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Measurement of then=9 F-to-G intervals in atomic lithium
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The n=9 F-to-G intervals in atomic lithium are measured to a precision of 1 ppm. These transitions are
driven using microwaves in a Ramsey-separated-oscillatory-field configuration. The results are 1920.6767
and 1928.72222) MHz for the 9 ,,t0-9Gg, and F5-t0-9G-,, intervals, respectively. These are the most
accurate measurements of any fine-structure intervals in Rydberg states of the lithium atom.
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INTRODUCTION outer electron is then in a nearly hydrogenic orbit and the
two-electron core has wave functions which are very nearly
High-precision measurements of the fine-structure interheliumlike. Calculations of the fine structure of Rydberg
vals of atoms have led to many important tests of physicsstates of lithium have been obtained using polarizabil[tids
Initially, such tests were restricted to excited states of atomi¢including recently calculated relativistic corrections to the
hydrogen since hydrogen was the On|y atom for which h|th_| + dlpOle polarlzablllty[8]) Precise variational calculations
precision calculations of the energy intervals could be perof the lower-energy levelf9] have also been done. Neither
formed. Measurements of fine-structure intervals usindhe variational calculations nor the polarization calculations
atomic beams have verified relativistic, nuclear-massare yet at the precision of those in helium, but both are con-
nuclear-size, anomalous-electron-magnetic-moment, Lampinuing to be improved and extend¢d0,11]. We present
shift, and other effects in the hydrogen atom. here the most precise of any measurements of Rydberg fine-
The two-electron atom cannot be solved analytically, andtructure intervalg12] in the three-electron atom. These
thus high-precision calculations of helium fine-structure in-measurements of the lithium#=9 F-to-G (L =3 to 4) fine-
tervals(energy intervals between states with the same prinStructure intervals are at an accuracy of 1 ppm, which is 500
cipal quantum numben and different orbital angular mo- times more accurate than previous measuremgt@$ of
mentumL) are more difficult to obtain. States which have these intervals. They will, with the expected improvements
one of the electrons excited to a highhighL state, how- in theory, be used to provide precision tests of the physics
ever, have wave functions which are more easily calculategincluding relativistic, radiative, and retardation effgcts
since both electrons have nearly hydrogenic wave functionghe three-electron atom. The results can also be used as input
with the inner electron in a3 state about th&=2 nucleus data to high-precision calculations of Stark shifts in Rydberg
and the outer electron in anlL state about th&=1 core States of lithium, which have recently been ufd] to mea-
(nucleus plus $§ electron of the atom. Corrections to this Sure electric fields to an accuracy of 2 ppm.
hydrogenic approximation can be obtained by calculating the
dipole polarizability(anq higher-order polqrizabiliti@z@l] of EXPERIMENTAL TECHNIQUE
the He" 1S wave function, and the associated effects on the
nL wave function. Relativistic corrections to these polariza- The experimental setup is similar in many ways to that of
tion energies[2,3] can also be calculated. High-precision a previous separated-oscillatory-fi€8OFH measurement of
measurementgt] of the helium Rydberg fine structure have the n=10 "F-to-"G, interval in helium[15]. A schematic
provided tests of the relativistic, radiative, and retardatiorof the experiment is shown in Fig. 1. Lithium-7 ions of 3.5,
(Casimin effects on the large distance scéépproximately 5.5, or 7.5 keV are formed in a Colutron ion source. The ion
100m,) of these atoms. Very precise variational calculationssource is modified as it was in the experiment of R&6] to
of helium energie$5] are now available for the entire singly allow for longer uninterrupted operation. The ions are neu-
excited series of statdsip ton=210). These calculations es-
sentially solve this two-electron atom and thus bring the
theoretical understanding of the helium atom to almost the
same level as that of atomic hydrogen. These calculations
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can be compared to high-precision fine-structure measure- co, E1 B2\ co, Fagaday
ments of low-lying state$6] as well as the Rydberg fine- . m _ 0 g ) |W| /0N
structure measuremenfd]. Discrepancies between theory U AEERY |_, | Hxﬁ
and experiment in the latter remain as an outstanding prob- Cs ¢ 2 = = CsT CEM
lem in atomic physics. . s

Recently, progress has also been made on precision cal-
culations of the three-electron atom. Again, states with one FIG. 1. Schematic of the experimental setup. Details of the
electron excited up to a Rydberg state are simpler, since th&stup are given in the text, with further details given in Ri&f].

