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The separated oscillatory field technique was used with a 120-keV *He* beam to make a zero-
magnetic-field measurement of the n=4 Lamb-shift interval in *He*. Excited ‘He* ions were
created by collisions in a cell filled with N, gas. The 425, ,, state population was monitored by ob-
serving its decay to the 2 2P state with a large solid-angle NO photoionization detector. The n =4 to
2 light (121.5 nm) decreased when the microwave field induced transitions from the 425, to the
42p,,, state. The value obtained for the Lamb shift was 1769.16+0.84 MHz. This result agrees
satisfactorily with previous measurements and with the theoretical value for this interval. The ex-
perimental uncertainty is dominated by systematic effects attributed to the presence of overlapping

cascade signals.

I. INTRODUCTION

Measurements of the Lamb shift of hydrogenic ions
provide sensitive low-energy tests of quantum electro-
dynamics (QED). The most precise Lamb-shift measure-
ments to date have been made in hydrogen'~* where the
sub-10-ppm experimental precision is comparable to the 4
ppm uncertainty in the theoretical value due to the error
in the experimental value for the proton radius used to
calculate the correction due to the finite nuclear size.’~’
Improvements in the measurement of the proton charge
radius are required to reduce the uncertainty in the finite
nuclear size contribution and to improve substantially the
sensitivity of measurements of the hydrogen Lamb shift
as tests of QED.

Even though substantial improvements in the measure-
ments of the proton charge radius are not expected in the
near future, the charge radius of the “He* nucleus has
been determined more than an order of magnitude more
precisely than the charge radius of the proton. From
measurements of the 22S,,,-2?P;,, interval in muonic
helium, the charge radius of the a particle has been deter-
mined to be 1.673(1) fm.%® This agrees with the less pre-
cise, but direct, electron scattering measurement of
1.674(12) fm.!° Because of the precise determination of
the “He* nuclear charge radius, the finite nuclear size
contribution to the uncertainty in “He* Lamb-shift calcu-
lation is negligible. “Het Lamb-shift measurements po-
tentially provide, therefore, especially sensitive tests of the
QED calculations.

The most precise calculations of Lamb-shift intervals
with different Z (nuclear charge) have been made by
Erickson® and Mohr.% The two calculations differ in their
estimates of the higher-order binding corrections to the
self energy of the electron. Recently Sapirstein’ has re-
ported a calculation of the electron higher-order self-
energy corrections for the ls state of hydrogen which is
reasonably consistent with Mohr’s result for hydrogen.
While the Lamb-shift interval scales approximately as Z*,
the Erickson-Mohr difference scales approximately as Z°.
High-Z measurements in general, and helium compared
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to hydrogen in particular, therefore offer an enhanced
sensitivity for determining the correctness of these calcu-
lations.

Figure 1 compares hydrogen and helium Lamb shifts in
the categories discussed above and in the experimental
precision of the measurements. The best “He* Lamb-
shift measurements!'~!* to date are a factor of 10 less
precise than the hydrogen measurements and are unable to
take advantage of their sensitivity for testing QED. The
possibilities offered by helium for sensitively testing QED
and the need for a He* Lamb-shift measurement with
greater experimental precision have motivated the Lamb-
shift measurement in helium using the fast beam, separat-
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FIG.1. Comparison of helium and hydrogen Lamb shifts.
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ed oscillatory field technique which is the subject of this
paper. This technique was used previously in this labora-
tory to make precise fine-structure measurements in hy-
drogen."'*~!7 The n =4 2S,,,-2P,;, Lamb shift was
chosen as an experimentally convenient Lamb-shift inter-
val to measure using this technique.

Table I lists the most precise experimental determina-
tions'®~2° and theoretical calculations™® of the n =4
28, ,,-*P/, Lamb shift in “He*. The theoretical values
have been updated by using the precise muonic helium
determination of the *He* nuclear charge radius.” Mohr
has only evaluated Lamb-shift intervals for n =1,2. An
estimate of what Mohr’s value for the n =4 Het Lamb-
shift interval would be has been obtained by multiplying
Mohr’s n =2 He* Lamb shift by the ratio of Erickson’s
n =4 and n =2 He' Lamb shifts. This assumes that the
ratio of the Erickson-Mohr difference, divided by the
Lamb shift, does not change with n. This ratio does, in
fact, increase slightly from n =1 to n =2 in hydrogen.?!
The more precise indirect determinations were obtained
by subtracting the measured n =4 %S, ,-’P;,, interval
from the total fine-structure interval v(42P;,,-4?P,,)
=21949.124(41) MHz.> All the experimental determina-
tions listed in Table I agree with the theoretical calcula-
tions. For a complete list of the many other, less precise
n =4 He™ Lamb-shift measurements, see Ref. 22.

