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Determination of the polarizability of Na-like silicon by study of the fine structure
of high-L Rydberg states of Sit
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The fine-structure intervals in the=29 state of Si* separating levels fronh=8 to L=14 have been
measured by microwave spectroscopy. A beam 8f $Na-like silicon captures a single electron from an
=10 Rydberg target, forming highly excited Rydberg states &t Siearn=29. SpecificL levels withinn
=29 are selectively detected by excitation with a Doppler-tuned &@er, followed by Stark ionization. This
allows the detection of microwave induced transitions between différémiels in then=29 state, determin-
ing the fine-structure intervals. The fine-structure pattern can be used to deduce the dipole polarizability of the
Si#* ion, which forms the core of the Rydberg system. The resyi#t 7.404(11) is in good agreement with
calculations that are comparable in precision.
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[. INTRODUCTION about the right binding energy to be efficiently detected with
a CO, laser. We report here the use of microwave spectros-
The fine structure of nonpenetrating high-Rydberg copy on these Rydberg ions, obtaining a map of nke29

states can be attributed to a long-range interaction potenti&ydberg levels of Si" with 8<L=<14. Fitting the fine struc-
with the positive-ion core, the leading term of which, for ture of these levels to the long-range interaction model yields
s-state cores, is the dipole polarization enefjy?]. Because & precise value of the dipole polarizability of the Na-like
of this, measurements of high-Rydberg fine structure can SI° ion which is at the core of this Rydberg system.
be used to deduce precise values of core polarizabiliigs
The Rydberg electron acts as a sensitive probe of this prop- Il. EXPERIMENT

_erty of tlhe_ 'OE.I.(;Ore' Pre_(gse mer?slll,lrement? OI a;on:m ".md Figure 1 illustrates the apparatus used for this measure-
lonic pofarizabilities ‘provide: a challenging test ot alomiC ,on; - A 12-keV beam of &f ions is obtained from the

structure calculations. This is particularly valuable in the5_GHZ electron cyclotron resonan@&CR) ion source at the
case of alkali-metal atoms and alkali-metal-like ions, since; r Macdonald Laboratory at Kansas State University. The
the theory has been highly developed in those cases in ordgjns are passed through a demse 10 Rydberg targef8]

to support tests of atomic parity violation and searches fojnere a few percent of them capture a single electron, popu-
electron electric dipole moments. A number of new experi—|ating levels nean=29 in S#*. Immediately after charge
men.tal techniques have been Qeve]qped in order to ma!‘(%pture, all the ions enter the “repeller” region, a double
precise measurements of polarizabilities of neutral alkalieinzellens with potentials chosen to block the remainirig Si
metal atomg4,5]. Measurements with these techniques argons while transmitting and refocusing the?Siions. lons

approaching the level of precision of 0.1%. Measurements ofemaining in a particulat. level within n=29 are detected
singly charged ion polarizabilities by Rydberg spectroscopy

have already achieved this level of precision. Examples are R Receled 66 - Detector
the 0.005% measurement of the polarizability gf Bind D, Target " "4 &F Region ‘4 /Vé’
[3], the 0.10% measurement of the polarizability of'Né], ECRIon| o~ e | Ul awawaw| < =

and precise measurements of the polarizability of C8]. Souce | = Tlleml gy '4%)’4‘ oy [T—
Many of these measurements were made using the resona @ @ @ S 6

excitation stark ionization spectroscofRESIS method in m

which Rydk_)erg states gre -formed In a fast beam, selgcnvgly FIG. 1. Diagram of components used in the RESIS technique. A
detected with laser excitation, and studied carefully with Mi-gi8+ peam is extracted from the ECR source(Bt Some of the
crowave speptroscopy. Until now, however, this technlquqons capture an electron from theA®b target(2). The remaining
has been limited to neutral Rydberg states, and therefore {Qimary ion beam is reflected and upper Rydberg states in fie Si
studying singly charged ions. Recently, however, the seleGseam are field ionized in the repelléd). A Doppler-tuned CQ

tive detection of high- Rydberg states of multiply charged |aser drives specificr(L)-(n’,L’) transitions within the remaining
ions has been demonstrated with this techniglleThe key  charge transfer beam &) and(6). Microwave transitions between

to this advance was using a selectively excited Rydberg tai- states are induced in the transmission line microwave region at
get to form the Rydberg ions by single-electron charge transe). Signal ions are then Stark ionized and deflected into a channel-
fer. This populates a narrow range of highly excited states aton for detection(7).
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FIG. 3. Resonance line shape for thgl() =(29,9) to (29,10)

FIG. 2. Measured ion current resulting from excitation of the transition in Si+ measured with the microwaves traveling antipar-
n=29 to 90 transition in $i" vs the difference between the aliel to the Si* beam. The vertical bars represent the calculated
Doppler-tuned CQ laser frequency and the hydrogenic transition spin structure and the solid line is the best fit to the theoretical line
energy. Levels withim=29 with L from 7 to 11 are resolved. The shape.
unresolvedL>11 levels form the large peak near the hydrogenic
transition energy. served from 11-13 and 11-14, respectively. As illustrated in