1050-2947/97/54)/1286)/$10.00 55 128 © 1997 The American Physical Society



55 MEASUREMENT OF THEn=9 F-TO-G INTERVALS IN . .. 129

tralized via charge exchange with a dense thermal beam of
atomic cesium. The lithium ions which are not neutralized in
the cesium target are deflected out of the beam, while the
neutral lithium atoms, some of which are im=9 Rydberg
states, continue along the beamline. The cross section and
the direction of the neutral lithium beam is determined by
three collimatorC1, C2, andC3 of Fig. ). At L1 in Fig.

1, 9F lithium atoms are transferred into the G State by a
12c180, laser which is tuned to thidP (42) line at 9.517um.

Fine tuning of this laser frequency is accomplished by vary-
ing the angle between the laser beam and the fast lithium
beam, and thus varying the Doppler shift of the laser fre-
guency.

After L1, there is a large population difference between
the 9 and 9G states, and a transition between these two
states is driven by microwave fieldsMtl andM 2 in Fig. 1.

M1 andM2 are two sections of WR430 waveguide which
are set up in a separated-oscillatory-field configuration.
These waveguide sections have XM8-in. holes through
which the atomic beam passes and are aligned to be perpen-
dicular to the atomic beaifto within 0.3 mrad using a high-
power surveyor’'s scope. The microwaves are generated by
an Anritsu model MG3602A signal generator which derives
its timebase referencéaccurate to 10'Y) from a Stelar
model 100B satellite connection to the global positioning
system(GPS. The microwaves are switched between Ehe
andH input ports of a Struthers M352M Magic-T, the two
outputs of which are connected to the two waveguide sec-
tions M1 andM2. When theH input is used, the micro-
waves inM1 andM2 are nearly in phase; when tBeinput 3.5 kV]
is used, they are approximately 180° out of phase. After 1920.5 1921.0
passingM1 andM2, the microwaves are terminated using FREQUENCY (MHz
Struthers model 200M precision waveguide terminators,

which have reflections di’|~0.025. FIG. 2. Observed separated-oscillatory-field line shape near the

After passing through the microwave fields, the atoms aré&enter of the &7,,-t0-9G/, resonance. The data are the average of
intersected by a second G@aser beam(at L2 in Fig. 1. data taken in several separate scans of the resonance. Dgta are
This laser beam is Doppler tuned to excite th@-&-19H sho_wn fpr the three beam speeds. The solid lines are fits to a simple
transition and is used to determine what fraction of tig 9 Ccosine line shape.
atoms made the G-to-9F transition in the microwave re-
gion. Then=19 atoms are then Stark ionized in an electricthe data are taken with the orientation of the Magic T re-
field of 9 kv/cm (at Sl in Fig. 1, and the resulting ions are versed as indicated by the arrow in Fig. 1. When doing these
deflected into a Channeltron electron multipli€@EM) de-  reversals, the waveguide ben@l andE2) remain securely
tector. The signal from the CEM is directed into a currentfastened to the Magic T, and this whole Magic-T assembly is
amplifier followed by a lock-in amplifier which extracts the regriented. The geometry of the Magic-T assembly and of
cqmponent which is synchronous with the swit(;hing of_ thepm1 and M2 (which remain securely fastened in place
microwaves between tte andH ports of the Magic T. This  hrqughout the measurementre constructed to tolerances
signal is sent to a computer for storage and analysis. Thgt 5 901 in. or better so that the Magic-T assembly can be

remainder of the neutral lithium beam continues through th%onnected(using precision dowel pin connection® M1
Stark-ionization region and is monitored on a Faraday cup._.4\2 in all four orientations

The data consist of several scans taken on each of the two
MEASUREMENTS resonances at each of the three beam speeds and in each of
the four orientations of the Magic T. After completion of this
Both the ¥ ,-t0-9Gg;, and the ¥5;-t0-9G, intervals  entire set of data, the set is repeatedcept for one of the

