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Millimeter resonances corresponding to single- and double-photon transitions have been observed between
Rydberg levels of sodium with principal quantum number n ranging from 23 to 41. The levels are prepared
by laser excitation; transitions are induced by microwaves produced by a backwave escillator working
around 300 GHz; detection is performed through the selective field-ionization technique. Experimental values
for quantum defects, fine-structure intervals, and polarizabilities are reported.

1. INTRODUCTION

Microwave transitions in atomic Rydberg levels
have been up to now restricted to measurements
of energy intervals in the centimeter frequency
range between states belonging to the same elec-
tronic shell’ (An=0 transitions, n<20). These
experiments have allowed very precise deter-
minations of quantum defects! and fine-structure
intervals.'”* The advantages of extending experi-
ments to An# 0 transitions has been recently
pointed out by Kleppner in discussing a possible
new determination of the Rydberg constant.?

To study microwave-induced An#0 transitions,
one can either extend the above mentioned centi-
meter resonances to levels much closer to the
ionization limit (2~ 60) or study millimeter re-
sonances on less excited Rydberg levels (An=1,2
transitions for »~30-40). This latter choice
seems more attractive, since moderately excited
Rydberg states (n~30) are less sensitive to elec-
tric field perturbations and hence better candi-
dates for accurate spectroscopic investigations.
Furthermore, the interaction time between the
atoms and the microwave being limited by the
size of the setup to values practically indepen-
dent of the frequency, it is better, in view of the
ultimate resolution of the experiment, to study
the highest possible microwave frequency transi-
tions.

We have chosen to investigate such transitions
near 300 GHz, where a tunable (+6% in frequency)
powerful microwave source is available. Although
the ultimate precision of this technique should be
very high, direct frequency measurements in this
range are much more difficult than in the centi-
meter band. They involve the use of a frequency
multiplying chain allowing one to compare via

heterodyne mixing the millimeter frequency of
interest with a harmonic of a stabilized centi-
meter klystron. Such precise frequency measure-
ments are now being developed in our laboratory.
In the mean time, however, it has been very easy
to get a moderate resolution of about 107 by
direct measurement of the millimeter wavelengths.
Within this resolution, a lot of interesting spec-
troscopic investigations can be performed.

We report in this paper preliminary determina-
tions of millimeter transitions between Na Rydberg
states with principal quantum number # in the
range 23-41 and angular momentum [ in the range
0-3 (s, p, d, f states). Single- and double-quantum
transitions with A»=0,1,2, Al=0,+1 have been
observed. These measurements yield values of
quantum defects, fine-structure intervals (for
np levels), and scalar and tensor polarizabilities.

II. EXPERIMENTAL TECHNIQUE

The principle of the microwave double-reso-
nance experiment has been briefly described in a
previous Letter,®* The general scheme of the set-
up is recalled in Fig.1(a). The Na atoms, prop-
agating in an atomic beam, are prepared by step-
wise pulsed laser excitation in an nS or nD state.
They are irradiated by the CW microwave field
produced by a C010 Thomson ~ CSF backwave
oscillator (BWO). This irradiation produces sin-
gle-photon nS-n'P, nD-n'P, nD-n'D, and two-
photon #nS-n'S transitions. Monitoring of these
transitions is achieved through detection of the
electrons produced by ionization of the Rydberg
atoms with a pulsed electric field applied at a
given delay after the laser excitation. Let us now
review in more detail the various aspects of the
experiment.
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FIG. 1. (a) Scheme of
the experimental setup.
(b) Energy diagram of the
Na atom showing the levels
populated by the laser step-
wise excitation and the
microwave transitions. (c)
Sketch representing the se-
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A. The atomic beam

The atomic beam is produced by an oven heated
to about 350 °C. The collimation ratio » (~30)does
. not need to be good, since the spectroscopic re-
solution is not limited by the Doppler effect. The
atomic density in the excitation region is on the
order of 10 atoms/cm®. The background gas
pressure is on the order of 107® Torr and is low
enough to ensure a mean free path of at least a
few mm for the Rydberg levels of interest. Such
a mean free path is long enough for our experi-
ment, since the interaction with the microwave
field lasts only a few microseconds (see below).

