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In a previous paper,’ we reported a value
of the Lamb shift § in the first excited state
of atomic hydrogen. The result, based upon
a level-crossing measurement, was §=1058.07
+0.10 MHz. This value is of interest because
(1) it lies 0.30+0.14 MHz above the original
result of Lamb and co-workers,? (2) it lies 0.43
+0.23 MHz above the most recent theoretical
value.® The former discrepancy raises ques-
tions above a possible increase in the value
of the fine structure constant a,* which is re-
lated in turn to the as yet unresolved problem
of proton-structure corrections to the ground-
state hyperfine structure (hfs) of atomic hydro-
gen.® The latter discrepancy may pose some
fundamental questions in quantum electrodynam-
ics.® In the present Letter, we report the com-
pletion of an independent experiment confirm-
ing our previous measurement of §. We there-
by establish a consistent systematic difference
between our results and those of the Lamb ex-
periments.

The level-crossing technique is described
in Ref. 1. We review it briefly. Figure 1 shows
the Zeeman effect on the 22S,,, and 22P,, lev-
els of atomic hydrogen, including hfs. The
2S levels are metastable. Using this fact, Lamb
and co-workers measured 8 by inducing rf etec-
tric field transitions between the 2S state o
and the short-lived 2P states e and f (Ref. 2).
In our experiment, we measure § by locating
crossing points between the 2S level 8 and 2P
level e. Of the four hfs crossings which occur

near 574 G, those two (marked A and B in Fig. 1)
which obey Amj=0 are observable’ by coupling
levels B and e via a static electric field. Our
measurement of the §—~e¢ transition resonance
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FIG. 1. Zeeman effect on the J =4 levels in H, n =2.
The levels a,+*++,f are Lamb’s designation. The pres-
ent experiment is concerned with the measurement of
the crossing point A, between levels g (mp =0) and
elmp=+1).
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corresponding to crossings A and B is essen-
tially a Lamb-Retherford experiment at zero
frequency.

Crossings A and B in atomic hydrogen occur
near 538 and 605 G. We denote the crossings
by H(538) and H(605), respectively, and the
levels involved by (A) B4 =B(mp=0)~ey =e(mp
=+1); B)Bg=B(mp=~-1)~eg=e(mp=0). Our
previous work (Ref. 1) determined 8 by mea-
surement of the H(605) resonance. The present
work measures $ from the H(538) resonance.

In contrast to the Lamb experiments, where
the resonances were barely resolved superpo-
sitions of hfs transitions, our experiment re-
solves the hfs and allows measurement of the
H(538) resonance alone. To do this, we pro-
duce a beam containing B states of the 4 va-
riety only. After initially quenching all f’s,
we regenerate the 4 state by inducing rf mag-
netic dipole transitions a(mp=0)—~p4 at a low
magnetic field (v3 G). This beam has a 4 -
to-Bp “purity” ratio of greater than 1500 to
1. Except for the new rf transition region to
produce B4 ’s, our apparatus is identical to
that described in Ref. 1.

Figure 2 shows a typical H(538) quenching
resonance studied in the present work. We
compare experimental points with a line shape
derived from the Bethe-Lamb theory of the
quenching of the 2S state.® The only param-
eters used in the fit are the percentage of quench-
ing and the magnetic field corresponding to
peak quenching. In the H(605) work, we did
not average the line shape over the beam ve-
locity distribution. In the present work on H(538),
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FIG. 2. Typical H(538) crossing-point quenching-
resonance panoramic, at applied electrostatic field
Ep~0.6 V/em. The experimental points are compared
with a velocity-averaged line shape derived from the
Bethe-Lamb theory of the lifetime of the 2S state in
external fields.

we gain a substantial improvement in line-shape
fit by averaging over a v? velocity distribution.
For example, our observed half-widths now
agree with theory to (-0.3+0.8)%.° In gener-
al, the observed 84 ~e4 quenching panoram-.

Table I. Line-center data for H(538) resonance. HC' is the observed center measured by proton nmr frequency
(in water sample). 8 is the calculated Lamb shift, after correction of HC' for line-center shift. All errors quoted

are one standard deviation.

Line-center Calculated
Run No. of center HC' Fractional shift Lamb shift §
No. measurements (kHz) weight (kHz) (MHz)
la 7 2292.273 0.0380 0.382 1058.158
+0.308 +0.142
1b 8 2291.876 0.0384 0.372 1057.994
+0.298 +0,138
2 23 2291.903 0.2245 0.319 1058.028
+0.177 +0.081
3 12 2292.238 0.3462 0.346 1058.159
+0.141 +0.066
4 24 2291.470 0.1643 0.341 1057.834
+0.205 +0.095
5 24 2291.917 0.1886 0.333 1058.027
+0.192 +0.089
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ics confirm the expectation of a highly symme-
tric resonance line shape. Line-asymmetry
corrections amount to only about 150 ppm of
the observed line centers, and are mainly due
to variation of the 25 -2P Stark matrix element
with magnetic field.

