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The high-temperature limit (classical limit) of
the above expression gives
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while in the low-temperature limit (8-~ «), from
the comparison of Eq. (20) with (10) it is obvious
that the Feynman process goes over to Nelson’s
stochastic process for the ground state, provided
7 is identified with the physical time of evolution
of the process. In other words the Feynman
formulation of quantum statistical mechanics,
upon lowering of the temperature, produces the
switch from the ensemble averages of the classi-
cal regime to the time averages of the ground-
state process arising in the stochastic quantiza-
tion. From the general point of view, this makes
precise the connection between the zero-tempera-
ture limit of quantum statistical mechanics and
Nelson’s formulation of the quantum theory. With
respect to the question originally posed in con-
nection with quantum critical phenomena, the
comparison of Eq. (19) with Eq. (3) makes it evi-
dent that the framework of stochastic quantization
allows us to bypass the current notion of dimen-
sional crossover by introducing the dynamical

description of equilibrium, which may open an
interesting perspective in view of the application
of the Monte Carlo technique to the computation
of zero-temperature properties.
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useful conversations during the development of
this work.
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Crossed-Beam Spectroscopy of Hydrogen: A New Value for the Rydberg Constant

S. R. Amin, C. D. Caldwell, and W. Lichten
Depavrtment of Physics, Yale University, New Haven, Connecticut 06511
(Received 3 August 1981)

In a crossed laser-atomic beam experiment the wavelengths of the 2s-3p transitions are
measured in H and D to a precision of one part in 10°, Our value for the Rydberg constant

is R =109737.31521(11) cm™1,

The fine-structure splittings of the 3p states in H and D

are 3249.8(8) and 3251.7(7) MHz, respectively; the isotope shifts for the 2s-3p,/, and 2s-
3ps/o transitions are 124 260.7(7) and 124262.6(7) MHz, respectively. Our results largely
agree with previous, less precise experiments and with theory.

PACS numbers: 06.20.Jr, 32.30.Jc

Because it is the simplest of all atomic sys-
tems, hydrogen is still the most important spec-
troscopically. In recent years, high-precision,
optical spectroscopy of atomic hydrogen has tak-
en on renewed interest,'”'° especially in conjunc-
tion with nonlinear techniques'”® for reducing
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linewidths in the wavelength measurements. It

is generally agreed,’ ® however, that it is neces-
sary to use an atomic beam to eliminate pressure
and current corrections connected with the gas
discharges used by previous workers! ® if accu-
racy is to be improved further. One attempt in
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this direction has already been reported,® and oth-
ers are underway at Michigan,” National Bureau
of Standards, Washington, D. C.,® Bonn,® and
Heidelberg.'®

At Yale University we have succeeded in making
precise measurements of the Balmer-a transi-
tions (2s-3p) in both hydrogen and deuterium. Be-
cause crossed beams are employed in the meas-
urements, we determine to high accuracy the
wavelength which induces a single-photon, linear
transition in the atom. This has allowed us to
elicit a value of the Rydberg constant to a pre-
cision hitherto unattainable as well as more pre-
cise values for the fine-structure splittings in the
3p state and the isotope shift between hydrogen
and deuterium.

The experiment® is an optical analog of the clas-
sic Lamb-Retherford radio-frequency determina-
tion of the Lamb shift.’* A hydrogen beam emerg-
es from a tungsten oven heated to 2850 K, is ex-
cited by electron bombardment to the metastable
2s state, and then collimated to an angle of 1.25
+0.15 mrad. Downstream from the collimator,
this beam is crossed at right angles by the beam
from a low-intensity (~0.002 W/cm?), tunable,
cw dye laser. The metastable atoms are detect-
ed at the end of their flight path by secondary-
electron emission from a Ni plate. The signal
from this plate is fed into a lock-in amplifier.