B. Preparation of the “initial”” Rydberg state

The initial Rydberg state of the millimeter tran-
sition is prepared by two N, laser-pumped-dye
laser pulses via the well-known stepwise process
[see Fig.1(b)]. The first pulse tuned at A,=5896
A pumps the atoms to the 3P,, level. A second
synchronous pulse then excites the 3P,,,-nS or
3P,/,-nD transitionc(its wavelength A, ranging
from 4117 to 4096 A for »n varying from 23 to 39).
Matching of the laser frequencies to resonance is
achieved with the help of a high-resolution grating
spectrometer (“gross” tuning) and by monitoring
the ionization current obtained by field ionization

of the Rydberg levels (“fine” tuning; see Sec.IIC).

The laser pulses have a duration of about 2 nséc
and follow each other at a 1-nsec delay, so that
the excitation may be considered as instantaneous
with respect to all time constants of the excited
levels (lifetime of Rydberg states~ several tens
of microseconds).

A —B Microwave transi-

quence of events experi-
enced by Na atoms.

tion (For (1))

Tonization of B level
Tonization of A level

The spectral width of the lasers is about' 0.1 A
(10-15 GHz) and is narrow enough to allow an un-
ambiguous and selective excitation of all the nS
and nD levels in the range n=23-41. [3P, ,-nS and
3P,/,-(n+1)S transitions are about 1 A apart for
n~40.] The A, laser peak power is about 1 KW/
mm? and the A, laser one is about 50 kW/mm,.
(The power of the second laser is boosted by
placing in front of it an amplifying cell pumped by
a part of the beam of the N, laser.) These powers
are large enough to ensure complete saturation
of the 3S,/,-3P,/, line and also saturation at least
for the lower 3P,,-nS and 3P, ,-nD transitions
(n~25). The oscillator strengths decreasing as
n~3, the highest 3P, /,-nS or 3P,/,-nD transitions
are certainly not saturated, but a non-negligible
ratio (_"40.‘01 at least) of atoms should be never-
theless transfered to nS or nD levels (n~40).
From the measurement of the field ionizing cur-
rent (see below), one can estimate that 10*-10°
atoms at least are prepared in a well-defined
Rydberg level by each laser excitation process.

C. Transition between the “initial” and the “final” Rydberg
states

Immediately after excitation, the Rydberg atoms
start to interact with the microwave field. This
field is coupled to the atomic beam apparatus
through a Mylar window placed at the end of a
millimeter waveguide which brings the microwave
directly from the BWO. The resonant interaction
between the atoms and the microwave lasts a vari-
able time interval of about 2 to 5 psec; after that
delay, detection takes place and interrupts the
coherent interaction between the atoms and the
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field (see Sec.ID). During the interaction time,
the atoms’ propagation along the beam is very
small (1 to 2 mm) compared to the size of the
"apparatus, so that the laser excitation, the micro-
wave irradiation, and the detection practically
occur at the same spatial point in the beam.

The microwave oscillator is tunable from 277 to
313 GHz. In that relatively wide range of frequen-
cies, one finds a large number of allowed single-
and double-quantum transitions between Rydberg
levels in the n =23-41 range (see Sec.HI).

The frequency of the BWO is tuned by sweeping
its high-power supply voltage V (V varies between
3300 and 6000 V). The slope of frequency versus

" voltage depends on the working point of the oscil-
lator. A typical slope is about 10 MHz/V. Day-
to-day reproducibility of the frequency for a
fixed voltage corresponds to a few tens of MHz.
Short-term stability of the BWO at a given vol-
tage is of the order of 1MHz, but could certainly
be improved by frequency-locking it to a high-Q
external cavity (improvement in progress). Ab-
solute frequency calibration of the microwave
relies, for the time being, on wavelength inter-
ferometric measurements: Partof the microwave
signal is sent through a high-@ millimeter tunable
semi-cofocal Fabry-Perot etalon whose trans-
mission is monitored by a He-cooled bolometric
detector.