Fig. 3, the frequency resolution of the microwave resonances
by exciting them to then=90 level using a Doppler-tuned was about 1 MHz, sufficient to partially resolve structure
CO, laser[at (6) in Fig. 1 and then Stark ionizing the  due to the two-electron spins. This is dominated by the spin-
=90 level and collecting the resultingSiion [at (7) in  orbit interaction for the Rydberg electron, with a smaller con-
Fig. 1]. The arrangement of ionizing electrodes within thetribution from the spin of the core electron. The latter is
Rydberg detector is such that the ionizationnef 90 takes  modified by an indirect spin-orbit interaction coming from
place at a negative potential, resulting in an energy differvirtual excitation of the cor¢9]. The calculated spin struc-
ence between the 8i ions that result from laser excitation ture for the 9-10 transition is shown by a stick diagram in
and any others that may be present as a result of collision#ig. 3. Since, within the resolution of the measurement, this
ionization. Figure 2 shows an example of the ionization cur4s indistinguishable from the simple hydrogenic spin-orbit
rent observed as a function of the Doppler-tuned,d&ker interaction, the resonance lines were fit to a superposition of
frequency. The laser resolution, limited by the angular spreaéo lines of equal amplitude split by this calculated spin
of the ion beam, is sufficient to fully resolve individual fine- splitting. A small correction was applied to the fitted centers
structure levels withim=29 with L up to 11. so that the quoted transition energy corresponds to the energy

Before they reach the detection region described abovejifference between the centers of gravity of the two hydro-
the ions pass through a microwave interaction region whergenic spin levels. Since the two components were not well
they are subjected to a microwave electric field which mayesolved in the case of the highlertransitions, an additional
induce transitions between two fine-structure levels. If aerror equal to 5% of the spin splitting was added to the
population difference exists between these two levels, thesstatistical error from the fits to account for the uncertainty of
transitions will change the population of both levels and re-the relative component strengths. For each interval, transi-
sult in a change in the ionization current measured in theions were measured for both directions of propagation of the
detector when the CQlaser is tuned to excite either of the microwave traveling wave, parallel and antiparallel to the
levels. This population change can be measured as a functidseam velocity. The geometric mean of the transition energy
of the microwave frequency to display the transition reso-4n the two cases gives the transition frequency for stationary
nance. An example is shown in Fig. 3 which illustrates thejons. In the case of the two- and three-photon transitions, ac
transition betweeh. =9 andL =10 levels withinn=29. In  Stark shift corrections were calculated and applied to the
order to enhance the size of such signals, a second CQresults. The measured fine-structure intervals are shown in
interaction region is used at (4) in Fig. 1 to deplete one ofTable I, column 2.
the two levels by exciting it to th@=90 level using the The major experimental difficulty in this work was the
same transition later used to detect the remaining populatiorontrol of stray electric fields that were observed to build up
For example, the resonance of Fig. 3 was obtained with botkvithin the microwave interaction region by charging of
CO, laser interactions tuned to excite the,I()=(29,9) to  nominally conducting surfaces. The presence of these fields
(90,10) transition. was confirmed by observations, using the same interaction

For this study, similar transition resonances were ob+egion, of the 10G-H transition in helium, whose true posi-
served for transitions fok-L" of 8-9, 9-10, 10-11, and 11- tion and Stark shift rate are well known from previous mea-
12. In addition, two- and three-photon transitions were obsurementd10]. These studies indicated that stray fields in
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TABLE |. Measured values afi=29 fine-structure intervals. Column 1 givesandL' for the observed
interval. Column 2 gives the measured interval, in the presence of the ambient stray electric field. Column 3
shows the Stark shift rate for the interval in MHz/(V/cm§, and column 4 shows the inferred value of the
interval in the absence of electric fields. The fitted value of the stray field is 0.110(10) V/cm. The second-
order energy corrections are listed in column 5.

Interval AEps (MHZ) K AEg_o (MH2) AEP! (MHz)
8-9 1160.703(35) —-13.7 1160.87(5) 2.422
9-10 611.461(48) —25.2 611.77(7) 0.657

10-11 343.491(70) —-347 343.91(10) 0.202

11-12 203.143(52) —49.8 203.75(15) 0.070

11-13 328.24(11) -111.9 329.60(27) 0.095

11-14 408.20(19) -191.1 410.51(46) 0.106

12-13 125.10(12) -62.1 125.85(18) 0.025

13-14 79.96(22) -79.2 80.91(28) 0.011

the range of 100—200 mV/cm could be present within the (2], %, 4
interaction region, and also that the size of the field changed AE=AErei+ AE+ —=A(r=%) +
over time, especially during the process of changing between

