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Separated-oscillatory-field measurement of they=10 *F;-*G, interval in helium:
A 200-part-per-billion measurement
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Then=10 *F3;-"G, energy interval in helium is measured to an accuracy of 200 parts per billion. Rydberg
states of helium are created by charge exchange between a helium ion beam of a few keV and a dense thermal
beam of neutral cesium atoms. A microwave transition is driven between the two states in a Ramsey-separated-
oscillatory-field configuration yielding a linewidth of less than 0.2 MHz. The result of 2017(8284Hz is
the most accurate measurement of any Rydberg fine structure and can be compared to a similarly accurate
theoretical prediction of this interval. This comparison gives a very high-precision test of physics on the
large-distance scale of these Rydberg states, including the nonrelativistic Coulomb potential, relativistic ef-
fects, and quantum-electrodynamical effects such as the retardati@asimi) interactions. A disagreement
between theory and experiment indicates the possibility of additional new physics on this distance scale.
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PACS numbd(s): 32.30.Bv, 31.30.Jv

INTRODUCTION lion. In particular, then=10 "F;-"G, interval was mea-
sured[6] to an accuracy of 3.1 kHz, or 1.5 parts per million.
The Rydberg states of helium have proven to be veryRecently, all of then=5 F-G intervals were measured by
useful for testing the physics of two-electron atoms, and irfriescher, Hilt, and Oppef9], using ion impact to excite
particular for testing long-range interactions in atomic sysnermal helium. The precision of the=5 "F3-to-" G, in-

tems. During the past 15 years, the accuracy with WhiCrj&erval was 80 kHz, or 5 parts per million. We report here a

: - measurement of the 10F3- "G, interval in helium using
these Rydberg intervals have been calculated has greatly im-.. -0 70 Ramsey-separated-oscillatory-field geom-

proved. The accuracy of experimental measurements has aléﬂy‘ The accuracy of the measurement is 200 parts per bil-

continued to improve, and thus the physics of this atom haggp, (almost an order of magnitude improvement over the
been tested with increasing accuracy. previous measurement which did not employ separated os-
The n=10 "F;-"G, interval was measured by Farley, cillatory field and is the most precise measurement of any
MacAdam, and Wind1] in 1979 using a microwave-optical Rydberg fine-structure interval. A brief report of these results
technique with helium gas excited by electron bombardmenthas been given earli¢fO].
(Here the notatiorfS™ 1L ;, wherelL, S, andJ are the orbital, The theory of highly excited states of helium has also
spin, and total angular momenta, respectively, has beeflProved dramatically in recent years. For highestates,
modified sinceS is not a good quantum number for this &ccurate nonrelativistic energy levels have been obtained by
system. The label " indicates the higher energy of the Drachman[11] using a polarization model. Various relativ-

! ; , . istic and quantum-electrodynamic corrections have also been
two states which are mixtures of singlet and triplet L calculated in the long-range polarization formalism

states. In a series of measuremer|, D-F andD-G+|n- [11,12,13. For the 10F andG states, accurate energies be-
tervals inn=6-16 were measured, and the 13- "G4 came available in 1989, when Drake extended his very pre-
interval in particular was measured to an accuracy of aboutiseS, P, andD [14] variational calculations up to tHe and

300 kHz or 150 parts per millioppm). Measurements of G states[15]. In these variational calculatiorj46,17, the
somewhat higher accuracy were dof8d in n=7 and 8 nonrelativistic energies are obtained to essentially exact pre-
F-G, F-H, and F-1 intervals by Cok and Lundeen, who cision using a clever choice of variational wave functions,
used a fast atomic helium beam produced by charge exand the relativistic and quantum-electrodynamic corrections
change between a 10-keV Héeam and a neutral gas. They are calculated using these wave functions. The two very dif-
measured the=8 *F;-"G, interval to an accuracy of 106 ferent methods of calculatiopolarization-model calcula-
kHz, or 30 parts per million. In 1984, Palfrey and Lundeentions at highL and variational calculations at lowe) have

[4] introduced a detection technique in whick 10 Rydberg  been applied to thé andK states and both give very accu-
atoms are excited up to a very-highstate using a CQaser, rate energy predictions for these states. Thus many aspects of
and subsequently ionized. The technique resulted in a signifboth methods of calculation can be tested by comparison of
cant improvement in the precision of these Rydberg meaeontributions to these stat¢$8]. The most precise calcula-
surements, yieldingi=10 G-H, H-I, and I-K measure- tion of the 10 "F3-to-" G, energy interval is from Drake’s
ments at a precision of 10 kH20-160 ppm Subsequent calculationg16]. The uncertainty in the predicted interval is
refinements of the Palfrey technique have allowed a series @f00 Hz or 200 parts per billion. Combined with the present
measurementf5—-8|] of the n=10 D-F, F-G, G-H, H-I, 200-part-per-billion measurement, it forms a precision test of
and|-K intervals at a precision of nearly one part per mil- the physics in the helium Rydberg atom.
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neutralized in the cesium beam, with a small fraction of them

Magic - T Assembly being neutralized intoy=10 states. This method is much
Cco, E1 B2\ co, Fé{,?,%ay more efficient at producingqi=10 states than charge ex-
He,m ~ 1) |He*|ﬁ Tube WI /e \\‘.! change with neutral gases such as argon,,Gi helium,
AN _I / R presumably because of the small binding energy of the ce-
Cs ¢ c2 €3 CEMm sium outer electron. Another method of charge exchange
He+ which was demonstrated in a recent measurerf@&htem-
h=27G n=27H ploys a neutral cesium target which is itself excited up to a
N N Rydberg state using a two-step laser excitation. Although
106 :H:w ©4 10°G4 :H: 106 this method of resonant charge exchange is found to produce
10F / 10*F, 10%F, — 10F a very large number afi=10 helium atoms, the fraction of
ions neutralizing intov= 10 decreases as the number density
GioSnd of the cesium increases. The decrease is presumably due to
State collisional processes in the cesium, as well as more exotic