Displacement of the fringes while sweeping the
cavity (or the voltage of the carcinotron) allows
determination of the wavelengths with a precision
of about 10™* (30 MHz absolute uncertainty). Fre-
quencies are determined with the same precision,
provided one knows the speed of light for milli-
meter radiation in air, c¢,,,. In order to obtain
€4, around 300 GHz (which is not available in
usual handbooks) we have made a direct measure-
ment of the refraction index of air at 303 GHz by
looking at the shift of the fringes when the Fabry-
Perot cavity is pumped out. We have obtained

n-1=(2.72+0.06)x107*, (1)

and hence

Car =2.997 11x10% m/sec 2)

in our room conditions (around 25 °C and 50%
humidity).

The BWO power lies between 10 and 50 mW,
This power is spread at the atomic beam location
over a surface of a few cm?, so that the maximum
microwave flux at the interaction point may be
evaluated to about 1072 W/cm? (this corresponds
to a maximum oscillating electric field of about
2 V/cm). Attenuators placed on the waveguide
can reduce this power to 107° or 107° W/cm?.
The power level needed to saturate the single-
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photon resonances ranges from 107 to 10~°
W/cm? depending on the oscillator strength of

the transition. For two-photon transitions, a
power of the order of 107° W/cm? is required.
These low power levels are due, of course, to the
very large values of the electric dipole matrix ele-
ments between Rydberg levels, which scale as »®.

D. Detection of the “final” Rydberg state

Detection of the resonance is made by the selec-
tive field ionization technique described in our
previous Letter® and already developed under
slightly different forms in various recent experi-
ments.?”®

We have represented in Fig. 1(c), as afunction of
time, the sequence of events experienced by the
atoms. At time ¢ =0, the laser excitation occurs.
During the time interval AT the atoms interact
coherently with the microwave. At time AT, an
electric-field ramp (maximum field value
~1.2 kV/cm) is applied to the atoms, in order to
ionize them and produce an electric signal at the
output of an electron multiplier. The threshold
electric field for ionization varies according to
a n~* law® and hence depends on the Rydberg level
of interest. The electric field thus reaches at two
slightly different times the values corresponding
to ionization of the two states connected by the
transition of interest. We have symbolized in
Fig. 1(c) the “history” of two atoms 1 and 2, one
undergoing the microwave transition and the other
not. Before laser excitation both atoms are in
the ground state and are represented by very
small points. At ¢ =0, they are both excited in
the initial Rydberg state A, and thus become two
large identical “balls.” At a given time, atom1
undergoes the microwave transition A - B, which
we suppose here to be an upward transition (ab-
sorption of microwave quantum) and thus its size
slightly increases. Atom 2 is supposed to remain
in its initial Rydberg state A. These two atoms
will then behave differently in the saw-tooth-shaped
detection field: Ionization threshold will be reach-
ed first at a time ¢ for the bigger atom 1, and
this atom will contribute to an electron signal peak
around {;. The threshold for the smaller atom 2
will be reached at a larger field, corresponding
to a latter time ¢,, and this atom 2 will contribute
to a signal peak around {,. The initial and final
states of the transition will thus give rise to two
time-resolved ionization signals.

Figure 2 shows a typical example of such sig-
nals: Trace (a) corresponds to the ionization
versus time signal from level 23S, when there is
no microwave irradiation. Trace (b) corresponds
to the signal observed in the same conditions when
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FIG. 2. (a) and (b) ionization signals as a function of
time without [trace (a)] and with [trace (b)] microwave
irradiation (study of the 235-23P microwave transition).
(c) and (d) positions of the boxcar gate which yield a
resonant signal.