The precision of the experimental n =4 He* Lamb
shifts is disappointingly behind that of the theoretical cal-
culations. The best direct experimental determination is
only a 1130-ppm measurement. A major systematic prob-
lem common to most of the n =4 He™ measurements has
been contributions to the Lamb-shift resonance signal due
to overlapping transitions in higher-n states. A technique
to identify and account for cascade contributions was
developed in this experiment and is described in Sec. II
along with the rest of the experimental method and ap-
paratus. Section III discusses the data collection pro-
cedure. Section IV gives the analysis of the data along
with a discussion of the systematic corrections to the ex-
perimental line center. Section V compares the result of
this measurement with the previous measurements and
theoretical calculations.

II. EXPERIMENTAL METHOD AND APPARATUS

Figure 2 shows the energy-level diagram for the n =4
manifold of “He™ together with the lifetimes of the dif-
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FIG. 2. Energy splittings (MHz) and lifetimes (ns) in the
n =4,5 manifolds of “He*.

ferent levels. The short, 0.78-nsec lifetime of the 42P,
states produces a natural linewidth for the 428, ,-42P, ,,
transition of 200 MHz and a line Q of less than 10. In
this experiment, a fast atomic beam and two separated
microwave spectroscopy regions”!>2* were used to obtain
subnatural linewidths for this transition.

. Figure 3 gives a sketch of the experimental layout. A
magnetically analyzed beam of 120-keV He* ions from a
small, commercially built accelerator was directed
through a short, 4-cm-long cell filled with nitrogen gas at
10—40 mTorr pressure. Excited He™ ions were created in
collisions of the fast Het beam with N, gas molecules.
The 42P He* ions decayed almost immediately after be-
ing created and traveled on the average less than 2 mm
down the beam line. After passing through a vacuum
baffle isolating the excitation cell from the rest of the vac-
uum system, the Het ions passed through a K-band
waveguide cavity and entered the separated oscillatory
field (SOF) region. The SOF region consisted of identical,
0.7-cm-wide, rectangular 50-€) coaxial transmission lines
separated by a small distance (typically 0.00, 0.32, or 0.64
cm). After the SOF spectroscopy region, the 425 ,, level

TABLE 1. Most precise experimental and theoretical determinations of the n =4 He* Lamb shift.

Experimental Theoretical

values (MHz) Method Reference values (MHz) Reference
1769(2) direct, bottle 18 1769.132(46)° 5
1768(5) direct, bottle 19 1768.789(46)>° 6
1768.5(0.8)* indirect, bottle 20

1769.4(1.2)2 indirect, bottle 18

2The indirect values were obtained by subtracting the measured 42P;,,-42S, interval from v(42P; ,-

42P,,,)=21949.124(41) MHz.

*Adjusted using 1.673(1) fm as the He* rms nuclear charge radius.
“Mohr’s n =4 value was estimated by multiplying his n» =2 Lamb shift by the ratio of Erickson’s n =4
and n =2 values. Erickson’s uncertainty was assigned to this value.
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FIG. 3. The experimental layout.

population was monitored by observing its decay (121.5
nm) to the 22P state with a large solid angle vacuum ultra-
violet photmomzatmn detector.

By applying microwave power near the n =4 %S -
P1 ,2 resonance frequency to the SOF region, some of the
428, ,» state population was transferred to the short lived
4%p, ,2 state, resulting in a decrease in the 4 s, ,2 state
population and in the output in the photodetector. The 0°
and 180° quenching signals are defined to be the percent
change in the output of the photodetector when the phase
difference between the microwave field in the two SOF re-
gions is 0° and 180°, respectively. Specifically,

SO=(Noff_NO)/chf
(1)
SISO (Noff N18O)/Noff

where N is the output of the photodetector normalized to
the beam intensity as monitored by the Faraday cup at the
end of the beam line. The average quench signal, Q is de-
fined to be the average of S° and S'; the interference
signal, I, is defined to be the difference between S° and
180°

0=(S0451% /2,
2)

I=5°_gs1%

The line profiles of the interference and average quench
signal were observed in zero magnetic field by sweeping
the frequency of the applied microwave field.