Si** and He' beams. On the other hand, the stray field was +CgA(r 8+ ... )
nearly constant over long periods of time when only th¥ Si

ion beam was used. Because the Stray field was constant The Stark shift rate of each fine-structure interval can be
under these circumstances, its size could be determined frof@iculated from hydrogenic matrix elements and the mea-
the pattern of fine-structure intervals measured iR" Si sured fine-structure intervals, assuming thatnalstates are
which is significantly altered by the Stark shifts. By includ- €qually populated. The relative shift rates among the several
ing the ambient electric field as a fitting parameter in analyziransitions are only weakly dependent on these assumptions.
ing the observed fine-structure intervals, as described beloolumn 2 of Table | shows these calculated rates for the six
it was possible to learn the size of the field present during th&ransitions studied. Since measurements showed that the

data collection and to correct the observed intervals for it$tray field was not entirely constant during data collection,
effect. an additional uncertainty equal to 5% of the Stark shift was

added to each measured transition energy.
In order to extract a value afy from the measured inter-
Ill. ANALYSIS vals, and illustrate the data pattern conveniently, the mea-
The long-range potential model predicts that the bindingsured intervals were corrected for the calculated relativistic
energy of hight. Rydberg levels is given by contributions and second-order polarization effects and then
divided by the calculated (r ~*) values. The resulting quan-
tities, all of the same order of magnitude, were then fit to a

E(n,L)=ELl(n)+E,q(n,L)— %(r%)m_ (%_33(1) function of the form

%—SB(J)A«-%

X(r=8,  —Cg(r &, +ER+... (1) AEps— AE e~ AEP] AL A(r % N A(r=®)
A(r4) RN N
whereE!l(n) is the hydrogenic energyyy and e are the
adiabatic dipole and quadrupole polarizabilities of the core,
Bq is the first nonadiabatic correction to the dipole polariz-
ability, and Cg accounts for higher-order termg,, is the
relativistic correction to the electron’s kinetic energy, where the coefficientd, represent the coefficients in EG)
and « is the Stark shift rate from Table I. All terms are
o274 expressed in atomic units. The results of this fit are illus-
(2)  trated in Fig. 4 by the dashed line connecting triangles. The
fitted coefficientAg gives our best estimate of the stray field
present within the microwave interaction region at the time
whereZ is the core charge, aril?] is small correction due of data collection. It gives a result well within the range of
to the second-order effects of the leading dipole polarizatioriields indicated by the helium diagnostic. Knowing the value
potential[11]. The radial expectation values are assumed tmf the stray field, the measured intervals can be corrected to
take their hydrogenic valugd?2], accounting for both the indicate the intervals that would be measured at zero field.
charge and mass of the core ion. In the absence of Starkhese are shown in Table I, column 4, and also illustrated in
shifts, the fine-structure intervals are given by Fig. 4 by the solid circles. The smooth solid curve in Fig. 4

+Ag 4

E(nL)=——— a.u,,
e 2n3(L+ 1)
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. 37 ™ pole matrix elements. The same matrix elements also predict
3 E ] the lifetimes of exciteg states, but these are much harder to
8 370F . e i .

F 1 measure with high precision. The good agreement between
ﬁrﬁ 69 b ] measured and calculated polarizabilities adds to the confi-
p/ r ] dence in calculations by similar methods which have been
= 368 E 3 used to interpret experimental measurements of parity non-
ST . ] conserving matrix elements in atomic €k5]. It would be
T aerk ] even more valuable to have such checks for heavier ions
ur F ] where relativistic effects are more dominant.
<.‘w 366 [ ] In summary, this paper demonstrates that experimental

8 r ] methods very similar to those used in the past to measure the
w _ ] . s R . .
< 365 . polarizabilities of singly charged positive ions through the
~ =TI IR S A T TS T U A T T S Y T I A Y MU O O A~ StudyOfneutralhigh:RydbergStatescanalSObeusedSUC-

0.000 0.002 0.004 0.006 0.008  cessfully to determine the polarizabilites of multiply charged

A<r®s/A<r?s (a.u.) ions. It remains to be seen what range of ion charges can be
effectively studied with these methods. To date, Rydberg
FIG. 4. Measured fine-structure intervals within tite 29 level  jons with charge up to 10 have been detected with the RESIS
of Si*", scaled and plotted as described in the text. The trianglegnethod[7]. There is no fundamental obstacle to the study of
illustrate the directly observed intervals, which are S|Ight|y Starkions of arbitrary Charge’ but the experiments become Stead”y
shifted by an ambient stray electric field. The dashed curve illusmore difficult as the ion charge increases, largely because the
trates the fit to these observations, using &4.of the text. The  principal quantum number of the levels accessed increases
solid circles and solid curve illustrate the inferred intervals in thejjxe the charge, giving each specifia,() level a smaller
apsence of_stray elect'ric fi_e_lds. The zero intercept of the solid CUNVE& - otion of the total population. In principle, the method
gives the dipole polarizability of i . should be equally applicable testate and noms-state ions,
although the former will be much easier to study because of
their simpler fine structure. The combination of wide appli-
cability and high precision should make this technique a
valuable addition to the list of experimental methods, which

illustrates the function of Eq4) using the fitted values of
A4, Ag, andAg. The intercept of this curve gives our best
estimate of the polarizabilityy of the core ion,

(@q) experiment 2A4=7.4O411)a§. (5) can be used to measure atomic polarizabilities.
The other fit parameters areAgz=—14.5(1.6), Ag
=843(115), andAg=0.0121(22). The measured polariz- ACKNOWLEDGMENTS
ability is in good agreement with a recent calculation
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