are measured. These two transitions are separated by aprientations of the Magic T which is missing in the second
proximately 8 MHz, and are well resolved in the measure-data set In all, 150 h of data are taken.
ment. The much smaller hyperfine structure is totally unre- Typical signals are plotted as a function of frequency in
solved. Data are taken at three beam spé@ds 5.5, and 7.5 Fig. 2. The expected line shape for these signals is the
keV). Half of the data are taken with the Magic T abdvd Ramsey-separated-oscillatory-field line shape, which con-
andM?2 (as shown in Fig. 1, with the microwaves propagat-sists of Ramsey oscillations within a Rabi envelope. The line
ing downward and the other half are taken with the Magic T shape can be approximated using time-dependent perturba-
below and the microwaves propagating upward. Also, half ofion theory, which predicts
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TABLE I. Line centers for the two measured intervals. The first column gives the orientation of the
Magic-T assembly. “Reversed” indicates the reversal shown by the arrow in Fig. 1. The second column
shows the location of the Magic-T assembBlfop” indicates that the microwaves are traveling downward
The third column gives the acceleration potential of the ion beam. The final two columns give the average
line centers for the two measured transitions. These values include all of the systematic corrections and
uncertainties from Table II, except for the uncertainty associated with the unresolved hyperfine structure. The
final two rows give the average of the line centers obtained in the 12 experimental configurations, with the
final row including the 2.0-kHz uncertainty due to the unresolved hyperfine structure. The line centers are
given in MHz, with one-standard-deviation uncertainties given in parentheses.

Magic-T Magic-T Acceleration 9F;,-9Gg)» 9F5,-9G7)»
orientation location potential (kV) (MHz) (MHz)

Normal Top 7.5 1920.67818) 1928.723420)

Bottom 7.5 1920.68038) 1928.72880)

Top 55 1920.679@25) 1928.72485)

Bottom 55 1920.68020) 1928.724421)

Top 35 1920.677(B1) 1928.722637)

Bottom 3.5 1920.67925) 1928.726R7)

Reversed Top 7.5 1920.6718) 1928.720922)

Bottom 7.5 1920.67428) 1928.717916)

Top 55 1920.67421) 1928.718421)

Bottom 55 1920.67523) 1928.718(24)

Top 35 1920.67322) 1928.722122)

Bottom 35 1920.67522) 1928.718(22)

Average of all configurations 1920.676D) 1928.722110)

Average including hyperfine uncertainty 1920.678% 1928.722122)
2V 2 but nonidealities in the Magic T, or mismatched lengths in
R(fT—Tfg) sifwr(f—"fy)]| cod2nT(f—fy)], (1)  E1 andE2, could cause the relative phase at the outputs of

E1 andE2 to be shifted. However, the shift due to this phase
mismatch changes sign when the orientation of the Magic-T
assembly is reverse@s shown by the arrow in Fig.),land

thus the average of centers taken in these two orientations is
independent of effects due to this phase mismatch. The av-
erage difference between line centers obtained in the two

V=eE,zq is the dipole matrix element for the transition, orientations(see Table)lis 5 kHz, indicating that the phase

E, is the amplitude of the microwave field, agg; is thez mismatch is approximately 3°. _ _
matrix element between the two states. In the present mea- A S&€cond mechanism which shifts the relative phase is the
surements, the beam speeds aig;s ,,=0.00103, direction qf the atomic .beam. If t.he beam passes th_rpugh the
Bss «=0.001 29, ands, s ,,=0.001 51, which lead td’s  Second microwave region at a different vertical position than
and 7s of Ts5 w=3.18 us, Ts 5 (=2.54 us, T+ 5 w=2.17 it did through the first region, a shift in the relative phase will
US, T35 1y=0.177 uS, 75 5 w=0.141 us, andr, 5 ,=0.121  result. The sign of this shift is reversed when the direction of
us. The7s lead to Rabi widths of 5.65, 7.08, and 8.29 MHz microwave propagation is reversed. Thus when centers ob-
for the three beam speeds and fhis yield intervals of tained with the Magic-T assembly on the top and on the
0.157, 0.197, and 0.230 MHz between the zeroes of théottom ofM1 andM2 are averaged, this relative phase ef-
Ramsey oscillationgésee Fig. 2. As discussed in Refl15], fect is canceled.
the line shape near the line centewen when the simplify- Another systematic effect which depends on the direction
ing assumptions of time-dependent perturbation theory aref the atomic beam is the first-order Doppler shift of the
not used is approximated well by a simple cosine function. microwave frequency. This effect is also canceled when the
Thus data such as those shown in Fig. 2 are fit to a simplaverage is taken of centers obtained with the microwaves
cosine function to extract the resonant frequency of thepropagating in the two directions. The fact that on average
atomic transition. Several systematic corrections must be ajpihe data taken with the Magic-T assembly on top differ by
plied to the centers obtained from the fits. Table | shows th@nly 1 kHz from the data taken with it on the bottom, indi-
averaged results of fits of the data taken in each of the exzates that the direction of the bedom averaggis within 0.2
perimental configurations. The values in that table includenrad of perpendicular to the microwave propagatioVit
the systematic corrections shown in Table Il andM?2.