a microwave field resonant for the 235-23P transi-

tion is switched on. One clearly observes a new
resonant feature corresponding to resonant popu-
lation of the more excited 23P level, and a de-
pletion of the 23S signal. Either peak can be iso-
lated from the other and averaged over a few tens
of runs with the help of a PAR 162 boxcar integra-
tor whose gate is placed around ¢ or ¢, [traces
(c) and (d) of Fig. 2 show the baxcar gate posi-.
tions]; the resonance can thus be detected either
by an increase of the signal corresponding to the
final state B of the transition [boxcar gate in (c)
in Fig. 2] or by a decrease of the signal corre-
sponding to its initial state A [boxcar gate in (d)].
Let us also notice that this detection technique
should apply not only for microwave transitions but
also for studying any physical process transferring
the atoms from a Rydberg level to another one:
We have in that way obtained evidence for collisional
transfers occurring when the vacuum in the atomic
beam is not very good (above 1075 Torr): one then
observes, beside the peak corresponding to the
level excited by the laser, one or several side
peaks corresponding to easily identified nearby
Rydberg states. These states are obviously pop-
ulated by collisions with the background gas. These
collisions could in that way be studied in detail.
The selective-field-ionization detection technique
acts thus as. a kind of “Rydberg atom spectrometer”
which could be used in a lot of interesting studies
on these atoms.

E. Example of observed resonances: The “235-23P-24S triangle”

We discuss in this subsection, as a typical ex-
ample of the possibilities of the method, the re-
sults obtained on a given set of Rydberg levels,
the 235-23P-24S triangle displayed in Fig. 3. (The
fine structure of the P level is magnified by a
factor of 100 in the insert of this Figure.) In this
configuration, one can observe two single-photon
transitions (23S —23P and 24S - 23P) and a double-
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FIG. 3. “23S-23P-24S triangle” (the scale in the

insert is magnified by a factor of 100).

photon transition (23S —24S) occurring at half the
frequency sum of the single-photon transitions.
These resonances are dlsplayed on the recording
of Fig. 4.

1. Single-photon S-P transitions

By exciting the 23S or 24S level and monitoring
the 23P level population, one obtains the resonances
displayed on parts (a) and (c) of Fig. 4. Both 23S-
23P and 24S-23P transitions exhibit the splitting
due to the 23P-level fine structure. It is interest-
ing (for example for quantum-defect measurements,
see Sec. IIB) to determine the positions of the
resonances when the effect of the fine-structure
coupling is “removed.” It is easy to show that the

-a. -b. -c.
245,,-23Py 2381 %Sy 235,.23Py,
4 + +
245,,2; 23Pyp 238y,.23P3,
+

1ol

296 750 29; 250 302 900 306.600 309.100 VY

100MHz OMHz 100MHz (GHz)

FIG. 4. Ionization current as a function of the BWO
frequency showing different resonances: (a) and (c) fine-
structure lines on the transitions 24S-23P (a) and 23S -
23P (c); (b) two-photon 23S-24S line recorded with an
expanded frequency scale and a microwave power 107
times greater than in (a) and (c).



positions of the resonances “without fine structure”
would lie at one-third of the fine-structure inter-
val, on the side of the P, ,, line. Because of the
very large electric dipole matrix elements linking
the S and P levels when Ay is 0 or 1, the transi-
tions are saturated by very weak microwave inten-
sities. We have detected the 23S-23P transition
with a microwave attenuation of 85 dB, corre-
sponding to a microwave power smaller than 1071°
W/cm?. The ultimate width of the resonance is of
the order of 6 MHz and is limited by the Stark
broadening due to the stray electric-field inhomo-
geneities (~200 mV/cm). Furthermore, each
resonance line is split into two peaks separated by
3 to 4 MHz. This extra splitting is due to the Zee-
man effect in the magnetic field leaking from the
BWO magnet, placed 1 m away from the interac-
tion region.

2. Two-photon S-S transition

The large values of the dipole matrix elements
(23S |7 |23P) and (23P |7 |24S), along with the small
energy difference between the 23P level and the
middle of the 235-24S interval (only 6 GHz, see
Fig. 3) makes it possible to induce, with avail-
able microwave powers, observable two-photon
transitions between the 23S and 24S levels.
Furthermore, the precise knowledge of the 23S-
24S transition frequency (obtained by averaging
the frequencies corresponding to the 24S-23P and
23S-23P transitions) has allowed us tofind easily the
position of this very narrow resonance, which is ex-
hibited on the recording of Fig. 4(b).

We have observed this two-photon line for micro-
wave powers down to 5.10* W/cm?. Its width is of
the order of 1 MHz and is probably limited by the
BWO frequency instabilities [note the change in
scale between Fig. 4(a) and 4(c) and Fig. 4(b)]. The
23S-24S line is of course less sensitive to Stark

. effect than the single-photon S-P lines, because
it links two S states much less polarizable than
the 23P level (see Sec. IIIC).

