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We report the measurement of nd ~(n + 1)p intervals in sodium Rydberg states with n = 30—32. The
measurements were made using a.microwave-resonance technique which utilizes selective field ionization.
Fine-structure intervals of the p state are reported and shown to continue the (n*) ' scaling law, where
n ~ = n —.8 is the effective quantum number and 8 is the quantum defect. Quantum defects for the p states
are derived and compared to spectroscopic measurements.

Recently, techniques have been developed for
measuring b, l intervals (i.e. , nd nf, nd n-g, and-

nd-nh) inalkali systemsusing microwave reson-
ance techniques. ' These techniques are inherently
far more accurate for measuring small intervals
than optical spectroscopy since the frequencies
can be measured with very high precision using
counting techniques, whereas spectroscopic tech-
niques involve difficult comparisons of wavelengths.
Using these measurements of the hl intervals,
Freeman and Kleppner' have demonstrated how to
calculate the quantum defects of sodium states of
l ~ 2 to accuracies as high as 2 &10 '. By mea-
suring nd-n+1 p intervals, we have extended this
precision to sodium P states.

In order to use our present microwave genera-
tors and measurement techniques, we were re-
stricted to frequencies in the 30—40-GHz range,
corresponding to nd-n+1 P transitions for n= 30.
This make s optical detection, the method pr e-
viously used to measure Al transitions, virtually
impossible since a 30P state in sodium has a
radiative lifetime of nearly 0.2 ms. With such a
long lifetime, the small amount of flourescence
light would be very hard to detect above a photo-
multiplier dark current. Consequently, we have
measured the nd-v+1 P transitions using selective-
field ionization (SFI) to detect populations in the

P state. The basic idea of this method is to popu-
late the nd state initially, but to set the ionizing
field so as to ionize only the n+1 p state. Thus,
ordinarily, there is no field ionization. If we

apply a microwave field and sweep its frequency
through the nd-n+ 1 P resonance, we see a sharp
increase in the ionization signal. This technique
was first used for rf resonance detection by
Gallagher et al; to measure sodium P- and d-state
fine-structure intervals and polarizabilities,
although it has been extensively used by others as
a Bydberg-state detector. '

In order to use SFI to perform resonance experi-
ments, we must first understand the field ioniza-
tion behavior of the states involved. Since thi. s is
treated extensively in Bef. 5, we shall only out-
line the main features. The threshold field re-
quired to ionize a state (with an ioi, ization rate of
10' s ') is proportional to the square of the binding
energy of the state in the high ionizing field. Under
the conditions of our experiment, field slew rates
of 10' V/cm s, the passage from the low field to
the high ionizing field should be adiabatic, which
implies that the energy ordering of the st'ates in
the high ionizing field is the same as it is in the
low fields. Finally, the energy spacing of all the
levels in high fields have been observed to be more
or less uniform, especially for rn =0 states. This
approximate behavior is illustrated in Fig. 1. The
classical ionization threshold, and its dependence
on binding energy, is represented by the dashed
line.

Using this model, we find that the 31d and 31P
states, for example, are adiabatically connected
to almost adjacent manifold states in the high
field, which are separated by only -0.2 cm '.
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FIG. 3. Scan of the blue laser with the ionizer set at

445 U jcm to demonstrate the selective ionization of the
33s state. The similarity of the 33s and 32P io'nization
thresholds implies that the 32p state will also be ionized
without ionizing the 31d state with this ionization field.
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FIG. 1. Approximate location of m=0 states near the
I=31 manifold. Within the shaded region are 28 states
which are'approximately equally spaced. Each- state
crosses the dashed boundary line at its classical ioniza-
tion threshold.

Thus, although the states are well resolved in low
field, by 6.5 cm ', their ionization thresholds
differ by only 1/q —clearly difficult to separate by
SFI. On the other hand, the 31d and 32P states,
while energetically close in zero field (1 cm ')
are adiabatically connected to extreme upper and
lower states of the n = 31 manifold. In this case,
the high-field energy separation is 8 cm
leading to a difference in ionization thresholds of
nearly 13/q,' consequently, it is quite easy to
field ionize the 32P. state without ionizing the 31d
state.

In a sense, then, the nd- n+1 p transition is an
ideal case to study using SFI, for although the
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FIG. 2. Ionization thresholds for the 31d (upper curve)
and 33s (lower curve) states. The arrow designates the
field at which the ionizer was set to ionize the 32p state
without ionizing the 31d state. '

states lie relatively close to each other in low

field, they correlate to the extremes of the Stark
manifold and are easily distinguishable by field
ionization. As shown in Fig. 1, nP- n+1 s is
essentially the opposite case,' states which are
well resolved in zero field but correlate to ad-
jacent manifold states in high field and are hence
practically indistingui'shable in field ionization.

