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Nonadiabatic contributions to the core polarization in calcium Rydberg states have been
investigated experimentally by microwave spectroscopy of F and G states. Transitions
4snf 'Fi—4sng 'G4 have been measured for n =23—25. The transition frequencies are in
good agreement with calculations based on a dynamical model of the core interaction, but
differ by approximately a factor of 2 from the usual adiabatic treatment. The dipole core
polarizability of calcium (the polarizability of Ca™) is found to be a;=287(2) (atomic units).
The quantum defect for the 4sng !G4 series is 0.0310(5). General formulas are presented
for the quantum defects of the high-angular-momentum states.

I. INTRODUCTION

For nonpenetrating Rydberg states the major
electron-core interaction is due to polarization of
the ionic core by the Rydberg electron.! In general,
core polarization is sensitive to the dynamics of the
Rydberg electron. For alkali-metal atoms and other
systems with closed-shell cores, a static or adiabatic
model of the interaction is usually adequate, and at-
tempts to identify nonadiabatic effects have been in-
conclusive. For alkaline-earth atoms, however,
these effects are expected to be particularly large
due to the open-shell nature of the core. Studying
them allows us to confirm the dynamical theory of
core polarization, to verify calculations of core po-
larizability and other electron-core interactions, and
to make accurate predictions of Rydberg-level
structure.

Calcium constitutes an excellent test system for
comparing theory and experiment of the nonadia-
batic core interactions. The computational problem
is simplified by the fact that effects of configura-
tion interactions are small and only a few of the ex-
cited states of the ion contribute to the core polari-
zability. Vaidyanathan and Shorer® have calculated
the polarization interaction and obtained quantum
defects for a number of calcium Rydberg states.
The atom is experimentally attractive because the
Rydberg states are accessible by excitation with
pulsed-dye lasers, and because the quantum defects
can be accurately measured by microwave spectros-
copy for states in which the calculations are expect-
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ed to be accurate. In addition, the radiative life-
times of the Rydberg states of interest vary rapidly
with /, providing a simple discriminant for detect-
ing /-changing microwave transitions.

We have measured nonadiabatic contributions to
the quantum defects in calcium by high-resolution
microwave spectroscopy. An outline of the theoret-
ical method used to calculate the effects is presented
in Sec. II, followed by a description of the experi-
mental method and a discussion of the results.

II. THEORY OF NONADIABATIC
POLARIZATION EFFECTS

The calculation of the polarization interactions in
Ca of Ref. 2 is based on work by Eissa and Opik.}
In this section we briefly summarize their theoreti-
cal approach. The Hamiltonian for the atom is
written

H=H0+HR+W- (1)

H_ is the Hamiltonian for the ionic core; Hy is the
Hamiltonian for the Rydberg electron in the field of
an effective positive point charge of Z-N, where Z
is the nuclear charge and N the number of core elec-
trons. The last term
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represents that part of the Rydberg electron-core in-
teraction arising from the finite size of the core. R
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is the position of the Rydberg electron and T; is the
position of the ith core electron.

The essence of the Eissa-Opik method is to treat
the residual interaction W as a perturbation of the
Hamiltonian Hy=H_ + Hpy. Energy shifts resulting
from this interaction are calculated variationally by
using the method of Dalgarno and Lewis.* The
nonadiabatic contributions arise from inclusion of
the dynamical operators of the Rydberg electron in
HR .

The first-order correction to the core wave func-
tion ®! is written

®'= 3 B(RIRIX,R,T)) . (3)
j=1

The summation over j results from the Legendre ex-
pansion of the term 1/|R—7T;| in the interaction
Hamiltonian W. X; is the 27 pole adiabatic distor-
tion corresponding to the first-order correction to
the core wave function in the adiabatic model. The
term 3;(R) is a scaling parameter that is introduced
to account for nonadiabatic effects. The functional
form of B;(R) is expected to be

Bi=yi" +y¥' /R*, 4)

where yo+y, are constants. Minimizing the energy
functional through the quadrupole term leads to the
following correction to the hydrogenic energy:

EP=—Fa,(p0" (r =) +35(r=*))
— 5@ ()P 6

a, and a, are the static dipolar and quadrupolar
polarizabilities of the core, respectively. In the lim-
it that yi —1 and y3’ —0, Eq. (5) reduces to the
usual adiabatic result

E(2)=—%a1(r_4)-—%a2(r‘6) . (6)
The polarizabilities and coefficients y;” have been
calculated for /=3 —6 by Vaidyanathan and Shor-
er.? These results are presented in Table I.

TABLE 1. Polarizabilities and y coefficients for calci-
um, from Ref. 2.