Notice that the microwave investigation that we
present here is quite reminiscent of the well-known
high-resolution laser studies on the “3S-3P-5S
triangle” in Na. The 3S-3P, 3P-5S, and two-
photon 3S-5S transitions have been observed in
several Doppler-free laser investigations.®''° In
particular, observation of the 35-5S two-photon
transition!® with moderate laser power relies on
the same kind of energy coincidence that the one
which we have taken advantage of in our micro-
wave studies. Let us recall that the 3S-5S line is
split in two hyperfine components about 800 MHz
apart. The corresponding splitting on the 23S-
24S resonance is only of the order of 47 kHz and
cannot be observed with our present resolution.
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III. SPECTROSCOPIC RESULTS

We give in this section the spectroscopic data
we have obtained with our measurements concern-
ing quantum defects, fine structures, and polari -
zabilities.

A. Quantum defects

All the transitions that we have observed are
displayed on the energy diagram of Fig. 5. Their
frequencies are summarized in Table I. We do not
take into account in this table the fine-structure
splittings. These splittings are too small to be
observed in the D and F states. For the S-P and
D-P transitions, we give in the table the position
of the resonance as it would be observed if the

fine-structure coupling in the nP states were

switched off (see Sec. IIE). All the observed
resonances correspond to A= 1 electric-dipole-
allowed transitions, except the 235-24S and the
28D-29D transitions. The former one is a two-
photon A7=0 allowed transition (see Sec. II E).
The latter is a single-photon A7= 0 transition,
which should be in principle forbidden, but which
is in fact allowed by the Stark mixing due to the
stray electric-field inhomogeneities.*

The wavelengths of the 235-24S and 28D-29D
transitions have been measured directly. The un-
certainties of the corresponding frequencies are
+30 MHz. All other frequencies have been extrap-
olated between calibrated positions. We assume
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FIG. 5. Part of Na-atom energy diagram displaying
all the microwave transitions studied in this paper.
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TABLE I. Microwave resonance frequencies observed
in this work. First column: measured values (experi-
mental uncertainty +0.06 GHz except as indicated);
second column: frequencies of the same resonances
computed from the quantum defects given in Table II.

Measured frequency Computed frequency

Line (GHz) (GHz)
235-24S 2 % (302.906 = 0.03) 2 % (302.907)
23S5-23P 308.909 308.862
245-23pP 296.927 296.953
29D-31P 295.577 295.619
28D-29F 288.252 288.286
29D-28F 280.931 280.991
28D-29D 284.825 + 0.03 284.830
335-34pP 289.102 289.117
345-32p 305.880 305.824
38S5-40P 301.910 301.954
395-41p 279.265 279.230

~,

their uncertainty is +60 MHz.
By fitting the measured frequencies to the gen-
eral Rydberg formula,

1 _ 1 ) , @)

m—-€) (@ —-€)

v(nl-—n'l’):R(

one can obtain the values of the quantum defects ¢,
for the S, P, and D levels. We adopt here the
value

R=3289764 GHz 4)

for the Rydberg constant taking into account the
finite mass of the Na nucleus, and we assume that,
within the accuracy of our measurements, the
variation with » of the quantum defects cannot be
significant.

One can first get values for €5 and €, by directly
inserting into (3) the values obtained for the 23S-
24S and 28D-29D intervals. One thus obtains

€s=1.3470(10), (5)
€,=0.0143(7) . (6)

To get another determination of €,, one can also
rely on the value €,=0.0016, which has been pre-
viously determined experimentally' and theoretic-
ally'! with a very good accuracy.

Using the 28D-29F and 29D-28F measured fre-
quencies, one gets for ¢,

€,=0.0144(3) (7)

which is consistent with the previous value given
by (6). Knowing €g and €,, €, can be determined
either from the S-P frequencies, or from the
D-P frequency. From the 23S-23P and 24S-23P
measurements, one gets

€p=0.8541(10) (8)

TABLE II. Quantum defects of S, P, and D levels
derived from our experimental data.