radiative processeg®22]. Due to this decrease, and because
FIG. 1. Schematic diagram of the experiment along with anthe laser-excited target is less stable, the high-density
energy-level diagram. The helium ion beam is neutralized in aground-state cesium target is employed for the present mea-
dense thermal cesium beam. Unneutralized ions are deflected dowstrement.
ward in field of 8 kV/cm. A CQ laser beam creates a population  Helium ions not neutralized in the cesium target are de-
difference between the EOand 1G5 states by emptying the O  flected out of the beam by an electric field of 8 kV/cm. This
state into the 2@ state. The microwaves in the SOF configuration field also ionizes very-hign-atoms which would otherwise
stimulate the 10" F3-to-"G, transition at 2 GHz. A second GO jonize in our detection region and contribute to the back-
laser beam excites the remainingGL@toms up to the 29 state ground signal.
and thesen= 27 atoms are Stark ionized in an electric field of 3.7~ The neutral helium beam is collimated@t, C2, andC3
kV/cm..The resulting ions arg deflected into a CEM. detector. Thqn Fig. 1, which confine the vertical size of the beam to 1.0,
remaining rjeutral beam continues onto a thret_a-sectlon Faraday 41 and 3.0 mm, respectively. To accurately position these
which monitors the beam direction and intensity. collimators, as well as other components along the beamline,
EXPERIMENT a high-power surveyor’'s scope is employed. It is mounted on
a heavy steel support which is bolted securely to the labora-
In the present experiment, microwaves in a separatedory floor aboti4 m beyondC3, and is not moved during the
oscillatory-field(SOP geometry are used to drive tihne=10  experiment. With this scope it is possible to determine the
*F;-to-* G, transition in a fast atomic beam of helium at- position of components along the beamline to accuracies of
oms. The present work is an application of the separatedsetter than 15um. It was directly verified that the axis de-
oscillatory-field technigue to the precision study of the finefined by the scopéi.e., the position observed at the cross-
structure in Rydberg states. The advantages of using a SA#irs of the scope as it is focused to distances of 4.0-5.5 m
geometry are reduced linewidth, more extensive experimerforms a straight line to this accuracy. The collimators are
tal tests of systematic effects, and near elimination of one ofentered on the axis defined by the surveyor’'s scope to a
the major systematic effects in previous fast atomic beanprecision of 0.13 mm foC1 andC2 and 0.25 mm folC3.
measurements, namely, the first-order Doppler shift. Thes&he distances between the collimators are 28 (between
advantages have been employed in many atomic measur€l andC2) and 122 cm(betweenC2 andC3). The colli-
ments[19] since the method was proposed by Ramgj.  mators put limits on the possible variation in the direction of
A schematic of the experimental setup is shown in Fig. 1the helium atoms and then are not moved during the entire
Helium ions are created using a Colutron model G-2-D ionset of measurements.
source(not shown in Fig. 1with a spread in beam energy of ~ Both 10F and 1@ atoms are produced in the target. A
less than 1 eV. Half of the data are taken with 4(@0-keV  population difference between tifeand G states is created
ions, while the other half are taken with ions at 2.809 by selectively exciting 1B atoms up to the 23 state(be-
keV. These potentials are measured at the anode of the idweenC1 andC2 of Fig. 1. For this purpose &%C!®0,
source to an accuracy of 0.02% using a precision voltagéaser supplied by Ultra Lasertectmodel PX3500G) is
divider (Julie Research Labs model KV VB-1@nd a HP  tuned to the P(26) line(A\=10.563um) yielding about 4 W
multimeter(model 34401A. of output power, half of which is used here. This laser ex-
The ions are neutralized in a dense thermal beam of cezites approximately one-half of the EGatoms up into the
sium atoms. The cesium beam is produced by heating a7G state. Fine tuning of the laser frequency is accomplished
stainless steel container of cesium metal to a temperature dly changing the angle of intersection of the laser beam with
440 K. The cesium beam has a density of“1@toms/ci  respect to the atomic beam axis, thus varying the Doppler
just outside of a 2.5-mm-diam hole in the 2.5-mm-thick wall shift of the laser frequency in the frame of the atoms.
of the container. The hole is situated such that the cesium The beam is collimated a2 and enters the separated-
beam is downward pointin¢so as to avoid clogging of the oscillatory-field region, in which tha=10 *G,-to-*F3 mi-
hole) with the ion beam passing within a couple of millime- crowave transition is stimulated. This region consists of mi-
ters of the opening. The cesium is collected on a cooled brasgowave region®81 andB2 (see Fig. 1 with a 5-cm-inner-
cup maintained at-50 °C and situated approximately 5 cm diam tube connecting themB1 and B2 are precision
below the cesium source. More than half of the ions aramachined waveguide sections which are identical in all di-
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mensions to within less than 2&m. Each is constructed out STRIPPER._| LENS THREE-PIECE
of two solid copper blocks machined into channel-shaped 4 FARADAY CUP
troughs. Dowel pins are used to precisely align the troughs j
with each other as they are bolted together. The inner dimen- s +2.01+1.5kV |
sions of the resulting waveguid&.461<10.922 cm match i N

those of the WR430 waveguide to better thanas. The 1|\|
beam passes throu@il andB2 via 1.016<2.032 cm holes k hve
centered on both sides of the 10.922-cm dimension of the SIGNAL
waveguide sections. +2_8k</ " eo\ov —1.2kV/A%/
The microwaves are generated by an Anritsu model o A o
MG3602A signal generatog, the time base of which is stabi- £ 2 petection region. A field of 500 Vicm between the first
lized to an accuracy of 10" using a highly stable 10-MHz  pair of copper plates ionizes very-highstates which would other-
reference signal from a Stellar model 100B satellite connecyise contribute to the background signak=27 states created in
tion to the Global Positioning SystefGPS time base. A the laser-interaction regions are stripped between the next pair of
Narda(model SS122DHpsingle pole double throw switch plates in a field of 3.7 kv/cm. The lens focuses the resulting ion
driven at 221 Hz alternately directs the microwaves toEhe beam, which is then deflected downward into a CEM detector. The
andH input ports of a Strutherfdmodel M352M waveguide  remaining neutral beam continues onto a three-section Faraday cup
Magic T. The connections are made via tyjdesables which  used to monitor beam direction and intensity.
pass into the 1-m-diam vacuum chamber using Amphenol
UG-300/U vacuum feedthroughs. Inside the vacuum chamsembly is reoriented, the positions®1 andB2 are checked
ber, typeN cables are used for the connection to Scientificrelative to the axis of the high-power surveyor’s scope, and
Atlantic (model 11-1.7 typeN-coax-to-WR430-waveguide they do not move by more than %@n. In addition, the fact
adapters. When microwaves are input to khénput port of  that the dowel holes i81 andB2 continued to align with
the Magic T, the microwaves leaving the two output ports ofthe dowel holes inE1 and E2 of the Magic-T assembly
the Magic T are very nearly in phase; when the input is to theéndicates that the relative position BfL andB2, as well as
E input port, the microwaves leaving the two output ports areghe structure of the Magic-T assembly, is unalteféedl a
very nearly 180° out of phase. The two output ports of theprecision of 25um) throughout the measurement.
Magic T are each connected to a 14.60-cm section of WR430 The microwaves are absorbed after the waveguide sec-
waveguide followed by a Struthersnodel E130M right-  tions in a pair of Struthers model 200M precision waveguide
angle waveguidé& bend. This combination of two typd-  terminators, TA and TB, which have very small microwave
coax-to-WR430-waveguide adapters, Magic T, tworeflections(|[|~0.025 that are measured using a slotted line
14.60-cm waveguide sections, and tidends is referred to  (Microlab-FXR model R101B TA is attached t&82 and TB
as the Magic-T assembly. The whole assembly is constructeid attached td1 using dowel pins.
such that the output flanges of the two bedsandE2 (see After the microwave regions, the atomic beam enters a
Fig. 1) are square and coplanar with each other and such thaecond laser-interaction region, where the other half of the
the flanges are separated by 98.@%5 cm (center to centgr  CO, laser beam is used. The laser frequency is again Doppler
The waveguide sectiorisl andB2 are secured solidly in the tuned, this time to excite the 83to-27H transition. The
vacuum chamber such that they are accurately positioned ipurpose of this laser interaction is to determine how many of
the same pattern: square to each other, coplanar, and with ttiee 165 atoms have been driven into theFL@tate by the
same 98.095-cm separati¢to within 0.0025 cnn. The cen-  microwaves. This 2-W laser beam is chopped with an optical
ters of B1 andB2 are viewed through the surveyor's scope chopper(Stanford Research Systems model SR5#0470
and each is within 25um of the axis defined by the scope. Hz (with a 90%-on, 10%-off duty cyc)eand excites approxi-
Because they are square to each other, coplanar, and alignethtely one-half of the 18 atoms up to the 29 state.
along the scope’s axi§1 andB2 are perpendicular to this Four centimeters past the second laser-interaction region
axis to within 0.03 mrad. the atomic beam enters the detection region through collima-
B1 andB2 are left in position for the entire duration of tor C3. The first half of the detection regiofsee Fig. 2
the experiment. Due to the precise positionind3df andB2  consists of a series of five 0.9-mm-thick copper plates with
and the precise construction of the Magic-T assembly, it isiarrow slots cut in them. The slot in the fir€€8) is 3.0 mm
possible to make precisely matched connections betiden in height and the next four are 3.4 mm in heigt3, at
and E2 of the Magic-T assembly and either the top or theground, is separated by 5.4 cm from the stripper plate which
bottom of B1 andB2, and also to attach either end of the is maintained at-2.8 kV. Between these plates very-high-
assembly(E1 or E2) to eitherB1 or B2. Thus the Magic-T states are Stark ionized, reducing the background signal to
assembly can be oriented in four different ways. Dowel holesvhich they would otherwise contribute. The next plate is
in B1, B2, E1, andE2 and the dowel pins used in the grounded and separated by 0.76 cm from the high-voltage
connections are machined with a tolerance of better than 2plate. As then=27 states created in the laser-interaction
um, ensuring precisely matched connections in all four posregions enter the field of 3.7 kV/cm between these two
sible configurations. plates, they are Stark ionized, and the resulting ions are ac-
Three sets of data are taken in each of the four differentelerated by approximately 2.8 kV in the field. The next pair
orientations of the Magic-T assembly, and hence the orienef plates form a lens used to focus these ions. The lens is
tation of the Magic-T assembly is changed 12 times duringound to give only a small increase in signal size and is set at
the course of the measurement. Each time the Magic-T a$00 V. The ions are deflected downward into a channel elec-