While the width of the average quench signal is deter-
mined by the natural linewidth and the transit time
through one of the SOF regions, the width of the interfer-
ence signal is determined by the transit time between the
two SOF regions.!>?* For transit times greater than the
lifetime of the 4P state, the interference signal linewidth
is smaller than the natural linewidth. In addition the in-
terference signal size decreases exponentially with the
separation between the SOF regions. If the determination
of the resonance signal line center is limited by signal-to-
noise ratio, very little is gained by separating the two SOF
regions. The experiment, however, like many precision
experiments, is not limited by signal-to-noise ratio, but by
systematic effects. At the expense of some loss of signal-
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to-noise ratio, the interference signal minimizes many
known systematic errors and provides experimental means
for the investigation of other systematic effects. For in-
stance, the interference signal line center is much less sen-
sitive than the quench signal line center to a change in the
microwave power as a function of frequency across the
line. Reference 24 discusses the advantages of subnatural
linewidth techniques in reducing systematic effects.

Because the 42S,, state is not metastable (14.4 nsec
lifetime) and states with n >4 are excited in the excitation
cell, the experiment was carried out in the presence of cas-
cading light from states with n >4. Figure 2 shows that
the n =5 J = ><>~ transitions at 1.87 GHz are only 100
MHz away from the n =4 Lamb-shift transition. Since
the 5F state has a detectability of 0.27 in » =4 to 2 light
and a lifetime of 8.8 ns, these transitions contribute sig-
nificantly to the unquenched resonance signal. To isolate
these and other possible overlapping transitions from the
n =4 Lamb-shift resonance, an additional microwave re-
gion consisting of a waveguide cavity resonant at 20.180
GHz was used before the SOF region to quench the
42%S,,, states by driving the 42S,,—42P;,, transition.
This made possible the observation of any contributions
due to overlapping transitions in higher n states which
could then be subtracted from the Lamb-shift signal.
Wlth no quenching of the 43S, states, let I ,,q,an, and
N ﬁq, respectively, be the interference signal, average
quench signal, and the beam normalized photodetector
output with no microwave power applied to the SOF spec-
troscopy region. Slmllarly let I Qq, and N, f be the
same quantities with the 425/, states quenched by the 20
GHz quenching cavity. The subtracted interference and
quench signals are defined by

Isub _Inq — (Noff/Noff)
(3)

Osur=0nq — N°“/N°ff)Q,, )

If the unquenched signals are the sum of the Lamb shift
and cascade signals and the 20 GHz field does not affect
the populations of those n >4 states which contribute to
the cascade signals, then I, and Q,,, are free of cascade
contributions.

Figure 4 gives an example of interference signal data
taken with 0.32 cm separation between the SOF interac-
tion regions. The contribution of n >4 overlapping tran-
sitions is approximately 8% of the n =4 Lamb-shift con-
tribution and produces a 2 MHz upshift in the resonance
line center of the unquenched Lamb-shift signal. The
quenched interference signal is centered approxnmately at
1870 MHz. This is consistent with the n =5 J =3+
transitions being the major cascade contribution to the un-
quenched interference signal. Because of the large cas-
cade contributions to the unquenched interference signal,
the subtraction technique must work well to make a pre-
cision measurement of the Lamb shift.

Details of the experimental apparatus and its construc-
tion are given in Ref. 25. Since the experiment was done
in zero magnetic field by varying the frequency applied to
the SOF spectroscopy region, the SOF microwave system
was a critical component of the experiment. Precision mi-
crowave components were used for all parts of the SOF
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FIG. 4. Raw unquenched (X ), quenched (@), and subtracted
(O) interference data for a SOF separation of 0.32 cm and mi-
crowave power of 0.312 W per region. For these data Ng/N ¥
was 0.551. The line is drawn through the subtracted interfer-
ence data.

microwave spectroscopy system. By carefully measuring
the reflection coefficients and attenuation of the individu-
al components, the relative power sampled by the ions in
the center of the interaction region was determined to
+0.9% across the 300 MHz bandwidth used in the exper-
iment.

The large solid angle Lyman-a (121.5-nm) detector con-
sisted of six NO photoionization chambers with rectangu-
lar MgF, windows which totally surrounded the beam.
Details of the construction and operation of the detector
are given in Refs. 25 and 26. The detector was operated
in the proportional mode with the external housing at
negative voltage and the collection electrodes at ground.
Typically the detector was operated with a gain of 10 to
50. The average fractional solid angle subtended by the
photodetector over its 3.5 cm length was greater than
0.55. The combined detection efficiency resulting from
the 2-mm MgF, window transmission and the NO pho-
toionization quantum efficiency was estimated to be 35%.
Consequently the overall detection efficiency for Lyman-
a photons was approximately 20% over the 3.5 cm length
of the detector. The high detection efficiency of the large
solid-angle detector compensated for the rapid loss of 4s
states due to the short 4s state lifetime and provided the
signal-to-noise ratio necessary to make a precision mea-
surement.