The dye laser is stabilized by locking to an ex-
ternal Fabry-Perot interferometer. The laser,
once adjusted to the 2s-3p transition, is frequen-
cy modulated with a 15-Hz square wave of peak-
to-peak shift 50 MHz, approximately the line-
width, With the modulating voltage as a refer-
ence for the lock-in amplifier, the line shape be-
comes a derivative trace. By keeping the lock-
in amplifier output to zero, we hold the laser to
within an rms deviation of 2 MHz from the line
center.

The heart of the experiment is the etalon which
is used for the wavelength measurements. This
is constructed of two multilayered dielectric-
coated mirrors with 99.5% reflectivity, has cer-
vit spacers, and is scanned by increasing the N,
pressure within the cavity. Minimum finesse of
the etalon is F =40. The wavelength standard
used for the comparison is a *He-?*Ne: *°L, laser
stabilized by a third derivative lock*® (hereafter
referred to as the secondary standard). This
standard is compared to the portable *He-*Ne:
127, primary standard from the National Bureau
of Standards.'® By relating our secondary stand-
ard to the primary standard in this manner, our

measurements are directly traceable to the abso-
lute value of the meter.**

Measurement of the wavelength of the dye laser
with respect to the standard is carried out by two
methods.” First, in order to eliminate effects
of phase shifts in the mirror coatings, we use
the method of virtual mirrors.’® Three etalon
spacings are used (4.3, 12.5, and 31.4 ¢m), and
the final result is a weighted average of the meas
urements at each individual spacing, the last of
the three being given the most weight. Alterna-
tively, we use the reflection curves furnished by
the mirror coaters (Laser Optics, Inc.) to calcu-
late the phase shift at the 31.4 cm spacing, there-
by obtaining a completely independent value of
each wavelength,

We remove first-order Doppler shifts through
90° beam intersection and retroflection; we mini-
mize light shifts and optical pumping by use of
low light intensity. Zeeman shifts are reduced
by keeping the magnetic field within the chamber
to 0.3 G, although hyperfine splittings pose a par-
ticular problem at this low magnetic field, While
there is no hyperfine effect in the 2s state be-
cause the excitation process leads to only the lev-
el F =I +3,' the hyperfine structure of the 3p
state is unresolvable, so that the measured wave-
lengths must be corrected to account for this.

What we obtain as the result of our measure-
ments is the ratio of the corresponding wave-
length of both fine-structure components of the
2s5-3p lines of hydrogen and deuterium to that of
the secondary standard. Using the wavelength
definition of the Comité Consultatif pour la Défini-
tion du Métre'* for the meter, ) CHe-*"Ne: **7L,,
7)=632991,399 pm, together with our calibration
of our standard with respect to that laser, we
convert these measurements to absolute wave-
lengths. After making the reduced mass and nu-
clear structure corrections calculated by Erick-
son,’® we have four independent values of the Ryd-
berg constant using the virtual mirrors measure-
ments and four independent values from the phase-
shift calculations. Each of these is weighted
equally in calculating a value of the constant with-
in each wavelength determining method. The fi-
nal value is given as a weighted average of the
virtual mirrors data and the phase-shift data with
statistical weighting factors of 0.88 for the for-
mer and 0.12 for the latter. Our primary result
is then

R..=109737.31521(11) cm™*,

We obtain a slightly different value for R if we
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TABLE I. Corrections and errors in R (parts in 1010) .

TABLE II. Comparison with earlier measurements.

Source Correction? Error?
Statistical - 3
Phase shift 465° 3
Refractive index, scanning,

and recording 50 6
Magnetic field -4 2
2s hfs 636 0
Optical pumping, 3p hfs, and

light shifts -1 5
Standard 5 5
Diffraction -3 1
Second-order Doppler 4 0
Photon recoil -8 0
rms sum 10

Reference R —109737 (cm™})
Taylor et a .2 0.312(5)
Hinsch et al.P 0.314(1)¢

Petley et al .©
Goldsmith et al .4
Present result

0.315 13(85)
0.31488(32)¢
0.31521(11)

2Average value for all four transitions.

PFor phase-shift data only.

assume the tentative definitio
terms of the velocity of light:

n of the meter!” in
c=299792458 m/

s, namely R =109 737.315 37(11) cm"™ .