970 C. H. STORRY, N. E. ROTHERY, AND E. A. HESSELS 55

tron multiplier (CEM) (Galileo model 472D by a pair of kV. Most data are taken at a microwave power such that the
plates 5 cm long which are separated by 1.4 cm at one entgansition is saturated and the rest of the data are taken at 6
and 3.7 cm at the othdsee Fig. 2 The bottom deflection dB lower power(i.e., approximately one-quarter of the satu-
plate is maintained at ground and the top is setrd and  ration powey. Additional data are taken each day to monitor
+1.5 kV for the 4.0- and 2.3-keV atomic beams, respecsmall stray electric fields in the microwave region as de-
tively. The CEM has a-1.2-kV potential applied to its front scribed in the next section. Between data runs the orientation
face. The result is a 10-nA currefprimarily a dc back- Of the Magic-T assembly is changed and the vacuum cham-
ground which is directed into a Melles Griot large dynamic P€r reevacuated to a pressure of abodi8 * torr.
range current amplifier.

The output signal from the current amplifier is fed into LINE SHAPE AND FITTING
two lock-in amplifiers. The microwave signal, the signal syn-

chronous with the switching of the microwaves between theat(;g;heasssrt)r?rrgaecrj{?ﬁgIlt\zxgr?'/(;ﬂ?olismc;?rﬁm\?é?(\)/\?vasv):asﬁ‘?e% the
two input ports of the Magic T, is extracted with an EG&G P 9 9

(model 510% lock-in amplifier referenced to the 221-Hz B1 andB2). These regions are 5.46[) cm across, corre-

switching rate of the microwave switch. A second signal isspond|:ng 1%3% tlrge fl)nr e:tc(:)r;ngelgt Otﬁhoekv;vg'lﬁgirﬁ S Sanede ds
extracted by a lock-in amplifigfStanford Research Systems (7-2-3 kv —0.001 zﬁss and —0.001 113 for the 4 801_
model SR85Preferenced to the 470-Hz chopping frequency Bao =0 P25 k=0 :

o . h - nd 2.309-keV beamsThe distance from the center BfL
?J Tfﬁ%;aesteﬁ eb?naani]r; H:::Sr ;'A?;\? é I:igrizld as a diagnostic an 0 the center 0B2 is 98.09%25) cm, corresponding to transit
The remaining neutral beam continues onto a threeJE'gqnesSi doefr-;g?ykl\é:rgzéﬁr? g]S tﬁgdl-r 6%“;5?;91‘:;; ESZ?ifaer_e
section Faraday cup, each section of which is a 0.9-mm-th|c§ es of the 16 and 1@ states(The radiative lifetimes of

iece of copper. The top and bottom sections are separat i :
\eertically bpr1).5 mm anéiJ the pair is centered on the aF>)<is of 1€ other two states used in the.expenment, e afd 2H
the surveyor’s scope to within 0.4 mm. The third section isStatis’ are 3|6 and 55?]3, res_pectnr/]ely. . e
positioned 1.9 cm behind the top and bottom sections and The Hamiltonian that drives the microwave transition is
thus monitors the central 1.5 mm of the beam. The top and
bottom sections remain in place for all of the measurements,
whereas the central section is removable to allow the colli-
mators, waveguide blocks, and the top and bottom section¥nere
of the Faraday cup to be viewed with the surveyor’s scope.
Neutral atoms hitting these Faraday cups cause electrons to  9(t)=cog2mft)

H(t)=eEzdt), 1)

be ejected and these electrons are collected on nearby copper p T - T -
plates biased at200 V. The combined current on the Far- +1 for =<+ —) <ts-— (—— —)
aday cups is approximately gA, indicating a total of ap- 2 2 2 2
proximately 310" neutral atoms per second are in the col- T 7 T 7

limated beam. The relative signal on each of the three Xq 0 for — (5_ 5) sts|5— §> 2
Faraday cups gives a measure of the beam’s direction. By

adjusting the focusing parameters of the ion source it is pos- +1  for +|—— Z) <t=+ I+ T

sible to maintain constant relative currents on the three Far- \ 2 2 2 2

aday cups to within 10%. The constant ratio indicates that

the vertical positior{at the Faraday cupsf the center of the The +1 indicates the microwaves in the second region are 0°

neutral beam does not vary by more than 0.05 mm. Ther 180° out of phase of those in the first region. Heis the

direction of the atomic beam is determined by this well-frequency of the applied microwaveg,is the amplitude of

defined position of the beam at the Faraday cups and byhe microwave electric field, aneEz gives the electric di-

where the center of the beam is positioned as it passgsole along thez direction. The field shapg(t) includes an

through the 1.0-mm first collimatoQ1). It is estimated that assumption that the microwave fields turn on and off sud-

the center of the beam is within 0.25 mm of the center of thisdenly as the atoms enter and exit the microwave regions.