The cavity used to quench the 4s states was constructed
from a shorted section of WR-42 waveguide. The cavity
was resonant at 20.180 GHz with a Q of approximately
. 2000. Microwave power was supplied by a Raytheon
2K33 klystron electronically locked to the resonant fre-
quency of the cavity.

Three oil diffusion pumps were used to produce a vacu-
um of better than 1.0 10~ Torr in the beam line outside
the excitation cell chamber. Liquid-nitrogen traps were
used to minimize backstreaming of diffusion pump oil
into the beam line. The beam line was constructed out of
nonmagnetic materials to minimize unwanted magnetic
fields. Three pairs of orthogonal Helmholtz coils were

used to cancel the earth’s magnetic field to less than 30
mG over the spectroscopy region.

III. DATA COLLECTION PROCEDURE

Because of the modulations and drifts in the beam in-
tensity, data were taken by rapidly switching the SOF
fields between the 0°, off, 180°, and off states. ‘Each state
of the microwave field was 48 msec long. A sequence of
the four states listed above was a cycle. One point was
500 cycles long. The photodetector output, the Faraday-
cup output, and the power monitoring diode voltage were
fed into three voltage to frequency converters (VFC). The
output pulses of the VFC’s were fed into a system of syn-
chronous counters. Each counter corresponded to a par-
ticular signal (photodetector output, beam current, or mi-
crowave power) and counted during a particular rf state.
At the end of a point, a minicomputer read the counters
and calculated the interference and quench signals accord-
ing to Egs. (1) and (2) with additional corrections for
drifts in microwave power.”> Three identical points were
taken and the average and standard deviation of the aver-
age were calculated. At a given frequency, a set of three
points without quenching of the 425, ,, states was taken
followed by a set of three points with quenching of the
428, ,2 states (or vice versa). The subtracted signals were
then calculated from Eq. (3) using the group averages of
the quenched and unquenched signals. The ratio
(N;’ff/ N ﬁgf) of the beam normalized photodetector outputs
with and without quenching of the 425, states varied by
less than 0.5% over a period of several hours. Conse-
quently errors in the subtracted signals due to drifts in
(N;ff/N ,’}ff) over the 15 min of data taking time needed to
obtain the two groups of quenched and unquenched data
were negligible.

In general, data were taken at many frequencies in
groups or runs characterized by the type of data and the
experimental conditions during the time period of the run.
Data used in the calculation of the interference signal raw
centers were taken in frequency pairs of nominally equal
interference signal height, typically centered about 1769
MHz. A symmetric point line center was calculated for
each pair of frequencies as described in the next section.
Figure 4 shows, typical interference signal symmetric
point data.

After a symmetric point data run was made, the direc-
tion of propagation of the microwave field was reversed in
the SOF region. This canceled any first-order Doppler -
shift due to a slight deviation of the ion beam and SOF
spectroscopy region from being perpendicular. After a
Doppler-reversed pair of runs was obtained, the vacuum
system was opened and the time order of the SOF interac-
tion regions were reversed. Two Doppler reversed runs
were taken with the reversed time order of the SOF in-
teraction regions. The average of all four runs is free of
first-order Doppler shifts and first-order phase errors be-
tween the two SOF transmission lines.

Data were taken with different microwave power levels
of the SOF fields and with different separations of the
SOF interaction regions. A variation of the SOF mi-
crowave power provided information on the total ac Stark
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TABLE II. Summary of the configurations at which data were taken and the characteristics of the

interference signals.

