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Measurement of the Lamb Shift in Hydrogen, n =2
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A measurement based on the fast—atomic-beam separated—oscillatory-field method of
sub-natural-linewidth spectroscopy gives, for the Lamb shift in hydrogen, 8(n =2)
=1057.845(9) MHz. The result is not in good agreement with theory.

PACS numbers: 35.10.Fk, 32.70.Jz

The most precise tests of radiative corrections
to electromagnetic interactions are the electron’s
anomalous magnetic moment and the Lamb shift
in hydrogen. In spite of the long history of re-
finement of both of these tests, neither can now
be said to agree satisfactorily with the predic-
tions of QED. Recent improvements in the meas-
urement of the electron moment! and of the fine-
structure constant® reveal an apparent discrepan-
cy of 0.33(14) ppm between QED theory and ex-
periment for the anomalous electron moment.?
We report here an improved measurement of the
Lamb shift in hydrogen which is also in poor
agreement with QED predictions. Should these
discrepancies persist, they could be important
clues to the approximations inherent in our pres-

ent understanding of electromagnetic interactions.

In the measurement reported here, the sepa-
rated-oscillatory-field technique**® is used to
narrow the Lamb-shift resonance below its natu-
ral width of 100 MHz. A beam of fast hydrogen
atoms in the 225, ,(F =0) state is prepared by
charge exchange from a fast proton beam and
radiofrequency hyperfine-state selection tech-
niques. The beam passes through two separated,
coherent oscillatory fields and the surviving
number of metastable atoms is monitored by ob-
serving the Lyman-« photons emitted in Stark-
induced decay to the ground state. The fractional
quenching of the metastable beam by the sepa-
rated oscillatory fields is measured for relative
phases of 0° and 180° between the two fields.
When averaged, these two signals give a large
broad signal (@) whose width is determined by
the natural linewidth and the transit time through
the rf plates. The difference of the two signals
7= @(09 - @(180%] gives the interference signal,
whose width is determined by the transit time be-
tween the two regions. Measurements are made
in zero magnetic field and the resonance ob-
served by changing the frequency of the applied
rf field while keeping its amplitude constant.

Figure 1 shows a typical line profile for the
225, /o(F =0)-2%P, ,,(F =1) transition. For each

configuration line profiles are taken with (a) the
direction of propagation of the rf field in the in-
teraction region reversed, (b) the time order in
which the beam passed through the interaction
region reversed, and both (a) and (b). The aver-
age center for four such lines is free from shifts
due to the Doppler effect and rf phase errors.

The average of the four linescans is found to be
very symmetric; the raw data shows no asym-
metry larger than 0.1% of the peak-to-peak inter-
ference signal. Thus the line centers can be
determined by the method of symmetric points.
As a check for systematic effects, measurements
are made in eight different experimental configu-
rations which differed in beam velocity, plate
separation, and plate geometry. Table I lists the
eight configurations together with the sizes and
widths of the interference signals.

Table II summarizes the raw experimental cen-
ters and the corrections applied to obtain the
225, j,(F = 0)-22P, ,,(F =1) interval for each of the
eight configurations. The error in the raw center
is the larger of the internal error (inferred from
signal-measurement statistics) and the external
error (inferred from scatter of measured cen-
ters). The origin of the corrections is as follows:
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FIG. 1. Measured interference (I) and average quench-
ing (@) signals for configuration 4. The radius of the
plotted points is 100.
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TABLE I. A summary of the configurations in which data were taken. One independent re-

sult requires four line profiles.

Full width
at half Number of
Beam energy Plate spacing Peak-to-peak maximum independent
Configuration (keV) (cm) I signal (%) (MHz) results

1 55.1(1.1) 2.34 6.08 45 5
2 55.1(1.1) 3.30° 3.65 41 8
3 55.1(1.1) 3.30 2.95 38 4
4 55.1(1.1) 4.30 1.35 32 4
5 55.1(1.1) 5.08 0.66 29 4
6 106.8(2.1) 5.08 1.82 35 8
7 106.8(2.1) 6.62 0.64 28 6
8 106.8(2.1) 7.60 0.37 25 2

2For configuration 2, the inner diameter of the cylindrical pipe surrounding the rf-field

regions was increased from 3.81 to 5.08 cm.

(1) Time dilation. The resonance frequency
should be measured in the moving atom’s rest
frame.

(2) Bloch-Siegert and rf Stark shifts., The shifts
produced by the antiresonant 225, ,-2%P, , coupling
and nonresonant 22S,,,-2%P,;, coupling. The net
shift depends on plate spacing through a calculat-
ed geometrical factor.

(3) Plate coupling. The impedance of the rf
plates depends slightly on whether they are driven
with 0° or 180° relative phase.

(4) F=1. There are residual traces of the
225, /,(F =1) states.

(5) Incomplete @ subtraction. Systematic er-
rors in the control of relative rf power between
the 0° and 180° states may produce a small spuri-
ous signal.

(6) Off-axis distortion. Atoms traveling off-
axis through the plates see a nonuniform rf-field
polarity which leads to small shifts.