One important systematic effect results from the relative Since the focusing and deflection of the ion beam are
microwave phase in the two microwave interaction regionsadjusted during each data run, it is possible that the direction
(M1 andM?2). Ideally, the relative phase is either 0° or 180°, of the beam varies slightly from one data run to another. The

wheref is the microwave frequency, is the resonant fre-
guency of the transitionT is the time it takes the atoms to
travel from the center d11 to the center oM 2 [a distance
of 98.09525) cm], 7is the time the atoms spend in each of
the microwave regions[a distance of 5.46%) cm],
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TABLE Il. Systematic effects and uncertainties. Statistical uncertainties are the one-standard-deviation
uncertainties in the mean of all data taken for each of the measured intervals.

Correction Uncertainty

(kHz) (kHz)
Statistical uncertainty from fits 0.4
Statistical uncertainty due to
variation in beam direction 0.5
Time dilation +2.2,+1.6,+1.0 0.0
dc Stark shift +0.6 0.6
Neighboring resonances 0.5
ac Stark shift +0.1 0.0
Blackbody radiation shift -0.2 0.1
Terminator reflections -0.3,-0.3,-0.2 0.1
Unresolved hyperfine structure 2.0
Total uncertainty 2.2

&Corrections for 7.5-, 5.5-, and 3.5-keV beam energies.

extent of such variations is limited by collimato&l and blackbody radiation, ac Stark shifts due to the applied micro-
C3, which have heights of 0.041 and 0.120 in. and which aravaves, and a relative phase shift caused by reflections off of
separated by 1.50 m. The estimated deviation of the beartihe microwave terminators. These corrections are all small
direction from day to day is=0.5 mrad, which leads to fre- compared to the uncertainty of the present measurement, but
guency shifts(due to a combination of relative phase shifts are included in Table Il for completeness. The first is calcu-
and first-order Doppler shiftsof 2.2 kHz. Due to this pos- lated using the formalism of Farley and Wih@7] and the
sible variation, a statistical uncertainty of this size is in-latter two are calculated as described in R&g].
cluded in each of the data runs for each of the measurements, The centergfor each of the experimental configuratipns
and the effect of this statistical uncertainty on the mean of altorrected for the systematic effects described above are
of the data runs is included in the second row of Table Il. shown in Table |. The average values are given in the second
Time dilation(or second-order Doppleshifts of 33°f are  last row of the table. One additional uncertainty must be
present in the measurements, and the values in Table | irapplied to these measured values, namely, the uncertainty
clude corrections of 2.2, 1.6, and 1.0 kHz for the 7.5-, 5.5-associated with the unresolved hyperfine structure. The hy-
and 3.5-keV atomic beams. The beam speeds are very acgperfine components of this transition are withiry kHz of
rately determined from the accelerating potential, and thushe frequency at which the resonance would be if no hyper-
the uncertainty in this correction is less than 0.1 kHz. fine structure were present. If these components are all sta-
dc Stark shifts due to stray electric fields in the micro-tistically weighted(i.e., all levels are equally populated and
wave regions are a major concern. The heliurfi2€o-20°F all transitions are driven equajlythere is no effect on the
transition, which has a Stark-shift rate which is 100 timesline center. We believe this to be, in fact, the case for the
larger than that of the measured intervals, is used to monitgeresent measurement. However, since we have no direct
the stray fields. The position of the helium interval is mea-measure of the relative populations of the unresolved hyper-
sured three times over the three-month period of the experfine states, we include an uncertaintyp2.0 kHz, which is
ment and indicates that rms dc electric fields of approxi-a conservative estimate of the effect of unequal populations
mately 12 mV/cm are present. Since the Stark-shift rate ofn the hyperfine levels. The final row in Table | gives the
the 9F-to-G intervals is—4.2 MHz/AV?Zcn?), this leads to  final measured values, including this uncertainty.
Stark shifts of 0.6 kHz for the measured intervals. Since the
field monitor uses a helium rather than lithium beam and