1.0-mm collimator, with possible variations of position Using time-dependent perturbation thedty lowest order

within this +0.25-mm range as the ion focusing and deflect-one obtains the line shape for this transition:

ing optics of the ion source are varied from day to day. Since

the center ofC1 is within 0.13 mm of the surveyor’'s scope 3 zeEmeJ 2

axis, the Faraday cuggvhich are 1.5 m down the beamline E 19 sifmr(frg—f)1| cod 27T (frg—f)].

are within 0.4 mm of this axis, an81 andB2 are perpen-  m;=-3 AEsg—hf

dicular to the scope axis to within 0.03 mrad, we conclude ()

that the direction of the center of the beam is perpendicular

to the direction of the microwave propagation to within 0.3 This line shape is the difference between the probability of

mrad, with possible variations in this direction from run to driving the 10 "F3-to-" G, transition when the two regions

run of 0.2 mrad. are in phas¢+1 case in Eq(2)] and the probability when
The data are taken in 12 runs of data acquisition, withthey are 180° out of phage-1 case in Eq(2)]. Here,AEy,

each set taken on a separate 20-h day. Each data run includdich equalshf;g) is the energy difference between the

data taken at acceleration voltages of 2(3p@nd 4.0011) andG states and:f;J is the z matrix element evaluated be-
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FIG. 3. Data taken at 4.001 keV. The experimental data are
shown as solid points and a typical sized error bar is given on the

ppint at 20.16'83 MHZ' The solid line is a least-squares fit to 2 FIG. 4. Experimental and modeled saturation behavior of the
simple cosine function. Note the excellent agreement between th'tsesonance. The open points are the predicted signal on resonance
expected shape and the data. obtained from numerical integrations. The points with error bars are
experimental data. The experimental data are scaled to give the best
agreement with the predicted saturation curve.

Square of Microwave Electric Fields (V¥/cm?)

tween these two states. Since the valuef”gfvaries withmy

(the J, quantum number a sum is taken over all participat- wave electric field amplitude is half its maximum value at
ing m; states. The factor in square brackets is the Rabi enthe edge of the waveguide, drops to one-quarter at a distance
velope which is centered &t=f;y and has a width of Hor  of 0.5 cm(half the hole sizgoutside of the waveguide, and
8.045 and 6.109 MHz for the 4.001- and 2.309-kV beamsincreases to three-quarters at 0.5 cm inside of the waveguide.
The cosine factor gives the Ramsey-SOF oscillations and In the modeling, the complex wave functidhis obtained
these are also centered fat f,. For the small”’s of the by numerically integrating the Schiimger equation starting
present measurement, the Rabi envelope changes very littteom 10 cm beforeB1 to 10 cm pasB2. The integration
for frequencies neafr;4, and hence the SOF oscillations are uses approximately 810° steps; each step corresponds to
approximated  well by the cosine  function: the atom moving a distance of 0,6m along the atomic
A cos[Q)(f—f;g)]. The data for the measurement are takenbeam, or alternately a time step of about 1(pgpart in 500
within a range 0.5 MHz on either side of the resonance. Thef a single microwave oscillation A fourth-order Runge-
data taken at the fast beam speed are shown in Fig. 3 and futta integration technique is used and the population after
very well to a cosine functiofsolid ling). the microwave regions in the states is determined for the 0°
An analytic form giving a more correct line shape for the and 180° relative phases of the SOF microwaves.
transition amplitude in a separated-oscillatory-field micro- Integrations are done at a microwave frequency equal to
wave system is obtained by Lundeen and Pidid8]. This  the theoretical unshifted=10 *F,-to-*G, energy differ-
form does not use a weak-field approximatias the pertur- ence using electric fields of 0 to 0.05 V/cm. The resulting
bation theory dogsand includes the lifetimes of the two predicted signal is plottetbpen points versus the square of
states. It still assumes a two-level system and that the micrahe electric field in Fig. 4. Experimentally, a saturation curve
wave fields turn on and off suddenly as the atoms enter anid taken(points with error bars in Fig.)4for input powers to
exit the microwave regions. This line shape still indicatesthe microwave system of 50 to —2 dB m. The axes of the
Ramsey-SOF oscillations centered abbutf,, and for fre-  experimental data are scaled to give the closest match to the
quencies neaf = f, is still well approximated by a cosine predicted saturation curve. This scaling gives the most pre-
function. cise determination of the electric field present in the
The expected line shape is further investigated using a fulvaveguides at a given input power. From the scaling, it is
numerical integration of the Schdimger equation. The inte- determined that the microwave electric fieldBa andB2 is
gration includes all of the 10, 10F, 10G, and 1M states. 0.031 1313) and 0.015 6¢) V/cm for the 4.001-kV data
Energies for the states are from Drales] and hydrogenic taken at approximately saturation power and at one-quarter
lifetimes for the states are also included. All four states ofsaturation power. For the 2.309-kV data, the electric field is
eachL, and allm; states are included in the modeling. The 0.023 6210) V/cm at saturation and 0.011 &)} V/cm at
matrix element between each pair of states is calculated iobne-quarter saturation power.
the hydrogenic approximation. Further, the microwave fields Integrations were also done in each of these four cases
are not assumed to turn on and off sharply. Since the 20-cr(%.001- and 2.309-kV beams, at saturation and one-quarter
microwave wavelength is much larger than the hole sizesaturation powerat microwave frequencies ranging from
through which the atomic beam passes, the microwave field2016.500 to 2017.925 MHz in 0.075-MHz steps. Figure 5 is
are mostly confined to the inside of the waveguides. Thean example of the results of such integrations. Again, be-
fields do, however, extend a short distance beyond the holesuse the frequency range is confined to near the center of
in the waveguides, and hence the fields modeled here includBe Rabi envelope, the results of the integratisolid dotg
an exponential rampindup and dowh of the microwave fit well to a cosine functior{solid line in Fig. 5 which is of
electric field amplitude. This ramping is such that the micro-the form
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Also listed in Table | are the oscillation frequenci@spre-
dicted from time-dependent perturbation theory and those
found from the fits of the experimental data. The agreement
between the experimental and theoretidd is a strong con-
firmation (at the level of a few parts per thousanaf the
travel timeT between the two microwave regions and hence
the speed of the atoms. The agreement also confirms the
microwave field amplitudes and the assumption thatgll
levels are equally populated.