Normalized I,*

Separation 1,4 size peak height (%) Iy size I, width
(cm) Power  peak height (%) at 1869 peak height (%) (FWHM, MHz)
0.00 high 10.5 0.7 10.3 204
0.00 medium 4.8 1.1 4.6 193
0.00 low 1.4 0.4 1.4 189
0.32 high 4.0 0.3 4.4 135
0.32 medium 14 0.6 2.0 127
0.64 high 1.7 0.5 2.1 102
2.29 high 0.41 0.38 0.063 41.5
2.92 high 0.26 0.23 0.041 34.3

*The normalized I, is given by (NS /NI,

shift. In addition, the n >4 overlapping transitions were
saturated and contributed more significantly to the un-
quenched signal at low SOF microwave powers. Conse-
quently, changing the SOF microwave power also provid-
ed a test of the subtraction technique. Changing the
separation of the SOF interaction regions changed the
width of the interference signal and permitted the investi-
gation of a variety of systematic effects. Changing the
separation also changed the relative sizes of the Lamb
shift and overlapping transitions and therefore served as a
test of the subtraction technique. If the separation is
several times the mean distance which the 42P;,, state
survives, the n =4 Lamb-shift signal will be essentially
zero and I, and I, only differ by the normalization fac-
tor (N,;’ff/N ﬁg). The presence of a nonzero interference
signal in Iy at wide separations would indicate a failure
of the subtraction technique.

Table II gives a summary of the interference symmetric
point data in this experiment. Data were taken at three
narrow separations, 0.00, 0.32, 0.64 cm, and three dif-
ferent power levels. The high-, medium-, and low-power
levels were in an approximate ratio of 12:4:1 with 1.03 W
per interaction region as the power used for the high-
power level. Wide separation data were taken at two
separations but only at the high-power level.

IV. ANALYSIS OF THE DATA

The object of the data analysis is to extract from the
measured line profile a value for the frequency of the
428,,,-42P,,, Lamb-shift transition. One approach to
doing this is to generate a theoretical simulation of the ex-
perimental line shape and fit the theoretical simulation to
the experimental data with the Lamb-shift transition fre-
quency as one of the free parameters. Theoretical simula-
tions of the line shape were done and are described later.
The complicated nature of the simulations and the
lengthy computer time required to generate them preclud-
ed using the simulations as a fitting function for the data.
The characteristics of the theoretical line shape were stud-
ied and an algorithm for determining the line center was
developed.

Because there is no hyperfine structure, all electric di-
pole transitions in the 42S,,,-42P;,, manifold have the

same frequency. If states outside the 43S, ,,-4 2P, s, mani-
fold are neglected and the rotating-wave approximation is
used, it can be shown that for the SOF spectroscopy fields
used in this experiment, the experimental line shape is
symmetric about the » =4 Lamb-shift transition frequen-
cy.?> The first-order effects of the counter rotating com-
ponent and of states outside the 43S, /,-4 P, , manifold
are small shifts in the line center. These shifts are, respec-
tively, the Bloch-Siegert and ac Stark shifts. Computer
simulations showed that any asymmetries introduced by
higher-order effects can, for the purposes of this experi-
ment, be neglected.

With the above symmetry property of the line shape,
the following procedure can be used to determine the
Lamb-shift transition frequency. For each pair of sym-

metric point frequencies Ft,F~ and signals

I(F*),I(F~), the symmetric point center F, is defined by
_y, IFH)-I(F")

Fo=3(Ft4+F )4 ————" @)
e I'(F~)—I'(F*)

where I'(F) is the derivative of the interference signal I
with respect to the frequency F. If the interference signal
is asymmetric, F, will depend on the choice of the sym-
metric point frequencies. The symmetric points method
provides, therefore, an efficient means of determining
both the symmetry and the line center of the interference
signal. If the interference signal is symmetric, the Lamb-
shift transition frequency can be determined by correcting
the symmetric points line center for the Bloch-Siegert and
ac Stark shifts and any other known systematic shifts.
Due to imperfections in the microwave system, the mi-
crowave power varied over the line profile and through
the dependence of the signals on the power introduced an
apparent asymmetry. Before the symmetric point method
could be used it was necessary to correct the signals to
what they would be for a constant microwave field at the
beam. Two methods were employed to determine the
variation of the microwave power across the line profile.
As mentioned previously standard microwave measure-
ment techniques were used to determine the relative mi-
crowave power to +£0.9% over a 300 MHz bandwidth
centered at 1769 MHz. The average quench signal, Oy,
was used as an independent check of this calibration. The
average quench signal was very broad, [full width at half



maximum (FWHM) =600 MHz] and had no structure

over the region used to measure the interference signal.