' Quantum defect

L=0 €5 =1.3470;%: 3887
L=1 €p=0.85413%: 0008
L=2 €p=0.0144;%: 3003

and from the 29D-31P measurement
€p=0.8547(7) 9

which are again consistent values. To summarize,
we retain the quantum-defect values, which are
quoted in Table II. Using these values, we have
calculated the “theoretical” frequencies of the
various transitions listed in Table I. We see that
the differences between computed and observed
values lie very well within experimental uncertain-
ties. Our quantum-defect values determined by
microwave resonance are in good agreement with
those determined by optical transitions. Reference
12 yields, indeed, the values

€5=1.348, €,=0.855, €,=0.0148 (10)

for » around 10.

B. Fine structures

Fine-structure intervals in six np levels (r=23,
31, 32, 34, 40, 41) have been obtained by measuring
the splittings of the S-P and P-D resonance lines.
The measured intervals are given in Table III.
The accuracy of the measurements is limited by
the precision in the knowledge of the frequency-
versus-voltage BWO calibration. All the fine-
structure intervals are positive (i.e., the P,
component lies abovethe P,,, one). This is easy to
check by identifying the P,,, line Stark splitting
(see Sec. IIIC). We have plotted on a logarithmic
scale, on Fig. 6, the measuredfine-structure inter-
vals as a function of n*, where n*=n — €, is the
effective quantum number. We have reported on

TABLE III. Fine-structure intervals measured in this
work.

n Fine-structure interval (MHz)
23p : 493+ 18
31P 221+ 30
32P 157+ 30
34pP 129+ 30
40P 82+ 30

41p 99+ 30
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FIG. 6. n P fine-structure interval (in MHz) as a func-
tion of the effective quantum number in log-log diagram,

for low-lying levels (Ref. 13), intermediate levels
(Ref. 7), and very excited states (this work).

the same plot the fine-structure intervals mea-
sured in lower nP states (n=3-8) on optical tran-
sitions,'® and the intervals recently measured by
radio-frequency spectroscopy on intermediate ex-
cited states” (n=16-19). We see that all the fine-

structure intervals obey rather well the same n*~3

law.

C. Polarizabilities

We have observed the Stark effect of all the
above-mentioned transitions by applying on the
atoms a small calibrated dc electric field.

The Stark diagram of a Rydberg level depends
upon the order of magnitude of the applied field:
forelectric field & below a critical value &, the
Stark shift is quadratic. For §> &, it becomes
linear like in hydrogen. The critical field &, is
such that the Stark shift is of the order of the gap
between nearby levels of opposite parity. &,

varies like #7°X[7®, and decreases rapidly within -

a given n shell, when [ is increased.!!

We have shown in a previous letter®* that the
stray field acting on the atoms in our experiment
(~0.1 V/em) is larger than &, for states n~ 30
and /> 2 and thus makes it very difficult—if not
impossible—to observe the quadratic regime for
those states; we have already discussed some re-
sults concerning the linear Stark regime for such
" levels.* In this paper, we are interested in the
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quadratic regime, which can be described in
terms of atomic polarizabilities. We have thus
restricted our study to S and P states.

For S levels, the Stark shift AE is

AE=-}a,.8%. (11)

It is determined by a single parameter, namely
the scalar polarizability o, of the level.

For P levels, and if the electric field § is weak
enough so that it does not decouple the spin-orbit
interaction, the shift AE,p,, of a given pPJM,)
fine-structure state can be obtained from the gen-
eral formula'*

3MZ —~J W +1)

G- ¢

=1 2 L
AE 5y, = =2%mn 8% = 30,

12)

where a,,, and ‘a,,; are, respectively, the scalar
and tensor polarizabilities. Since we measure only
energy differences between Rydberg states, we
are able to determine in that way the differences
between the polarizabilities of the two states linked
by the microwave transition. If these polarizabil-
ities differ by more than one order of magnitude,
we can nevertheless get a good determination of
the larger one.

TABLE IV, S- and P-level polarizabilities in Na. The
values are the ones measured in this work, except when
indicated otherwise. Both scalar and tensor polarizabi-
lities are given for P levels. Figures in brackets cor-
respond to theoretical values. All polarizabilities are
expressed in MHz/ (kV/cm)?.