Dipole polarizability a;=89(9)
Quadrupole polarizability a,=987(90)
) m ) )
Yo Y2 Yo

~

Y2
3 0.76 —4.48 0.37 —2.37
4 0.80 —0.56 0.33 —0.01
5 0.98 —16.60 0.66 —1.45
6 1.02 —33.70 0.91 —30.81

The contribution to the quantum defect due to
the polarization interaction is related to E®) by
E(Z)z_l ;___1_ zéﬂ_' (7)

(n—8,7* n?

2 n3

A. Contributions to the quantum defects

As discussed in Ref. 2, the total quantum defect
of a nonpenetrating Rydberg state can be written

81=8p +8pen +8rel+8ci+8ret . (8)

8, represents the effects of the polarization interac-
tion. 8, describes the effects of penetration of the
Rydberg electron into the core; it is assumed to be
small. 8, and 8, represent relativistic and retar-
dation effects, respectively, and 8,; describes the ef-
fects of a possible configuration interaction between
the Rydberg state and valence states.

For nonpenetrating states the quantum defect is
dominated by 8,. It is convenient to distinguish the
dipole and quadrupole contributions. Writing
8,=8,1 + 8,2, Egs. (5) and (7) yield

Spi=1na (g (r =)+ (r9))
8pa=51a (& (r=8) +yP(r=8)) .

9)

To extract o, from spectroscopic measurements
of the quantum defects we use

n3pd(r=*) +y5(r %))

a 1_81’)$

(10)

where 3; represents contributions to the quantum
defect arising from everything but the dipolar po-
larization term in Eq. (8).

B. Comparison with experiment

The quantum defect of the G state 85 is used to
compare the dynamical theory with experiment.
For I <4 the quantum defects cannot be calculated
reliably due to effects of core penetration and con-
figuration interaction, while for / > 4 the dynamical
terms become relatively less important. The mea-
sured quantity is the transition frequency between
singlet states of identical » and different I
I =3—1=4. Because 6y is known independently
from spectroscopic data,” the measurement yields
the absolute value of 5.
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The transition frequencies v, are related to the
quantum defects 867 and 85 according to
1 _ 1
(n =8z (n—38)

) (11)

Vy=CR

which yields
(n—58 F )
[1—(n—8p)v, /c#]'?

8G=n (12)

III. LIFETIMES OF CALCIUM 'F
AND !G SERIES

Because the 4snf and 4sng states have almost
identical field-ionization thresholds they cannot be
distinguished easily by selective field-ionization
techniques. Instead, we made use of the variation
with [ of radiative lifetimes. This method, which
was previously employed in cesium by Safinya, Gal-
lagher, and Sandner,® is particularly well adapted to
calcium because the 'F lifetimes are approximately
a factor of 10 shorter than the !G lifetimes.

To calculate the 'G state lifetimes we employed
the Coulomb matrix element routine of Zimmerman
et al.’ Core contributions to the matrix elements
were taken into account using the Hartree-Slater
theory. For the 4s25g !G state the result was r=24
usec. For n > 10 the calculated lifetimes fit the fol-
lowing scaling law: 7=1.81(n*)*% nsec.

When a similar calculation was carried out for 'F
states, the lifetime for n=25 was found to be 1.6
usec. Such a calculation is unreliable, however, be-
cause it neglects configuration interactions in the 'D
series. An accurate calculation could be carried out
within the framework of multichannel quantum-
defect theory,® but we opted to measure the lifetime
directly. For the 4s25f'F state, we obtained
7~2.5(5) psec. The factor of 10 between the 'F
and !G series is sufficient to allow them to be clear-
ly distinguished experimentally.

IV. EXPERIMENT

The measurements were conducted on an effusive
beam of calcium atoms within an interaction region
cooled to 77 K. Details of the apparatus are
described in Ref. 9. The interaction region is sur-
rounded by a mumetal shield to eliminate effects of
the ambient magnetic field. The atoms are excited
to the state 4snf 'F by two pulsed-dye lasers. The
first step excites the transition 4s>'S—4s4p 'P (423

nm). The second step (393 nm) excites a P—F
transition via Stark mixing between the 'F and 'D
series. The states 4snf'F are almost degenerate
with states 4s (n + 1)d 'D for n~25.5 By applying a
small electric field (~20 V/cm) during the laser
pulse, the 'F states can be excited. The transition
4snf 'F—4sng 'G is then excited by microwave ra-
diation at approximately 30 GHz. The Rydberg
atoms are detected by application of an ionizing
field. The ions pass through small holes in one of
the field plates to an electron multiplier. The field-
ionizing pulse is delayed with respect to the laser
pulse by 25 usec, at which time the 'F atoms have
essentially completely decayed.

The microwave source is a HP 8690B sweep os-
cillator that is synchronized to a harmonic of a sta-
bilized HP 606B reference oscillator operating at
approximately 55 MHz. A small fraction of the
microwave power is diverted to a calibrated wave
meter to determine the correct harmonic.

