum shows the expected hyper-
fine doublet; the corresponding splitting for deu-
terium i.s about 4 times smaller and unresolved.

The isotope shift is determined by measuring the
separation of the numerically calculated centers
of gravity of the two-photon resonances in terms
of fractional orders of the marker spectrum. No

attempt is made to treat the two hydrogen-line
components separately, since the hyperfine split-
ting does not shift the center of the doublet.

Eight individual spectra were numerically eval-
uated. The expected systematic shifts of the
two-photon resonances due to ac Stark effect
(1 MHz)' and second-order Doppler effect (50 kHz)
are quite negligible. Thermal drifts of the cali-
bration interferometer are a more serious prob-
lem. A linear long-term drift up to 2+ 1 MHz/
min was found from a comparison of spectra re-
corded at different times, and a corresponding
correction was applied to the marker frequency
scale. The resulting systematic uncertainty of
6 parts in 10' is of the same magnitude as the
statistical standard deviation, and is included in
the rms error of the final results. We obtain a
1S-2S isotope shift of 670.933+0.056 GHz, which
represents an improvement of several orders of
magnitude over previous measurements of the
Lyman-z isotope shift' and is in fair agreement
with the theoretical value9 of 670.994 + 0.0008
GHz.

The determination of the 1S Lamb shift requires
the simultaneous recording of the saturation spec-
trum of the Balmer-p line. The saturation signal,
given by the intensity difference of the two probe
beams, is corrected for nonideal probe balanc-
ing, ' and again sorted into an array of average
values. A typical saturation spectrum for hydro-
gen, together with the simultaneously recorded
1$-2S two-photon spectrum and marker spectrum,
is shown in Fig. 3. N, was used as scan gas,
and the typical tuning rate was 44 MHz/sec. The
relatively large linewidths .of about 500 MHz in
the saturation spectrum are partly caused by
power broadening due to the strong saturating
beam, which is required to obtain an acceptable
signal-to-noise ratio at the utilized low pulse
rates.

To measure the frequency separation between
the 18-2S resonance and the strong 2P3/2 4D,(2
component at the right-hand side of the satura-
tion spectrum we use the numerically calculated
centers of gravity of the two-photon doublet, and
of that part of the Balmer-p fine-structure line
which reaches above half maximum. The cutoff
level reduces line shifts due to weak unresolved
neighboring line components. For hydrogen, we
obtain a line separation of 3.408+0.026 GHz
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FIG. 8. Saturation spectrum of the hydrogen Balmer-
P line with theoretical fine-structure spectrum, and
simultaneously recorded 1$-2$ two-photon spectrum.
The top curve gives the resonances of the calibration
interferometer.

from 24 evaluated spectra, and for deuterium a
separation of 3.398~0.027 GHz from 9 spectra.
These values have been corrected for systematic
shifts in the saturation spectrum, and the quoted
rms errors contain the estimated systematic
uncertainties. The statistical standard deviations
are 0.009 and 0.005 GHz, for comparison. In
particular, a correction of —5 + 3 MHz has been
applied to correct for an expected dc Stark shift
in the field of the positive discharge column
(10 V/cm). Corrections of +9+4 MHz for H snd
+13+6 MHz for D account for the estimated ac
Stark shift' due to the interaction of the strong
saturating beam with the neighboring 2P, /2 4D3/2
transition. An upper limit for possible pressure
shifts of +14 MHz was established by measure-
ments between 0.15 and 0.5 Torr. An additional
correction of + 19+ 19 MHz for H and + 22 + 22
MHz for D takes into account the expected line
shift due to the blending of the 2P3/Q 4D5/3 com-
ponent with its weak 2P», -4D3/, neighbor, situat-
ed 460 MHz towards the red, and with the expect-
ed intermediate crossover line. ' The respective
relative heights of these unresolved components
have been estimated to be 3.5 and 7% from a
comparison with the saturation spectrum of the
Balmer-cy line' which has the same relative os-
cillator strengths, but a larger fine-structure
splitting, so that the corresponding line compo-
nents can be resolved. Finally, we have made a

correction of + 2 + 2 MHz for hydrogen to account
for unresolved hyperfine structure and associated
crossover lines. '

The corresponding theoretical frequency sepa-
rations according to recent calculations by Erick-
son' are 3.420967(87) GHz (H) and 3.417 92(12)
GHz (D), assuming a theoretical 1S Lamb shift
of 8.14943(8) GHz (H) and 8.17223(12) GHz. From
a comparison between the experimental and theo-
retical line separations, we determine a 1S Lamb
shift of 8.20 + 0.10 GHz for H and 8.25+ 0.11 GHz
for D. Both values agree within their error lim-
its with the theoretical values.