Qos Qop Qap

n=3 0.03962 0.089° —0.017%°
n=5 5.22
n=6 23.62
n="1 76.42
n=8 2062
n=17 : 3.2 x10%¢
n=18 5.0 x 10%¢
n=19 7.4 x10%¢
n=23 Olass — Olazs —-4.2 x 108 4.6 x10°
=9.9x10* [-3.5x10%]  [3.4x109)
n=24 [9.1x10%]
n=32 —38.6 x 108 3.7 x 108
[-41 x10%] [4.0 x 10%]
n=34 —75.4 x 108 8.2 x 108
[-64 x109] [6.4 x 108]
n=41 —325 x10°
[-262 x 108

2Reference 15 and references therein.
PReference 14.
®Reference 7.
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1. S level polarizabilities

We have measured the quadratic shift of the two-
photon 23S-24S resonance in increasing electric -
fields ranging from 0 to 35 V/cm. We have thus
obtained the difference between the scalar polar-
izabilities of the 23S and 24S levels given in Table
Iv.

2. P level polarizabilities

By studying the shifts and splittings of S-P,,, 5,
transitions, we have obtained the scalar and ten-
sor polarizabilities of the P levels. These P levels
have indeed a much larger Stark effect than the
corresponding S ones, so that one can completely
neglect the contribution of the S level in the shift
of the S-P line. We give in Table IV the measured
scalar and tensor polarizabilities of #P levels (n
=23, 32, 34,41). Note that we do not have the polar-
izability of the 31P level. As we have in fact ob-
served it through a D-P transition (see Fig. 5),
the Stark shift of the corresponding line reflects
essentially the D-level perturbation and does not
yield a precise value for the P-level polarizability.

There is a tremendous difference (up to ten
orders of magnitude) between the polarizability of
Rydberg levels and those of the low excited states.
This can be seen in Table IV, in which we have
included several results concerning lower S and P
states,”**''® some of which have been recently ob-
tained by optical double-photon transitions,' and
by radio-frequency spectroscopy.” The accuracy
of our polarizability measurements is of the order
of +10%.

We compare in the same table our experimental
data to theoretical values calculated from a Cou-
lomb approximation’® (figures in brackets are be-
low the experimental values). The agreement be-
tween experiment and theory appears to be good.
This confirms'*:!® that the Rydberg levels behave
in a hydrogenic way in so far as their polarizabil-
ities are concerned.

IV. CONCLUSION

The experiments reported in this article illu-
strate the possibilities of the selective-field-ion-
ization technique in double-resonance millimeter
studies of atomic Rydberg levels.

It is clear that, even with the present moderate
resolution, a lot of other spectroscopic investiga-
tions of interest can be developed, in other alkali
or alkaline-earth Rydberg levels. In this latter
case, quantum defect measurements by millimeter
spectroscopy would yield, for example, valuable
information on the polarization of the open shell of
the core by the valence electron.

However, an increase in the precision of the ex-
periments is desirable for spectroscopic and
metrologic applications as well. In order to
achieve this goal, several improvements of the
experimental setup are presently under progress,
including (i) a stabilization of the microwave gen-
erator and a direct measurement of its frequency,
(ii) a better shielding of the stray electric field
in order to allow access to high angular-momentum
levels, (iii) a lengthening of the atom-microwave
interaction time in order to reduce the intrinsic
width of the resonances. '

The first improvement is certainly easy to
achieve, but the extent to which it will contribute
to increase the resolution obviously depends on
the ultimate improvements which could be made
at the same time in points (ii) and (iii). This is
still an open question. In particular, the distance
along which an excited atom in a well-defined
Rydberg level could be propagated in a beam with-
out perturbation depends on the ultimate electric-
field shielding which could be realized and on life-
time and collisional properties of these atoms
which are not yet well known. Improvements in
spectroscopic resolution involve not only techno-
logical advances, but also further developments
of experimental and theoretical studies on Rydberg
states. We hope that the experiments reported
here will stimulate new efforts in these fields and
open the way to a new domain of ultrahigh-resolu-
tion studies.
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