The excellent agreement betweé) the results of the
numerical integration and the expected cosine line shape
(Fig. 9, (b) the results of the numerical integration and the
experimental saturation curve of Fig. 4, at@l the experi-
mental and modeled oscillation rat&sof Table | indicates
that the experimental data are understood and accurately
modeled by the numerical integrations of the Sclimger

. o . ___equation.
FIG. 5. Results from a typical numerical integration. The points The data of the measurement are the scans of microwave
are results of numerical integrations at 20 microwave frequencieg-

near the resonance. The integration assumes equal population for fgnal versus microwave frequency near the transition reso-
: 9 quat pop flance. Three data sets were taken, each consisted of data
m; states and are &=0.031 13 V/cm and an accelerating voltage

of 4.001 kV. The solid line is a least-squares fit to the points using[V.mh the Magic-T assembly in all four possible conflgura-_
a cosine function ions and at the two beam speeds. Some data were taken with
' the transition saturated and some at one-quarter saturation
power. These data and the scans ofrthke20 D-F resonance
taken in the experiment are fit to the cosine function of Eq.
(4). The centers from these fits are listed in the columns

Signal (Arbitrary Units)

2016.7 2017.2 2017.7
Frequency (MHz)

A cog Q(f—fy)]+C, (4)

with the parameters, Q, f,, andC determined by a least-
squares fit.

The parametef) is the oscillation frequency of the SOF
signal. Time-dependent perturbation thefgy. (3)] predicts
that this oscillation frequenc§) is 27T, or Q44 ,=14.03
us and(), 5 ,=18.47 us for the fast and slow beams, re-

spectively. For stronger field§) shows a dependence on the

dipole matrix eIemenEEzf"E. This dependence is evident

from the fits of the results of the numerical integrations for

the differentm; states(which have differenz matrix ele-
ments and for different values oE. For the fast beam, the

labeled “Fit center” in Tables Il and Ill. Corrections due to
various systematic effectgliscussed in the next sectjoare
applied to these fit centers and the corrected centers give the
measurement of the=10 *F3-to-" G, interval as shown in

the final columns of Tables Il and IIl.

SYSTEMATIC EFFECTS

As in all high-precision experiments, systematic effects
are of great concern, and much care is taken to minimize and
study these effects. This section outlines the procedures used

value of () obtained from the numerical integrations rangesto study and to reduce these effects to a level which allows a

from 14.17 to 14.53us for the differentm; states at satura-
tion power and 14.07 to 14.08s at one-quarter power.
When all sevem; states are include@ssuming equal initial
population in eachthe oscillation frequency) for the fast,

saturation-power case is found to be 1413%us. The uncer-

200-part-per-billion measurement to be made.

Doppler shift
In fast atomic beam experiments the first-order Doppler

tainty here is due to the accuracy with which a cosine funcshift can be very large. By aligning the microwaves very
tion [Eq. (4)] fits the results of the numerical integration. The nearly perpendicular to the atomic beam this shift has been
()'s obtained from such fits are tabulated in Table | for thenearly eliminated. Since the axis of the beam is aligned per-
two beam speeds at the two powers at which data are takependicular toB1 andB2 to within 0.3 mradwith expected

TABLE I. The SOF oscillation frequencf. The modeled value in the third column is that expected from
time-dependent perturbation theory. At higher powers the modeled value is the result of a fit of the numeri-
cally integrated results to the cosine function of E4). The experimental values are from fits of the
experimental data to the same cosine function. One standard deviation uncertainties are given in parentheses.
Note the good agreement between the modeled and experimental values.

Perturbation 1/4 saturation Saturation

theory power power
Fast beam speed Modeled 14,08 14.081) us 14.3%1) us
Experiment 14.1QY) us 14.3@4) us
Slow beam speed Modeled 18.48 18.55%1) us 18.911) us
Experiment 18.584) us 18.9213) us




TABLE II. Average fit centers and corrections for individual data runs. The first five columns identify the experimental configuration for the run, including the position and orientation of the
Magic T, the beam speed, and the microwave power, as described in the text. The sixth column gives the average center obtained from fits of data scans to the simple cosine line shape of E
(4). Ag is the uncertainty in the fit center, adg;, is the statistical uncertainty due to possible variations of up to 0.2 mrad in the direction of the beam from run to run. The next two columns
give the correction due to the ac Stark shift caused by the microwave fields and the dc Stark shift due to stray dc electric fields in the microwave interaction region. The next column gives the
correction due to time dilation in the moving frame of the fast atoms. The column labeled “BB shift” is a correction due to ac Stark shifts induced by the presence of blackbody radiation and
is calculated in the formalism of Farley and Wif2p]. The column labeled “Term. shift” gives the correction associated with a change of the microwave phase due to small reflections from the
microwave terminators. The column entitled “Nbr. res.” lists small uncertainties which result from overlap with the far wings of neighbGrirgggonances. The final column gives the corrected
centers for the data run. All values are given in kHz, with one standard deviation uncertainties in the last digits given in parentheses.

(%))
m
Data Magic-T Magic-T Beam Microwave Fit ac dc Time BB Term. Nbr. Corrected E
set position  orientation speed power center(Ag)(Agir) shift shift dilation shift shift res. center §
_|
1 top E1-B1 4.0 keV saturation 2017 321.@8)(110 0.213) 1.0931) 2.170) —-0.112) —-0.30100 0.0013) 2017 324.74120 g
top E1-B1 2.3 keV saturation 2017 323.6BD)(110 0.152) 0.9529  1.250) —0.172) —0.238) 0.004) 2017 325.07129 o)
top E1-B2 4.0 keV saturation 2017 3248)(110 0.2713) 11632 2.170) -0.1712)0 —-0.30100 0.0013) 2017 328.00125 8
top E1-B2 2.3 keV saturation 2017 324.@08)(110 0.152) 1.1632 1.250) -0.172) —0.238) 0.004) 2017 327.12137) =
bottom E1-B1 4.0 keV saturation 2017 323.33)(110 0.2713) 1.1031) 2.170) -0.1712) -0.30100 0.0013) 2017 326.36128 2
bottom E1-B1 2.3 keV saturation 2017 325.@®)(110 0.152) 0.8529  1.250) -0.172) —0.238) 0.004) 2017 327.46132 %
bottom E1-B2 4.0 keV saturation 2017 323.@5)(110 0.2713) 1.0330 2.170) -0.112) —-0.30100 0.0013) 2017 326.26125 =
bottom E1-B2 2.3 keV saturation 2017 322@2)(110 0.152) 1.1131) 1.250) -0.172) —0.238) 0.004) 2017 324.801L26) %
2 top E1-B1 4.0 keV saturation 2017 324@&3)(110 0.2713) 14435  2.170) -0.112) —-0.30100 0.0013) 2017 327.68L36) o
top E1-B1 2.3 keV saturation 2017 325.@Mm)(110 0.152) 1.1632 1.250) -0.172) —0.238) 0.004) 2017 327.9714) r%
top E1-B2 4.0 keV saturation 2017 322.@33)(110 0.2713) 1.1632 2.170) -0.1712) —-0.30100 0.0013) 2017 325.4p12)) 5
top E1-B2 2.3 keV saturation 2017 321.¢%)(110 0.152) 1.0430 1.250) -0.172) —0.238) 0.004) 2017 323.3037) c
bottom E1-B1 4.0 keV saturation 2017 321.@%)(110 0.2713) 0.98300 2.170) -0.1712) —-0.30100 0.0013) 2017 324.0€125 r;ﬁ
bottom E1-B1 2.3 keV saturation 2017 3223®)(110 0.152) 0.7129  1.250) -0.172) —0.238) 0.004) 2017 324.00138 %
bottom E1-B2 4.0keV  1/4 saturation 2017 322(32)(110 0.061) 11732 2.170) -0.1712) —-0.3010 0.0013) 2017 325.26125 3
bottom E1-B2 2.3 keV  1/4 saturation 2017 325(3%)(110 0.030) 0.99300 1.250) -0.172) —0.238) 0.001) 2017 327.41139 Q
3 top E1-B1 4.0 keV  1/4 saturation 2017 321(B3)(110 0.061) 11732 2.170) -0.1712) —0.3010 0.0013) 2017 324.66128 :
top E1-B1 2.3 keV  1/4 saturation 2017 321(89)(110 0.0300 0.87129  1.250) -0.172) —0.238) 0.001) 2017 323.48150
top E1-B2 4.0 keV  1/4 saturation 2017 322(86)(110 0.061) 1.3935 2.170) -0.112) —0.3010) 0.003) 2017 325.41135
top E1-B2 2.3 keV  1/4 saturation 2017 322(336)(110 0.030) 1.07300 1.250) -0.172) —-0.238) 0.001) 2017 324.40163