. The power dependence of the average quench signal
was modeled with a power law

Q—sub “Pﬂ » (5)

where P is the average power in the two interaction re-
gions and S is a slowly varying function of frequency and
power. B was measured experimentally for all the fre-
quencies in each narrow separation configuration. Values
for B determined from the simulations agreed with the ex-
perimentally determined values to better than 3%. To
first order the relative power difference [(P*—P~)/P,),
where PY*=P(F*), P~ =P(F~), and P, is the nominal
power for the experimental configuration, is given by
Pr—P~ 1 QuFH—Cu(F) ©
Py B [Qsuo(F¥)+Quup(F7)]/2

The relative power asymmetry was calculated from Eq.
(6) for all the narrow separation configurations and aver-
aged. The result is given in Fig. 5 along with the mi-
crowave derived power asymmetry. The two calibrations
differ. By adding a 1% per 100 MHz sloping background
to the microwave measurement derived calibration, the
two power asymmetries can be made to agree.

This discrepancy between the two calibrations was not
resolved. By defining and measuring a local power law
for the interference signal similar to Eq. (5), power asym-
metry corrections for the interference signal can be calcu-
lated for both power calibrations. This was done for all
the narrow separation configurations. Within the uncer-
tainties of the calculation, the quench signal derived
power calibration removes the raw interference signal
asymmetries in all 6 narrow separation configurations.
The microwave measurement derived power calibration
does not. The removal of the interference signal asym-
metries in all 6 narrow separations is compelling evidence
for the correctness of the quench signal derived power
calibration. Consequently it was assumed to be the
correct power calibration. Table III gives the raw sym-
metric points centers for the 0.00 cm, high-power configu-
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FIG. 5. Comparison of the microwave measurement (O) and
the quench signal (X ) derived power asymmetries.
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TABLE III. The raw and corrected symmetric point centers
for the 0.00 cm, high-power configuration.

Raw? Power Corrected
F~—,F* (MHz) centers (MHz) correction (MHz) center (MHz)
1719,1819 71.462(60) —0.995(163) 70.467(174)
1694, 1844 71.365(53) —0.604(93) 70.761(107)
1674, 1864 71.029(57) —0.344(59) 70.685(82)
1669, 1869 70.906(53) —0.282(51) 70.624(74)
1644, 1894 70.648(67) —0.006(20) 70.624(70)

2The raw centers are the averages of two complete sets of four
runs.

ration calculated using the quench signal derived power
corrections. The average of the symmetric power correct-
ed centers for each narrow separation configuration is
given in Table IV.

Computer simulations of the experimental line shape
were used to calculate the Bloch-Siegert and ac Stark
shifts. The electric field inside the SOF rectangular coax-
ial transmission lines was calculated by solving Laplace’s
equation on a 240 240 grid by a relaxation method. Due
to the small size of the rectangular transmission line, the
electric field magnitude and polarization vary consider-
ably over the 0.25 cm beam height. Averages over the ion
trajectory height of the simulations were done for dif-
ferent overall beam center heights and diameters. Good
agreement between the averaged simulations and the ex-
perimental line shape was obtained for the experimentally
expected beam of 0.25 cm diameter centered 0.15 cm
above the lower boundary of the rectangular coaxial
transmission line.

In the simulations, the SOF evolution operator was ap-
proximated by a product of constant field evolution
operators. The Bloch-Siegert shift was calculated by sub-
stituting the appropriate first-order shift of the counter
rotating term in each constant field evolution operator.?®
The resultant shift of the simulated signal was calculated
at several symmetric point pairs on the line. This Bloch-
Siegert shift calculation was checked by performing a full
integration of the Schrédinger equation including the
counter-rotating term. The full simulations were averaged
over entry phases of every 20° in addition to the average
over the trajectory height. The agreement between the
first order and full simulation results for the interference
signal Bloch-Siegert shifts were better than 5% for the
large shifts at the high-power level. The ac Stark shift
was calculated by including the appropriate first-order
shifts due to couplings with the 4 2P, , states in each con-
stant field evolution operator of the simulations. The ac
Stark shift and the Bloch-Siegert shift have opposite
signs. Table IV gives the calculated total shift (the com-
bined Bloch-Siegert and ac Stark shift). The sources of
the quoted uncertainty are the 0.17 mm uncertainty in the
beam position, the 5% uncertainty in the absolute power,
and the difference between the first order and full Bloch-
Siegert calculations. The uncertainty in the beam position
is the dominant source of uncertainty for the large, high-
power configuration.