The natural linewidth for the transition is
governed by the 'F lifetime. The optimal spectral
resolution is achieved when the pulse length of the
applied microwave field is approximately equal to
this lifetime: shorter time gives undesirable
broadening, while longer time causes loss of signal
due to decay through the 'F state. For this reason it
is imperative that the microwave interaction time be
strictly limited. This was achieved by a gating cir-
cuit set to a 1.6-usec aperture. An overall timing
diagram is shown in Fig. 1.

The natural resonance line shape is a somewhat
complicated function that combines features of a
Lorentzian line and a Rabi resonance curve. The
full width at half maximum is estimated to be 560
kHz. A typical resonance for the transition
4s25f'F—4s25g'G is shown in Fig. 2. The
linewidth, typically 1 MHz, is attributed primarily
to inhomogeneities in the ambient electric field.
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FIG. 1. Timing diagram for the experiment: Stark
pulse is used to access the F state, microwave pulse to
drive the F—G transition, and field-ionizing pulse to
detect the G state.
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FIG. 2. Field-ionization  signal  for  the

4525f 'F3—4525g 'G, transition in calcium.

The high [/ states are extremely sensitive to such
fields. A gradient of 10~ V/cm? accounts for the
observed broadening. Such a gradient is entirely
possible under the experimental conditions. Other
sources of linewidths—power broadening, Doppler
broadening, frequency jitter, etc.,—are believed to
be negligible. The uncertainty in the transition fre-
quencies, typically 100 kHz, is due to asymmetries
in the lineshape arising from the field gradients.

V. RESULTS

Final experimental values for transitions 'F—!G,
n=23-25, are given in Table II. Theoretical
values from the adiabatic and dynamical calcula-
tions are also shown. The experimental values agree
with the prediction of the dynamical theory to
within the accuracy of the calculations. It should
be emphasized that the theory contains no adjust-
able parameters: The uncertainty arises from the ab
initio calculation of the core polarizability. In con-
trast, predictions of the adiabatic model are in seri-
ous error, approximately a factor of 2.

The best value of the 85 can be obtained by com-
bining our microwave measurements with spectro-
scopic data on 8, using Eq. (12). As described in

TABLE II. Measured transition frequencies in calci-
um compared with predictions of adiabatic and dynami-
cal models. The larger uncertainty for the
4s23f 'F;—4523g 'G, transition was due to difficulties
locking the sweep oscillator at this frequency.

Dynamical  Adiabatic
Transition Expt. (GHz) Model (GHz) Model (GHz)

4s23f—4s23g 35.4626(5) 32.3(40) 72.3(70)
4s24f —4s24g 31.2513(1) 28.5(30) 63.7(60)
4s525f —4s25g 27.6926(1) 25.2(30) 56.4(50)

TABLE III. Values for the G quantum defect 8¢,
and the dipole core polarizability a; derived from the
microwave data shown in Table II.

n 8¢ a,

23 3.09(8)x 10~2 87(3)
24 3.10(8)x 102 87(3)
25 3.10(8)x 1072 87(3)

Ref. 2, optical data by Borgstrom and Rubbmark®
yield, for n=23—25,

8r=9.61(5)x 1072 . (13)

The results for 8; are shown in Table III.

The G-state quantum defect can be analyzed to
yield a value for the dipole core polarizability of
calcium. To accomplish this the nondipolar contri-
butions to the quantum defect must be evaluated.
Table IV, from Ref. 2, reveals that these are so
small that 8¢ is essentially determined by §,,. With
the use of Eq. (10), and the calculated value of y;
and y(z, from Table I, the experimental value of a; is
obtained as shown in Table III. The final result is
a1 =287(2) a.u. The major source of error is uncer-
tainty in a, from Ref. 2. This result for a is in
excellent agreement with the theoretical value of
Vaidyanathan and Shorer, [89(9)].

For states with />4, the quantum defects are
dominated by the polarization interaction. These
quantum defects can be calculated reliably from Eq.
(9) by combining the measured dipole polarizability
a,=287(2), the theoretical values of a, and the y
parameters presented in Table I, and hydrogenic
values for (r~"). (Expressions for the latter are
given in Ref. 10.) For / > 6 the adiabatic dipole term
dominates and

§~(3/4)a,/1°=65.3/1° .

This result, which is accurate to 2%, applies to
singlet states and also to triplet states provided that
fine structure is taken into account. As explained
in Ref. 1, the corrections for fine structure are
unimportant except for very high [ states.

TABLE 1IV. Nondipolar contributions to the quan-
tum defect of the 4s25g 'G, state. These contributions
were estimated using numerical procedures discussed in
Ref. 2.

Level S quad 8 pen 8rei Bret
4525g 'G4 1.4X 1073 2.0x 10~° 5.9% 107% —6.4x 1077
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