bottom E1-B1 4.0 keV  1/4 saturation 2017 322(29)(110 0.061) 1.33349) 2.170) -0.172) —0.3010) 0.003) 2017 325.21126)
bottom E1-B2 4.0 keV  1/4 saturation 2017 321(82)(110 0.061) 1.3234) 2.170) -0.172) —0.30(10) 0.0013) 2017 324.90129
bottom E1-B2 2.3 keV  1/4 saturation 2017 322(58)(110 0.030) 0.8929 1.250) -0.172) —0.238) 0.001) 2017 324.20127)

€.6



974 C. H. STORRY, N. E. ROTHERY, AND E. A. HESSELS 55

TABLE IIl. Average fit centers and corrections for data obtained in the various experimental configurations. The experimental configu-
ration is specified in the first column, and the values given in each row correspond to an average of all data from Table Il which are taken
in the particular experimental configuration. The second through ninth columns give the fitted centers and corrections as described in Table
Il. The final row of the table gives the average of all of the data. All of the values in the table are given in kHz, with one standard deviation
uncertainties given in parentheses.

Experimental configuration Fit center Agir  ac shift dc shift Time dil BB shift Term.shift Nbr res. Corrected center

El attached tB1, E2 to B2 2017 322.9619) 0.0033) 0.172) 1.0631) 1.750) —0.172) —0.279) 0.007) 2017 325.5851)
E1l attached td2, E2 to B1 2017 323.04L9) 0.0032) 0.132) 1.1231) 1.740) —0.172) —0.279) 0.006) 2017 325.560)
Magic-T assembly on top 2017 323(@0) 0.0032 0.162) 1.1432 1.710) —-0.112) —0.279) 0.007) 2017 325.6(51)
Magic-T assembly on bottom 2017 322(27) 0.0033) 0.142) 1.0431) 1.750) -0.1712) —0.279) 0.006) 2017 325.4660)
4.001-keV He beam 2017 322(3%) 0.0032 0.182) 1.1932) 2.110) —0.1712) —0.3010) 0.009) 2017 325.6649)
2.309-keV He beam 2017 323/#B) 0.0033) 0.11(1) 0.9830) 1.250) —0.112) -0.238) 0.003) 2017 325.4151)
Saturation microwave power 2017 32388 0.0029) 0.2142) 1.0731) 1.710) —-0.142) —0.279) 0.009) 2017 325.8847)
One-quarter microwave power 2 017 32220 0.0037) 0.051) 1.1332) 1.760) —-0.112) —0.279) 0.002) 2017 325.0(65)

Average values 201732289 0.0023 0.152) 1.0931) 1.730) —0.142) -0.279) 0.006) 2017 325.44)

variations from one data run to another of 0.2 myatie  canceled by reversing the direction of the assengatiach-
expected first-order Doppler shift is less than 900 (With ing E1 toB2 andE2 toB1 in Fig. 1) which has the effect of
600-Hz variations from one data run to anothdihe varia-  changing the sign of. Since half of the data are taken in
tion of the Doppler shift is part of the statistical uncertainty each of the two orientations, the average of the data is inde-
in the columns labeled; in Tables Il and Ill. Half of the  pendent of the effects of. From Table Ill, we can see that
data are taken with the Magic-T assembly positioned on tophe difference between centers obtained in the two orienta-

of B1 andB2 and half with it on the bottom. In these two tions is 0.47) kHz, indicating that the phases &L andE2
orientations the microwaves travel in opposite directions and;e matched to within 0.3°.

hence have first-order Doppler shifts of the opposite sign.  tpere are two additional factors which affect the relative
The average of centers obtained in thesg two orientationgy, 5se of the microwaves in the two SOF regions. The first is
gives a res'ult that is independent of the first-order Dopple he direction of the helium beam. If, for example, the beam
shift. The difference of 0(8) kHz between data taken in the passes through the center®t, but passes above the center

:{‘WO o_rientations(see the ﬁnf,il COIUT f OT the rows labeled of B2, the atoms will be affected by a relative phase shift
TSSO 1 A0 A WSOICT 8258l N betwen the micowaes B and fhos 182, This efect
perpendicular to the microwaves to within 0.2 mrad. shifts the resonance by approximately 2 kHz for each mil-
liradian that the atomic beam is away from the axis perpen-
, dicular toB1 andB2. Since the beam is perpendiculaBi
Phase of SOF fields andB2 to within 0.3 mrad, this effect is expected to be less
Another major concern is that of the relative phase of thehan 700 Hz. Like the first-order Doppler shift, this effect is
microwaves in the two microwave regions. The SOF signakgnceled when one averages centers obtained with the
i_s cent_ered at the transition frequency. if the two driving Magic-T assembly on the top and on the bottonBdf and
fields (i.e., the microwaves at the atO”l'C beamBA and g5 “gince the beam direction varies by up to 0.2 mrad from
B2) are exactly_ in phase or ex?ctly 18(1 out of phase. If_ th ay to day, there is an additional statistical uncertainty in the
re_latlve p_hase IS not exz_actly 0° or 1800 the Obsejved S9Nk dividual measurements listed in Table I1. This uncertainty
will be shifted. With relative phases of &%and 180° 5 for of 500 Hz is combined with the correlated uncertainty of 600

the two microwave fields the resonance shifts by 1.24 I(H%—|z due to the first-order Doppler shift and is included in the

per degree of phasé )
In the experiment a nonzeidcan result from a difference column I.abeledﬁd" n T"?‘b'e Il : .
The final factor which affects the relative microwave

in microwave path length in the two arnfi® E1 and toE2 . . )
of Fig. 1) of the Magic-T assembly. One degreedrcorre- phase is small reflections off of the terminators TA and TB.