Because of time dilation, the frequency in the rest
frame of the moving ion is different from the laboratory
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TABLE IV. Summary of the corrected interference signal centers. (All entries are in MHz.)
Power Power ac Detector Beam Final
corrected Statistical correction Stark nonlinearity shift corrected

Configuration Power center® uncertainty  uncertainties shift uncertainties  uncertainties center®
0 cm high 70.635 0.026 0.091 1.693(210) 0.025 0.26 68.94(0.35)
0 cm medium 69.696 0.038 0.145 0.590(70) 0.080 0.44 69.11(0.48)
0 cm low 70.062 0.110 0.181 0.154(41) 0.090
0.32 cm high 70.967 0.030 0.061 1.094(120) 0.015 1.01 69.87(1.02)
0.32 cm medium 69.977 0.053 0.126 0.386(48) 0.065 0.76 69.59(0.78)
0.64 cm high 69.093 0.062 0.055 0.767(94) 0.042 0.13 68.33(0.19)

Minus 1700 MHz.

frequency. The correction to be added to the frequency
measured in the laboratory frame is given by

Tw/elfo,

where f, is the measured frequency. With the measured
121.3(6.3)-keV energy of the beam, the time dilation shift
is 0.115(6) MHz. Because this correction is identical for
all configurations, it is applied at the end of this section.
The 30-mG residual magnetic field of the earth and stray
electric fields can shift the Lamb-shift transition frequen-
cy. Sources of electric fields are the space charge of the
ion beam and the build-up of charge on insulating sur-
faces. Consideration of these shifts is given in Ref. 25
where they are shown to be less than 5 kHz. This is much
less than other uncertainties and can be neglected. A non-
linearity of the photodetector would produce an error in
the subtraction of the quenched from the unquenched sig-
nal. A test of the photodetector provided an upper bound
for the nonlinearity. With this upper bound it is estimat-
ed that at most 1% of the normalized quench signal could
still be present in I y. The effect of a 1% admixture of
(N;ﬁ/N ?,flf M, in Iy, is calculated for all the narrow
separation configurations and listed as an uncertainty in
Table IV. Systematic errors in the relative power between
the 0° and 180° states could produce a small spurious sig-
nal. This spurious signal is known as the incomplete Q
subtraction (IQS) because it results from an incomplete
subtraction of the 0° and 180° quench curves. From the
microwave measurements, an estimate of its size can be
obtained. The estimate indicated the IQS signal was less
than the noise in most of the data and produced a max-
imum shift in the 0.64 cm configuration of less than 5
kHz. This shift can be neglected. In addition, no IQS
contribution was observed at the wide-separation configu-
rations.

To determine the degree with which the subtraction
technique was correcting for overlapping transitions in
higher n states observed through cascades, data were col-
lected with the two microwave fields separated by 2.29
and 2.92 cm. The simulations indicated that the subtract-
ed n =4 Lamb-shift signals should be, respectively,
0.015% and 0.003%. Figure 6 shows the experimental
signals for the widely separated oscillatory fields. The
measured signal sizes of 0.063% and 0.041%, respective-
ly, are much larger than expected and indicate a failure of
the subtraction technique. In addition the subtracted

wide-separation signals are not simply a fractional multi-
ple of the quenched or unquenched data. Simulations
showed that due to the large matrix elements of the poten-
tial n >5 cascade transitions, coupling strengths at the
high-power level were large enough to produce non-
negligible cascade interference signals over 1 GHz away
from the cascade transition center frequency. The phase
and period of these highly saturated interference signals
depended on the microwave power and the distance from
the transition center frequency. Because of the complexi-
ty of the saturated, high n interference signals, it was not
possible to determine on which cascade transition(s) the
subtraction technique failed.

In the course of taking data, it was discovered that the
line center of the interference signal depended on the mag-
nitude of the beam current. To investigate this effect,
several reduced beam current runs at 2 4 A (one-third the
normal 6 4 A beam current) were taken at each experimen-
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FIG. 6. Wide-separation, high-power, subtracted interference
signal at (a) 2.29 and (b) 2.92 cm separation.
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tal configuration except the 0.00 cm, low-power configu-
ration. For a given symmetric point pair, the measured
shifts (beam shifts) of the symmetric points line center
were equal within the statistics of the measurement. In
addition, the beam shifts for all the symmetric points
pairs in a given experimental configuration were equal to
within the statistics of the measurement. The beam shift
was simply a shift of the interference signal line center.
The size of the beam shift, though, depended strongly on
the experimental configuration.