. - . . DISCUSSION OF RESULTS
since the fielddwhich are at least partially due to surface

charging effects might be slightly different for the two The results can be compared to earlier measurem&8ts
beams, a conservative estimate®0d.6 kHz is made for the of Cookeet al, which were obtained in a thermal beam us-
uncertainty in this correction, as shown in Table II. ing laser excitation and observing changes in fluorescence as

Another concern is that a slight overlap between the twmne-photorD-to-F and two-photorD-to-G microwave tran-
resonant features, which are separated by approximately dltions are driven. The difference between theo-F and
MHz, might lead to small shifts in the measured line centersD-to-G intervals gives measurements of th¢o-G intervals
If such shifts exist, they would be very dependent on theas shown in the first row of Table Ill. These measurements
beam speed since both the Rabi envelope and the Ramsaye slightly higher(1.9 standard deviationshan the present
oscillations depend on the speed of the atoms. Since dataeasurements which are shown in the second row, and
taken at three different beam speeds lead to centers that agneich are 500 times more precise.
at the=0.5-kHz level of precision on both of the resonances, The only theoretical prediction for the energy interval
we conclude that the effect of overlap is small. We includecomes from the polarization model calculations of Drachman
an uncertainty of 0.5 kHz for this effect in Tables | and Il. and Bhatia. The B-t0-9G interval of 1935 +27 MHz,

Several other small corrections are ac Stark shifts due tavhich is obtained using their prescripti¢p#], including the
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TABLE Ill. Comparison of present measurements to previous measurements and theory. Frequencies are
given in MHz, with one-standard-deviation uncertainties in the last digits given in parentheses. The column
labeled “Average” gives the average of the two intervals, and the last column gives the splitting between the
two measured frequencies.

9F4,-9Gg)» 9F 559G Average Difference
Prev. expf 1922.6(10) 1930.7(10) 1926.6(10) 8.1(14)
Present expt. 1920.67622) 1928.7221(22) 1924.699422) 8.0454(31)
Theory 193527)° 8.029

8Referencd 13].
®Calculated using the prescription of Drachman and Bhatia, [R&f.
“Hydrogenic approximation of spin-orbit contribution.

lowest-order relativistic correction and the second-ordetion [19] by more than 20 kHz. The nonhydrogenic contri-
dipole-polarizability correctiomA, which is calculated ac- butions are due primarily to the penetration of thé Mave
cording to the formula of Drake and Swainsfi8], is in  function into the core of the atofi9] and the distortion of
good agreement with the present measurement. Much motbe 10F and 1@ wave functions which results from the
accurate energy predictions will be necessary in order t®olarization of the core. No calculation of these nonhydro-

make a meaningful comparison with the present experimerdenic effects presently exists for Rydberg states of lithium.
tal result. One application for the present measurements is as input

The frequency difference between the two measured indata for the precision calculation of Stark shifts in Rydberg
tervals is predominantly due to the spin-orbit interaction. Thedtates of lithium[14], which hav_e f?‘?e”t'y been applied in
measured spliting is 8.0481) MHz, which is slightly making measurements of electric fields at an unprecedented

: g : recision of 2 ppm. These calculations require precise values
If?(;gr;ﬁrt;r;asnptiziao%?rf%gr;r?]rlljllc(:apredmtmn of 8.029 MHz obtaine or the quantum defects of lithium Rydberg states, and the

present measurement, when combined with polarization cal-
culations for the & states, provides significantly higher-

— ?R(1+ al ) precision values for the defects of th& $tates.
AEgo=—5 7, 2 The present measurements are the most precise of any
n*(j+1/2) fine-structure measurements in Rydberg states of lithium.

They will form a strong test of the physics of this three-
electron atom when expected theory for these states becomes

whereR is the Rydberg constant; is the fine-structure con- .
available.

stant, and the factor dfl+a/7) includes(to lowest order
the effect of the anomalous moment of the electron. The
difference of 16 kHz from the hydrogenic prediction is not

surprising since similar splittings in helium show similar dif-  This work was supported by the Natural Sciences and
ferences from hydrogenic predictions. The splittifid be-  Engineering Research Council of Canada. The authors wish
tween the 18F ,t0-10°G5 and the 18F ,t0-10°G; intervals  to acknowledge helpful conversations with Richard Drach-

in helium, for example, differs from the hydrogenic predic- man.
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