Since the n+1 s and nP states are expected to
have more or less the same ionization thresholds
(for ~mI =0) we initially set the ionizing field using
only s and d states. Thus to set the field for the
31d- 32P measurements we investigated the ioniza-
tion thresholds of the 31d and 33s states. Figure
2 shows the total ionization current of these two
states versus the maximum height of the ioniza-
tion pulse. As shown by Fig. 2, an ionization
field of 445 V/cm should selectively ionize the
33s but not the 31d state. Accordingly the ionizing
field was set to 445 V/cm, and we scanned the
laser wavelength to sequentially populate the s and
d Rydberg series, with the result shown in Fig. 3.
Note the sudden increase in ionization efficiency
occuring at the 33s state. As expected, the d
states in general display stronger signals than the
s states due to their higher multiplicity. However,
the 32d state is an obvious exception. It is not
completely ionized by the ionizing field of 445 V/cm
because the ImI =2 component of the 1 state
ionizes at a higher field, ,as is shown by the pre-
sence of "steps" in the ionization threshold. ' SFI
thus allows a resolution of ionization thresholds

- which is finer than the width of an individual
threshold.

The actual experimental arra'ngement has been
previously described in detail, so we shall only
present an outline. A sodium beam passes be-
tween two parallel plates, where the sodium atoms
are pumped stepwise by two tunable pulsed dye
lasers through the 3P,A state into the nd, ~, state
(see Fig. 4). The Rydberg atoms a,re irradiated
by microwaves which drive transitions to the



16 MEASUREMENT OF nd ~ (n + l)p INTERVALS IN SODIUM. . . 2475

IONIZATION
L IM IT

TABLE I. Transition frequencies (MHz) for nd n+1p
transitions in sodium.

2 30d
5/2

30d

30
31
32

gd3/2 Pl + 1p g/2

38 572.0(40)
34 967.9(50)
31801.4(40)

nd3/2 n+ 1p 3/2

38 771.8(40)
35 144.6(50)
31963.4 (40)

FIG. 4. Term diagram for Na showing the relevant
states for measuring the BOd-Blp transitions. The
yellow laser populates the Bp&/& state and the blue laser
drives the Bp&/2-30d3/2 transition. Microwaves cause
transitions to either of the two Blp states which are then
selectively ionized by field ionization.

n+1 p, /, or n+1 P, /, states. After 1 p. s, the lower
plate is pulsed to a high positive voltage (450 V
for n = 31) ionizing the n+ 1 P state atoms and
forcing the ions through a grid in the top plate and
into an electron multipler. The ion pulse is then
sampled by a boxcar averager. Figure 5 shows
two typical oscilloscope traces, each generated
during a single laser pulse. The upper trace
clearly shows ions from the n+1 P state when the
microwave frequency was on resonance. The lower
trace, generated with the microwaves off-reso-
nance, shows that most of the noise in the trace is
rf pickup generated by the firing of the laser.
This noise formed a constant background which
could be easily subtracted from the resonance

signal. The gate of the boxcar averager was only
open during the time when the strong resonance
signal appears, as shown in Fig. 5.

The microwaves are generated by doubling the
15-21-GHz output of an HP628A klystron oscilla-
tor with a microwave diode. The microwave power
was delivered to the interaction region via x band
waveguide and an r band microwave horn. (This
also served the purpose of filtering out the funda-
mental frequency. ) The microwave frequency was
measured by directing 1/p of the fundamental
microwave power through a wavemeter which was
set twice during each frequency sweep. once near
the nd, y, -n+1 p3y, transition and once near the
nd, /, —n+1 P, /, transition. As the frequency was
swept, one pen of a dual pen recorder monitored
the ion signal from the boxcar integrator and one
pen monitored the power transmitted through the
wavemeter. Both increasing and decreasing fre-
quency sweeps. were taken to cancel the offset pro-
duced by the boxcar averager. The wavemeters
were calibrated using an HP5340A microwave
counter. We estimate the accuracy of this fre-
quency measurement procedure to be + I MHz.