By investigation of the differences between the high and
low beam quenched, unquenched, and subtracted interfer-
ences signals, the possibility of a Stark shift of the n =4
Lamb shift was ruled out. One explanation of the beam
shift assumes that some of the overlapping cascade signals
are not fully subtracted and enter I,,. For n>6, the
space charge of a 6 uA beam of 0.25 cm diameter signifi-
cantly mixes opposite parity states with the same total an-
gular momentum. Lowering the beam current reduces the
space charge field and decreases the mixing of these high
n states. This will change their cascade contribution to
I,,. If the subtraction is not completely working, the
high n, cascade contribution to I, will also be changed.
This will give beam shifts which depend on the shape of
the cascade signal and therefore depend on the experimen-
tal configuration. Given the evidence in the wide-
separation data that the subtraction technique is failing,
the above hypothesis for the beam shift is reasonable.

In the hypothesis discussed in the previous paragraph,
the natural inclination to extrapolate to zero-beam current
could give the incorrect answer. If the beam shift is due
to a failure of the subtraction technique, a proper analysis
of the data would use the high-beam symmetric point
centers and calculate the effect of the subtraction failure
from the wide-separation data. It is not possible to deter-
mine whether the above hypothesis for the beam shift is
entirely correct. To account for the incompleteness in the
understanding of the beam shift, in each experimental
configuration a beam shift uncertainty equal to the differ-
ence in the high- and low-beam current centers is assigned
to the interference signal line center. Table IV lists the
beam shifts as uncertainties in the line center. The
corrected centers including the beam shift uncertainties
are given in the last column of Table IV.

Because the exact cause of the subtraction failure was

not determined, the Lamb-shift transition frequency was
determined from the narrow configuration line centers
without explicitly correcting each line center for the sub-
traction failure. The effect of the incompletely subtracted

_ (residual) cascade signal on a narrow separation interfer-

ence line center depends on the size of the residual signal
and its phase at the n =4 Lamb-shift transition frequency
(1769 MHz). Because the phase of the residual signal at
1769 MHz depends on the separation between the plates,
the 0.00, 0.32, and 0.64 cm separation line centers contain
different residual signal contributions of possibly opposite
sign. The different residual signal contributions will tend
to cancel in the average of the line centers, resulting in a
smaller contribution of the residual signal to the average
line center. It is estimated that the uncertainty produced
by the residual signal contribution to the average of the
narrow separation high-power line centers is 0.56 MHz.2
Because no wide-separation data were taken with medium
or low power, the uncertainty produced by the residual
signal contribution when the medium- and low-power
narrow-separation line centers are included in the average
could not be estimated. Consequently only the high-
power narrow-separation line centers were used to deter-
mine the Lamb-shift transition frequency. From Table
1V, the average of the high-power narrow-separation line
centers is 1769.05(0.63) MHz. When this value is correct-
ed for the 0.115(6) MHz time dilation correction and the
0.56 MHz subtraction failure uncertainty is included, the
final value for the “He*42S ,,-42 P, ;, Lamb shift is

(428, ,-4?P, ;,)=1769.16(0.84) MHz .

V. CONCLUSIONS

The final value for the Lamb shift is in good agreement
with the previous experimental determinations and the
theoretical values for this interval (see Table I). This mea-
surement is more precise than the two previous direct ex-
perimental determinations of this interval and is compar-
able in precision to the two indirect measurements. Un-
fortunately, the precision of the measurement is not good
enough to test sensitively the theoretical calculations.
Both the Erickson and Mohr value of 1769.13 and
1768.19 MHz lie well within the uncertainty of this exper-
iment.

TABLE V. Summary of the uncertainties in the Lamb-shift measurement. (All frequencies are in MHz.)

Power ac Detector Beam Subtraction
Line Statistical correction Stark shift nonlinearity shift failure
Configuration center® uncertainties uncertainties uncertainties uncertainties uncertainties uncertainties
0 cm,high 68.94 0.026 0.091 0.210 0.025 0.26
0.32 cm, high 69.87 0.030 0.061 0.120 0.015 1.01
0.64 cm, high 68.33 0.063 0.055 0.094 0.042 0.13
69.05 0.025 0.071 0.150 0.030 0.607 0.56

*With 0.115(6) MHz for time dilation, the final value for the 4 *P, /,-4 2P, ;, Lamb-shift interval is 1769.16(0.84) MHz.
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Table V summarizes the uncertainties of the Lamb-shift
measurement. The beam shift and subtraction failure
dominates the total uncertainty. An understanding of the
beam shift and subtraction failure would reduce the un-
certainty of the experiment to 0.17 MHz (100 ppm). By
constructing better SOF interaction regions, the ac Stark
shift and power correction uncertainty can be reduced by
over a factor of 2. This would make possible a 50 ppm
determination of the n =4 *He* Lamb shift.
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