In Table I we present a list

of all sources of

109 7?7.3I2 .3:3 .3:4 .3I|5 .3{6
Hadnsch | —*— H 2P;3,,-3Dg,,
ot a/(1974) —e— D 2Py,,—3Dg,,
A Weighted Mean
Goldsmith era/ (1978) —e— H 2S,,2-3Py/2
et H 2P3,,—3Ds/2
—e—— H 2S,,,—3P
Petley et a/ (1980) /2 Iz
—e— H 2P,,,—3D;3,,
——e——— Weighted Mean

D

D
X }H 28,,,-3Py;,

@
X } H 2S,,2-3P3,2
. Q
This work } D 2S,,,-3Py,2
O]
X } D 2S5,,2,=-3P3/2
® } M
{ % eans
20 .
— | ® Weighted Mean

QO virtual mirrors
X phase shift calculation

i +1x107°

I ! 1
109 737.312 .313 314 315

1
316 Ro (cm™")

FIG. 1. Comparison of recent measurements of the

Rydberg constant. Errors for individual measurements

are statistical. Errors for weighted means include

systematic errors. See Table II.
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aRef. 18.

PRef. 1.

CRef. 2.

dRefs. 3 and 19.

®Refs. b and d are corrected to A CHe-2"Ne; '%'1,, i)
- 632 991.399 pm (Ref. 14).

error which contribute to the Rydberg determina-
tion. In Fig. 1 and Table II we make compari-
sons of our Rydberg value with results from pre-
vious investigators. We disagree slightly outside
the estimated errors with the results of Hansch
et al.' and are in fair agreement with the results
of Goldsmith, Weber, and Hansch,® which is
based on a single transition. We are in good
agreement with Petley, Morris, and Shawyer.?
The number given here for Goldsmith, Weber,
and Hansch?® differs slightly from that quoted in
the original article and reflects a corrected wave-
length standard and a new analysis of the data by
van Dierendonck.*

Once we have the wavelengths of both the fine-
structure transitions, it is a straightforward mat-
ter to determine the fine-structure splittings
within each isotope and the isotope shift between
each line, Direct subtraction of the two wave
numbers followed by multiplication by ¢ =299 792-
458 m/s (Ref. 17) yields v(}) - v(5) = 3249.8(8)
MHz for hydrogen and v(3)-v(3)=3251.7(7) MHz
for deuterium. These errors are obtained from
the statistical and systematic errors for each of
the above numbers with the phase-shift calcula-
tions and the virtual mirrors determinations
weighted with the same factors as for the Ryd-
berg calculation. In Table III we give a compari-
son of these values with those from the previous
most accurate experiments®~23 and with the the-
oretical values,'®

Following the same procedure with regard to
determining errors and assigning weights to the
different methods, we obtain for the isotope shift
between each of the two lines: D(p,,,) —H(p,,.)
=124260.7(7) MHz; D(p,,2) — H(p,.) = 124 262.6(7)
MHz. These numbers represent a precision of 6
parts in 10° and compare well with the theoreti-
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TABLE III. Fine-structure splittings and isotope
shifts (MHz).

Fine structure

H D
This work 3249.8(8) 3251.7(7)
Last value 3250.0(11)2 3250.7(20)°
Theory® 3250.086(1) 3250.973(1)
Isotope shift
1/2 component 3/2 component
This work 124 260.7(7) 124262.6(7)
TheoryC 124 261.10(2) 124261.97(2)
Weighted average
This work 124 261.9(6)
Theory® 124 261.68(1)

Last valued 124 269(4)

2Combinations of measurements of Refs. 20—22.
PRef. 23.

“Ref. 16.

dRef. 1.

cal calculations of Erickson,'® which give 124-
261.10(2) and 124 261,97(2) MHz. Thus this meas-
urement removes the discrepancy between the
theoretical value and that obtained by Hansch et
al.’ (see Table IIT and Fig. 1).