Table I lists the frequencies of the six observed
transitions. The numbers in parentheses repre-
sent one standard deviation confidence in the last
digit of the reported number. The linewidths of
the transitions were typically 6 —10 MHz with some
evidence of asymmetry. Figure 6 shows a typical
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FIG. 5. Typical ionization signals obtained with a
single shot of the lasers. Ionization signal (a) was

-generated with the microwaves on resonance; ionization
signal (b) was generated with the microwaves off-
resonance. The boxc'ar gate position is shown by (c).
The time scale, is 200 ns per division.
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FIG. 6. Typical Bld3/&-32p&/& resonance taken with
the microwave frequency increasing.
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TABLE H. Fine-structure intervals of 31—33P states
in sodium.

TABLE III. Quantum defects and binding energies of
31-33p states.

n Sp (MHz) (n*) S& (cm ) ~ (cm «)

31,
32
33

199.3(20)
177.0 (30)
162.2(2 5)

182(2)
178(3)
180(3)

120.757 3(2)
113.1273 (2)
106.198 1(2)

0.855 00(4)
0.855 00(4)
0.854 98(4)

0.855 013
0.855005
0.854 998

31d &,-32p, ~, resonance taken with the frequency
increasing. This large linewidth and the asymme-
try is mostly due to the Stark effect generated by
the small residual electric fields. The presence
of the earth's magnetic field only accounts for
linewidths of 2-3 MHz. Calculations' show that
the polarizability of the 30d state should be of the
order 300 MHz/(V/cm)' so that even a very small
(-0.1 V/cm) electric field could cause noticeable
broadening, The -2.3-kV potential applied to the
face of the electron multiplier generated a field
of nearly 0.8 V/cm in the interaction region, even
though the electron multiplier was 3 cm above the
grid in the top plate and there was an additional
grounded grid between -the top plate and the
electron multiplier. We were able to almost, but
not quite, cancel this field by applying a positive
potential to the top plate. From the line asym-
metries, we have estimated the remaining shifts
due to residual fields, these estimations are the
primary limitation of the accuracy of the measure-
ments.

The fine-structure (fs) intervals of the n+ 1 p
states are the differences of the two frequencies
for each nd'-n+ 1 P transition. The fine-structure
intervals for the 31-33 p states are listed in
Table II. Since electric fields change the fs inter-

' Calculated by Risberg's extrapolation formula
{Ref. 9).

vals only by the tensor polarizability of the p
states, the fs intervals are less sensitive to stray
fields than are the d-p intervals, by a factor of
50. Thus, the primary limitation of the accuracy
of the p-state fine structures is the frequency-
measurement system. In Fig. 7, we have plotted
(n*)' times the P-sta. te fine-structure interval to
show that the (n*) ' scaling is continued to n= 33.
A systematic study of the d-state fine structures
was not attempted since the d-state fs intervals
are so small (&4 MHz) that the earth's magnetic
field creates a significant perturbation. Further-
more, such measurements would be more sus-
ceptible to stray electric fields than are the p-
state fs intervals because of the larger polariz-
ability of the d states.

The nd- n+ 1 P transition frequencies may be
adjusted for the d and pfine- structure intervals
to yield the separation of the centers of gravity
of the d and P states. The binding energy and
quantum defects of the nd state may be calculated
by the algorithm developed by Freeman and
Kleppner, thereby allowing the determination of
the n+1 p-state binding energy and quantum de-
fect. Table III lists these quantities for the
31—33 P states. In Fig. 8, we have plotted these
quantum defects in addition to the n = 10-32 P-
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FIG. 7. Plot of (+*) Sp() and +3Sp(k) vs + demonstrat-
ing the (+*) scaling. The data for states 16-19 are
from Bef. 3.

FIG. 8. Comparison of the p-state quantum defects
obtained here (4) with those () obtained spectroscopical-
ly by Thackeray (Ref. 8). The solid line is the extrapola-
tion formula of Bisberg (Ref. 9).
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state quantum defects obtained by Thackeray from
the absorption spectrum of Na. ' The scatter in
spectroscopic quantum defects represents a scat-

O

ter of only 0.003 A in the wavelength measure-
ments. The solid line is the extrapolation for-
mula which Risberg constructed by fitting the
energies of the n = 3-V, np states to an extended
Ritz formula. ' The agreement with our values is
well within our experimental uncertainty as shown
in Table III, and thus confirms the limiting be-
havior of the formulas.

Note added in proof It ha.s been brought to our

attention that recent measurements of C. Fabre,

S. Haroche, and P. Goy [Phys. Rev. A (to be pub-
lished)], which used SFI to detect microwave
transitions in the 300-QHz regime, have de-
termined the fine structure and quantum defects
of the 31P and 32P states of sodium. These mea-
surements agree with ours within their reported
uncertainty of + 30 MHz.
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