sponds to a 0.5-mm path-length difference. A phasean Since the reflected wave is not in phase with the incoming
also result from nonidealities of the Magic T itself, from Microwavesat the position of the atomic bearte reflected
poorly aligned waveguide connections or differences in thenicrowaves shift the phase of the combined microwave
exact shape of the waveguide in the two arms. Since th#elds. By studying the terminators with the slotted line we
Magic-T assembly is kept in one piece, the relative phase dind that the reflected microwaves from the two terminators
the outputsE1 andE2 remains constant throughout the ex- differ in both size and phas¢I'ty—I'g|=—0.00507),
periment. BecausB1 andB2 are identical to within 25um Ora75=61°(15)]. TB is always attached t81 and TA to
and do not move by more than %0m and because of the B2. The phase differencghe phase irB2 minus the phase
precision doweled connections betwdeh, E2 andB1, B2, in B1) which results is—0.248)°. A correction for this sys-
the microwave path lengths from eith&l or E2 to the tematic shift of—300(100) Hz for the 4.001-keV beam and
centers oB1 or B2 are identical. Thus any phase difference —230(80) Hz for the 2.309-keV beam is shown in the
S due to the nonidealities of the Magic-T assembly can bé'Term.shift” columns of Tables Il and III.
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dc Stark shifts In both laser-interaction regions all of the tripetto

A third effect which leads to a significant systematic ef- t3riplet-D3 transitions are excited and hence tme=20
fect is the result of small dc electric fields present(ar D-to-"F5 signal is complicated by the presence of the

— 3 3 3 3 H
betweeh B1 andB2. The measured resonance has a larg&€arbyn=20 “D;-t0-°F; and 20°Ds-to-°F, signals. The
Stark-shift rate of-6.4(3) MHz/(vZcn?) and thus it is nec- beam acceleration voltages of 2.309 and 4.001 kV are chosen

essary that the electric fields be small and well monitored. 0 minimize the effective shift due to these two neighboring
Many precautions are taken to minimize the size of posféSonances. At these two voltages the oscillations of the SOF
sible dc electric fieldsB1 andB2, as well as the 5-cm-diam Signals from the two neighboring resonances are nearly in
tube which connects them, are made entirely of copper s@hase vglth the oscillations of the SOF signal from the20 .
that electric fields due to contact potentials between dissimi- D2-0-"F3 resonance, and thus lead to much smaller shifts.
lar metals are avoided. Another source of electric fields s Nese effects are modeled using numerical integration of the
surface charging. Thin insulating layers may be present opchralinger equation. The energigsbtained from an ex-
the copper surfaces due to oxides or thin oil coatings fronfrapolation of Drake’s variational calculatiorfd6] using
the backstreaming of vacuum pump fluid. This insulatingMethods similar to those given in R¢24]), as well as life-
layer may become charged when fast atoms strike it animes and matrix elementebtained using a hydrogenic ap-
electrons are ejected in the collision. Atoms may strike surProximation of then=20 P, D, F, and G states, are in-
faces in the microwave region if they are scattered out of th&luded. The microwave fields for these transitions are
beam by background gas. To discourage an oil coating, th8-006 973) and 0.005 3&) Vicm, for the 4.001- and 2.309-
microwave system is heated to approximately 330 K bek€V beams, respectively. The signal is numerically inte-
tween data runs and is maintained at least 10 °C above rooffated at frequencies near 1999.5 MHz with initial popula-
temperature during data acquisition. tion in each of the 20°D states and in alin, states. The
Another source of electric fields experienced by the faspumerical integration indicates that the expected line center
helium atoms is the result of the relativistic transformation of0f the SOF signals in zero dc electric field are 1999(20p
static magnetic fields. Only nonmagnetic materials are use@nd 1999.44@0) MHz for the fast and slow beams, respec-
in the construction of the microwave region and the Earth'diVely. The measured resonance is shifted on average by
half-Gauss magnetic field is reduced to less than 10 mG rm@Pout—60 kHz from these zero-dc-field positions, indicating
in the microwave region by a set of three very large magneEhat a rms dc electric field of about 12 mV/cm is present in

coils. These magnetic fields result in motional electric fieldsdhe SOF region. o o
of less than 4 mV/cm. The stray dc electric field in the SOF region is probably

The electric field present in the microwave region is mea10t uniform. Electric fields due to surface charging, for ex-
sured several times during each data run by monitoring th@mPle, may be larger ne&1 andB2. Various nonuniform
position of then=20 3D,-3F, resonance in helium, which elec'_c_nc_ fields are _mcluded in numerical integrations of the
occurs at 1999.435 MHz in zero dc field and has a very largechralinger equation for both the=20 D-to-F and the
quadratic Stark-shift rate of36020) MHz/(V2/cr?). The _n=10 F-to-G intervals, and the results indicate that E—:’ﬂ)
Stark shift of then=10 *F-to-*G, resonance is deter- is cprrect at a level of better than 20% even for nonuniform
mined using the formula dc fields. _ o _

The correction due to dc Stark shifts is included in Tables
} Il and 11l and is approximately 1 kHz. The uncertainty in the
AEslsgka:ﬁﬂ AESRK (5 stark shift includes the uncertainty of the Stark-shift rates,
20-F the 10-kHz uncertainty in the zero-electric-field center of the
n=20 3D,-to-3F; transition, and the 20% uncertainty due to
wherekyor_ ¢ andkyp_¢ are the Stark-shift rates of tine=10  the appropriateness of using H&) for electric fields which
"F5-to-"G, and 20 °D,-to-3F; intervals andAEZD.F is  might be nonuniform.
the observed Stark shift in the=20 3D,-to-3F; interval.
The uncertainty in the Stark-shift rates of both the 20
D-F and then=10 F-G resonance is due to the uncertainty
in the relative populations of tha;, states, each of which has ~ The measured interval is only one of the four strongly
a different dc Stark-shift rate. allowed 1@--to-10G transitions. The 10" F;-to-* G, tran-

To measure thev=20 3D,-to-3F5 resonance the CO sition is chosen for this work because it is separated from the
laser is tuned to the IR(26) line (A\=9.086 M) and half of  other threeF-G intervals by more than 20 MHz, which is
the 15-W beam is input into each of the laser-interactionlarge compared to the Rabi envelope widths of 8 and 6 MHz.
regions. The first laser-interaction region is Doppler tuned tdA long scan of data covering frequencies from 2000 to 2050
excite the $P-t0-20°D transition. The 20°D, atoms cre- MHz shows all four of the strong transitions with the ex-
ated here are driven to the 2, state in the microwave pected centers and Rabi linewidths. To check that these
separated-oscillatory-field regions. In the second lasemeighboring resonances do not significantly shift the
interaction region, the other half on the C@ser beam is "F3-to-" G, resonance, the Schiimger equation was again
Doppler tuned to the &P-to-20°D transition. Here the re- numerically integrated with population input to each of the
maining 20°D atoms, not excited to the 284 state in the other 1@ states. The effects, as expected, are small and
microwave region, are returned to the®® state. The 20 associated uncertainties are included in Tables Il and IIl.
3F, atoms are Stark ionized and deflected into the channel The correction due to time dilation is B2f/2. This sys-
electron multiplier. tematic effect has little uncertainty since the beam spisd

Other systematic effects
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very accurately knownSee the discussion @1 in the line-  wave frequencies near the resonance. The variation of micro-
shape section.The corrections due to time dilation of about wave power with frequency is found to be less than 0.5% per

2 kHz are included_ in Tables Il gnd [l MHz. This effect is modeled using the SOF line shape of

The ac Stark shiftor power shiff can be calculated from  Ref.[23], and the resulting shift is found to be less than 15
Hz.