The measurement of the Rydberg constant de-
scribed in this paper is more precise, by a fac-
tor of 3, than any previous measurement to date.
It emphasizes the value of making these measure-
ments in a crossed atomic-beam-laser-beam
system. While the present accuracy has been lim-
ited by the bandwidth of the laser and certain hy-
perfine effects, minor improvements of the ap-
paratus should make it possible to extend this
technique to a measurement of this fundamental
constant into the realm of precision of compari-
son of standards of length!® (2 parts in 10%°)., The
same improvements would also furnish more ac-
curate determinations of the fine-structure split-
ting and the isotope shift of these levels. Such de-
terminations are important for critical tests of
quantum electrodynamics and for probes of nu-
clear structure. Lastly, they serve as a check
on the electron-proton mass ratio.

We thank Howard Layer for advice on, and cal-
ibration of, our wavelength standard, also for the
loan of an '*°I, absorption cell; Barry Taylor for
helpful conversations; Munir Nayfeh, Salim Jabr,
and Kim Woodle for aid in building the wavelength
standard; Zoe Goodman, David Mariani, and
Alain Rostain for aid in the experiment; K. M.
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M. Goldsmith, J. L. Hall, T. Hansch, W. R. C.

Rowley, and J. R. Whetstone for helpful discus-
sions; W. R. Bennett, Jr., for use of his labora-
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Duality Transformations for Two-Dimensional Directed Percolation and Resistance Problems
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It is shown that the percolation problem with blocked, one-way, or two-way bonds is
self-dual on a square lattice. The usual directed percolation (blocked or one-way bonds)
is dual to a simpler process with one- or two-way bonds. The results of a Monte Carlo
simulation of the latter are reported and an improved bound on the critical probability is
derived. The corresponding resistance problem in which circuit elements have different
forward and backward resistances is also shown to be self-dual.

PACS numbers:

The effect of introducing directionality into
bonds in percolation problems is currently the
subject of much interest. Besides its relevance
to many physical situations,’? the problem is
interesting because directionality brings in quali-
tatively new effects.’! In this Letter we present a
duality transformation for a generalized directed-
bond percolation process on planar lattices. In
particular we show that the dual of the usual
directed percolation®*~® is a new process with one-
or two-way bonds which, in some respects, is a
simpler problem.

Consider a square lattice in which each bond is
blocked, one way (right or up), or two way, with
probabilities p,, p,, and p,, respectively (p,+p,
+p,=1), independently of other bonds. In elec-
trical terminology, we have a random network of
insulators (), diodes (D), and resistors (R).
Obukhov studied this percolation problem in 5 - €
dimensions for a small concentration of diodes.

It includes as special cases the usual (undirected)
resistor-insulator percolation® (RIP), the diode-
insulator percolation®”® (DIP), and the diode-
resistor percolation (DRP).

We show that this diode-resistor-insulator per-
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colation problem is self-dual. Unlike RIP, where
there is a single transition between two phases,
our general problem has three phases and two
phase transitions. Duality relates these. We
show that the corresponding resistance problem
is also self-dual, and discuss the bulk resistivity
of a random I -D-R network.

DIP (p,=q, p.=p, p,=0) has been shown to be
equivalent to Reggeon field theory.® It lies in a
universality class different from RIP and quite
accurate estimates of its critical parameters are
available.?™® For p >p, " there is a nonzero
probability P..P*(p) that a point source wets an
infinite region. Far away from the source, this
region is confined to a wedge of angle §°F(p).
This wedge angle increases from 0 to 7/2 as p
increases from p.°F to 1 and varies as (p —p,
for p close to p, PP (b is a critical exponent).

The DRP process is defined as the case p, =0,
p1=q, p,=p. Suppose there is a source of fluid
at the origin. If a site (x, y) of the lattice is
wetted by the source, it wets all sites (x,,v,)
with x, 2x, v, 2y. Conversely if (x,y) is dry, so
are all sites (x,, y,) with x, <x, y, <y. Thus the
wet sites are separated from the dry ones by a

DIP)b
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