(7) rf-field slope. Laboratory calibration of
the rf electric field strength within the plates in-
dicates that, under experimental conditions, it
varies by AE/E =~ 0.08(7)%/(100 MHz).

The result for each configuration, corrected
for these seven effects, is shown in Table II in
the row labeled “Subtotal”’. The associated error
is the quadrature sum of random and systematic
errors. Several other potential sources of sys-
tematic error have been studied and found to be
negligible. These are overlapping resonances in
high-n states detected through cascades, stray
electric and magnetic fields, and coherent popu-
lation of S and P states.

Evidence for the presence of residual systema-
tic errors is given by a comparison of the centers
determined in the eight configurations. Their x?
is 14.3 for 7 degrees of freedom and the centers
correlate with the size of the interference signal.
Further evidence is found by studying the sym-
metry of the measured resonance signals, Al-
though theoretical studies indicate that after al-
lowance for small systematic effects both @ and
I should be symmetric about the same center,
this was not found to be the case. Figure 2(a)
shows the symmetric and antisymmetric parts of
the @ signal for configuration 6, taken about the
best center of the 7 signal for that configuration
(909.818 MHz). The data have been corrected to
remove expected asymmetries due to corrections
2, 4, and 6 in Table II. A small positive asym-
metry remains, as was found in all configurations.
Figure 2(b) shows the symmetric and antisym-
metric parts of the interference signal for the
same configuration about the same center fre-
quency, again corrected for expected asymmet-
ries. There is a small asymmetry in the region
of the minimum of the signal.

All three of these effects can be accounted for
by assuming that the rf electric field strength is
increasing across the line. The size of the ap-
parent increase may be determined independently
from each effect, giving 0.88(30)% /(100 MHz),
0.30(15)%/(100 MHz), and 0.45(15)%/(100 MHz),
respectively. Such an increase would seem to
contradict field calibration measurements, which
have an estimated precision of + 0.07%/(100 MHz),
due to uncertainty in National Bureau of Standards
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1) interval for each of the

0) — 22P; /,(F =

TABLE II. A summary of the raw experimental centers and the corrections applied to obtain the 2231/2(F

eight configurations.
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FIG. 2. (a) Symmetric and antisymmetric parts of @
for configuration 6 taken about 909.818 MHz, after cor-
rection for known systematic effects. (b) Symmetric
and antisymmetric parts of 7 for configuration 6 taken
about 909.818 MHz, after correction for know system-
atic effects.

standards for relative power measurement. It is
also possible that some other effect mimics an
error in the field calibration. Although our under-
standing of the physical origin of this effect is
not complete, we choose to apply an ad hoc cor-
rection to the data based on an assumed addition-
al increase of rf-field strength of +0.5(2)%/(100
MHz). This correction simultaneously brings the
centers from all eight configurations into agree-
ment and removes all asymmetries from both the
@ and 7 signals,

Table II shows the correction applied for this
additional field slope and the final determination
of the 225, ,(F =0) to 22P,,,(F =1) interval for each
configuration. To compute the final result we
combine the results from the 55-keV configura-
tions (1-5) and 107-keV configurations (6-8) sep-
arately, weighting the individual results accord-
ing to the inverse square of the total error shown
in the line labeled “Subtotal.” We assume that
each systematic error is completely correlated
between the different configurations, but that dif-
ferent systematic errors are mutually uncorrelat-
ed. The results for 55 and 107 keV are, respec-
tively,

U228, 4, (F =0)-22P, ,,(F =1)) =909.887(9) MHz,
U228, jo(F =0)-22P, 4, (F =1))=909.886(11) MHz.

The additional rf-field—slope correction contrib-
utes —0.014(5) and — 0,004(2) MHz to the results
at 55 and 107 keV, respectively.

A straight average of these results gives

U223, ;,(F =0) - 22P, ,,(F =1)) =909.887(9) MHz,
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with a random error of + 0.004 MHz and a sys-
tematic error of + 0,008 MHz. Correcting for the
known hyperfine structure of the 225, ,, and 2°P, ),
states, the Lamb-shift interval is found to be

8(H,n =2) =909.887(9) +147,958 MHz
=1057.845(9) MHz.

This result is in good agreement with previous
measurements of Lamb ef al. [1057.77(6) MHz®*"
and Robiscoe et al. [1057.90(6) MHz],”* ® and with
the more recent measurement of Newton, An-
drews, and Unsworth [1057.862(20) MHz].°® The
disagreement with our own preliminary result
[1057.892(20) MHz)® can be accounted for by sta-
tistics and by systematic corrections 3 and 8 in
Table II which were unknown to us at that time.

The predictions of QED for the Lamb-shift in-
terval have been evaluated most precisely by
Erickson'® and Mohr'!; when modified to reflect
recent redeterminations of the proton rms charge
radius [7, =0.862(12) fm},?? their results are, re-
spectively,

8(n =2) = 1057.930(10),
S theor = Sexpt =0.085(13);
8(n =2) =1057.884(13),
S theor =S expt =0.039(16).

Neither result is in good agreement with experi-
ment. Further improvement in the experimental

precision to the level of + 0.001 MHz appears fea-
sible with the technique used here.
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