We accumulate line-center data by measur-
ing fractional quenching at the upper and low-
er 2 points of the resonance line. Measured
line slopes are used to calculate equalized
quenching values. Table I shows data for five
independent runs. Subtracting various line-
center shifts, we quote a weighted average
corrected line center for the H(538) resonance:

HC=2291.62710.229 kHz, (1)

in units of proton nmr frequency in a water
sample. From H; we calculate a value of §,
as

8=1058.04+0.10 MHz, (2)

with precision about twice the standard devi-
ation of the mean of five independent runs.

This result is an improvement over the pre-
vious H(605) result because (1) it is based on
five rather than two high-precision runs; (2) line-
shape agreement with theory is substantially
improved; (3) we have corrected various mi-
nor errors,!® and have conducted a comprehen-
sive review of possible line-asymmetry effects.
In particular, we believe the calculated line-
center shifts in Table I are good to +20% (30
ppm in H) as an upper limit of error. Final-
ly, following a suggestion by Lamb, we have
investigated a previously unnoticed effect which
can shift the line center. If the beam is “tilted”
with respect to the axis of the Helmholtz coil,
then it experiences a motional electric field
which can asymmetrize the quenching,! there-
by causing a line-center shift. The observed
center Hp' shifts up or down depending on wheth-
er the beam-tilt field adds to or subtracts from
the applied quenching field. We can measure
this shift by comparing H¢' values for positive
and negative polarity of the applied quenching
field. Runs la and 1b were done in this way,
and exhibit the beam-tilt shift in an extreme
case. In all other runs, this shift was averaged
to zero by reversing the applied quenching field
polarity at 25 cps. We are not certain of the
size of this shift in the H(605) work, although
indirect evidence indicates it was not larger
than +0.05 MHz in 8.

Combining the H(605) and H(538) work, we

quote a value for the Lamb shift 8§ in H, #n =2,
as

8§=1058.05+0.10 MHz. 3)

The stated precision is more than twice the
standard deviation of the mean. We consider

it to be an upper limit of error. The agreement
between the H(605) and H(538) results to well
within this error establishes a consistent sys-
tematic difference of +0.28+0.14 MHz in 8§ be-
tween the present experiment and the Lamb
experiments, '?

Relevant details, especially concerning pos-
sible line-center shifts, will appear in a forth-
coming publication.
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crossing point A or B is small in our experiment, and
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For an interpretation of many measurements
on paraelectric impurities, such as OH™, CN~,
NO,~, and Li* in alkali halides,! it is impor-
tant to know the symmetry of the lattice imper-
fection created by the impurity. One of the
most direct methods of determining the sym-
metry is by sound velocity and absorption mea-
surements. The results of such studies on
Li* in KC1 are reported here.

For the inelastic properties, an “elastic di-
pole” can be defined (in analogy to the electric
dipole for the dielectric properties) which is
a measure of the elastic distortion of the lat-
tice produced by the lattice imperfection and
which is a second-rank tensor and can be rep-
resented by an ellipsoid (instead of a vector
as for the electric moment). For symmetry
reasons, the dipoles of the Lit (which forms
an electric dipole because it is displaced from
the center of the vacancy left by the replaced
K* ion) are ellipsoids of revolution with the

dipolar axis as axis of rotation. The stresses
resulting from an acoustic wave in a cubic crys-
tal can be represented by “symmetric compo-
nents” which reflect the symmetry of the crys-
tal.? One of these components is, e.g., the
hydrostatic pressure (0, +0,+0,) which is to-
tally symmetric (A1g representation). Each
of these stress components produces a strain
component of the same symmetry, related by
the corresponding elastic modulus (again writ-
ten in symmetric form). In the cubic crystal
there are 3 such moduli: C,,+2C,,, C, ~C,,,
and C,,.. The velocity of a wave of given direc-
tions of propagation and polarization can then
be expressed in terms of these constants; they
are given in Table I, column 3. Column 4 in-
dicates the irreducible representations involved.
The different symmeti\\ic stress components
interact with a defect depending on its symme-
try.2 For instance the Alg component (hydro-
static component) does not induce transitions

Table I. Interaction (indicated by “x”) of various ultrasonic stresses with defects of different symmetries in a
cubic host lattice. The velocity is expressed in terms of the appropriate moduli Cij and the density p. “Stress sym-
metry”’ indicates the representations of the cubic group according to which the components of the stress tensor for

a given acoustic mode transform.

Equilibrium orientation

Propagation Polarization Stress of the defect
direction direction Velocity symmetry (100) (11D (110)
[100] [100] {licyy t2Cyy) , Eg,A1g x x
+2(C 11—C 12)]/3/3}1 2
[100] [010] (Caa/PIV? Tog x x
[110] (001 (Caa/P)V? Tog x x
[110] (170] [(Cy—Cyp)/ 2011/ Eg x x
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