Considerable improvement in accuracy should
be possible, if the resolution of the 1S-2S two-
photon spectrum is improved by reducing the
laser linewidth (a laser power of 1 mW should
be sufficient in a cw experiment), and if the res-
olution of the Balmer-P line is improved, e.g. ,
by Doppler-free two-photon spectroscopy of the
2S-4$, D transitions. The latter could for in-
stance be accomplished with a GaAs diode laser,
whose second harmonic is locked to the visible
dye-laser frequency. Since neither linewidth is
limited by a short living P state, the ultimate
accuracy of such a measurement couM well ex-
ceed that of recent 2S Lamb shift measurements, 4

or even that of present calculations, which are
limited by our knowledge of the fine-structure
constant and of nuclear-structure effects. In ad-
dition, there is presently a discrepancy between
different computational approaches" which makes
precise Lamb shift measurements highly desir-
able.

The large isotope shift is primarily caused by
the nuclear mass difference' and the accuracy of
present calculations is limited by the uncertainty
of the ratio of electron mass m, to proton mass
m~ (1 ppm). The uncertainty of the fine-structure
constant and of the nuclear-size effect contrib-
utes only at the 0.1 ppm level. Since the ratio
of proton mass to deuteron mass is known to
0.01 ppm, future, more precise, measurements
of the 1S-2S isotope shift promise to provide a
precise value of the important ratio m, /m~. To-
gether with other precision experiments, the
envisioned measurements should permit strin-
gent new consistency tests of quantum electrody-
namics.

We thank Professor A. L. Schawlow for his con-
tinuous stimulating interest in this research,
and Professor G. Erickson for making his calcu-
lations available to us prior to publication.
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Dynamical Resonances in Collinear, Coplanar, and Three-Dimensional Quantum
Mechanical Reactive Scattering*
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We present results of one-, two-, and three-dimensional calculations for the H + H& ex-
change reaction which provide the first evidence for dynamical internal excitation (Fesh-
bach) resonances in chemical reactions using noncollinear calculations. The change of the
resonance energy and width with collision dimensionality and with total angular momentum
is analyzed and indicates the existence of observable effects on certain reactive cross sec-
tions.

Internal excitation resonances have been ob-
served in a large number of diverse collision
phenomena including n-P scattering, ' electron-
atom and electron-molecule scattering, ' and
(theoretically) rotationally inelastic atom-mole-
cule scattering, ' but they have yet to be detected
in atom-diatom reactive scattering experiments.
Their existence has previously been established
theoretically only in collinear models of these
simple chemical reactions. ' ' The results of
those collinear calculations indicate that these
resonances are responsible for oscillations in
the reaction probabilities near the resonance en-
ergies through their interference' with the direct
mechanisms. However, because of partial-wave
averaging, it was not known whether such reso-
nances would exist in the three-dimensional
(3-D) world. We present here the results of ac-
curate quantum mechanical calculations for I-D,
2-D, and 3-D collisions for the historically im-
portant H+H, exchange reaction which provide
the first evidence for dynamical resonances in
chemical reactions for noncollinear systems.
An understanding of the relation between the
characteristics of such resonances and the na-
ture of the potential surfaces which give rise to

them may prove a sensitive probe in the experi-
mental characterization of these surfaces and in
the development and testing of approximate reac-
tion-dynamic theories.

The methods used for solving the Schrodinger
equation for the collinear, coplanar, and three-
dimensional H+H, collisions are the same as
those we developed and used previously. ' " In
order to obtain accurate results in the 2-D and
3-D calculations at the relatively high energies
at which the resonances were found, quite large
vibration-rotation basis sets were required, in-
volving five or six vibrations and rotational quan-
tum numbers j =0-6 to j =0-9 for each vibration
for a total of sixty coplanar channels (for all val-
ues of total angular momentum quantum number
J), and 40 to 90 (d =0, 1) 3-D channels. For most
of these noncollinear calculations, tests of con-
servation of flux, microscopic reversibility, and
invariance with respect to number and choice of
expansion functions indicated convergence of 5 to
10%%uo although a few poorer results (20%%uo) were in-
cluded. The collinear results, for which ten vi-
brational basis functions were used, are accu-
rate to 0.5% or better. The Porter-Karplus" po-
tential energy surface was used for all ealcula-