Aiac:Z (eEpwaveZik/Z)z/(Ei_Ekihf)a (6) Finally, to confirm that there is no pressure-dependent

effect some data are taken at nine times greater pressure, and,
as expected, indicate no pressure-dependent shift.

where the sum is over all statksand includes both the plus

and minus signs. For the resonant term, only the plus sign is

used, and this term is referred to as the Bloch-Siegert shift. RESULTS AND CONCLUSIONS
The ac Stark-shift rate of the=10 *F5-to-*G, resonance _ _
is —4.8623) MHz/(VZ/cr?) in a constant amplitude micro- The last row of Table Il gives the average fit center of all

wave field. The uncertainty comes from the uncertainty inth€ €xperimental data in the four configurations of the
the relative population of then, states, since eaah, has a Magic-T assembly, at the two beam speeds, and at the two
different ac Stark-shift rate. In a SOF configuration the at-mMicrowave powers, as well as the average corrections due to
oms spend only a fraction of their time in the microwave the various systematlc_effects. _The f_mal _measured result of
fields(i.e., inB1 andB2) and spend the bulk of their time in the N=10 “F5-to-"G, interval in helium is 2017.3284)
the field-free region betweeBil andB2. An estimatd23] of MHz. This 200-part—per—b|lllon.result is the most accurate
the ac Stark shift for a SOF geometry is that the constant™easurement of any Rydberg fine structure. The result shows
microwave-field ac shift is reduced by a factefT. Using  POOr agreement with the previous measurement of the_same
this estimate, the ac Stark shifts are reduced by 0.0557, arjgterval [6] of 2017.311(81) MHz. The reason for the dif-
are 26727) Hz for the field of 0.031 1@3) V/cm, 6Q6) Hz ference is not known. We note that systematic effgcts in the
for 0.015 627) V/cm, 15315) Hz for 0.023 6210) V/cm, present measu_rement are smalliand _carefully momtored, and,
and 323) Hz for 0.011 845) V/cm. The uncertainties given dug to large S|gnal—to-_n0|se'rat|os, it is pOSSIble. to vary a
are the combination of the uncertainty in the electric fieldsvariety of parametergincluding beam speed, microwave
and the uncertainty in the ac Stark-shift rate of the interval POWer, and pressurdo confirm their effects. The SOF ge-
Another estimate of the ac Stark shift is obtained fromOmetry has many advantages, including narrow linewidths
numerically integrating the Schdimger equation for atoms and all but eliminating thg fwst-prder Dolppler shift. The line
at each beam speed and at each power. From fits of the§bape of the SOF experiment is very simple and agrees ex-
numerical integrations, ac Stark shifts of 260), 40(10), tremely well with Fhe experlmental dgtg as seen.m.Flg. 3.
165(10), and 2510) Hz are found, in excellent agreement T_he most precise theoretical _p_red|ct|[jr6] of th|s_ inter-
with the simpler/T ac shift estimates. The corrections speci-Val is also at the 200-part-per-billion level of precision. The
fied in the ac-shift columns of Tables Il and Il are those variational calculation of Drake predicts 2017.32§4MHz
calculated using the simple/T estimate. for this splitting, which is in good agreement with the mea-
An additional ac Stark shift is caused by blackbody radia-SL!red result. This calculation, ho_wever, dqes not @nclude cer-
tion present in the microwave region. The temperature of théin long-range retardatiofCasimiy corrections which have
SOF microwave region is monitored using three thermof@en computed directly using long-range QED calculations
couples, one on each BfL andB2 and one halfway between [13]. These correctiongreferred to as(Vy,)) contribute
B1 andB2 on the 2-in. copper tube. The average monitored—0.0012 MHz to the present intervaly, shows the limita-
temperature is 315) K. The associated shift is calculated in tion of standard atomic physics calculations for calculating
the formalism of Farley and Win®5] and is included in the long-range QED effects and represents the onset of the long-
columns labeled “BB shift” in Tables Il and . range behavior of the Casimir interaction. Combining
Another concern is that the microwave power in the twoDrake’s calculated interval and thé; contribution gives a
SOF regions(B1 and B2) might be unequal, or that the predicted interval of 2017.3248) MHz, 1.2 kHz below the
powers inB1 andB2 might change when the microwave measured value. This difference is three times the experi-
input is switched between thHe and theH input ports of the  mental uncertainty and is twice the combined uncertainty of
Magic T. To check the relative size of these microwavetheory and experiment. This discrepancy seems to indicate
fields, a microwave probe is inserted iBd andB2 at the that the long-range Casimir interaction contribution-ef.2
center of the beamline. The power is found to be equal t&kHz is not present. The only other measurement of the long-
better than 10% in all cases. According to time-dependentange Casimir forces on microscopic systems is that by
perturbation theory, the center of the SOF pattern is indeperBSukeniket al.[26], who measure the force between a sodium
dent of the relative size of these microwave fields. To conatom and two conducting planes. Their measurement con-
firm that this power difference leads to a negligible shift, thefirms the presence of the long-range Casimir interaction in
Schralinger equation is integrated with a power mismatch ofthat system. A second possible interpretation of our present
10%, and the effect is found to be less than 25 Hz. results is that the long-range Casimir interaction is in fact
Another systematic shift results from the fact that the mi-present and that there are also additional interactions, indi-
crowave field amplitude changes slightly as the frequency o€ating new long-range physics in these large atoms. One ex-
the microwaves is tuned across the resonance. This variatiample of such additional interactions could be a spin-
is measured also by using a microwave probe inserted intdependent part of the long-range Casimir interaction, which
B1 andB2 at the beamline center and tuning through micro-has not yet been calculated. Either interpretation indicates a
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problem with the present understanding of long-range QEDaccuracy of better than 1%. The total relativistic contribution

interactions. (10.5268 MHz is tested to an accuracy of 40 ppm and, of
The level of agreement between the present measuremegwurse, the nonrelativistic Coulomb interaction is tested at

and Drake’s theory is consistent with the agreem@ttl  the 200-parts-per-billion level.

ppm) in the n=10 D-to-F intervals[8] and in then=5

F-to-G intervals(at 5 ppm [9]. In contrast, there is a dis-

crepancy of 5 ppm at highdr [7]. The level of agreement ACKNOWLEDGMENT

with the present measurement confirms the total retardation
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