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The two-photon absorption and double resonance on the 7P — (n + 1) Pmicrowave transitions of
Na Rydberg atoms have been studied experimentally in a static electric field (the double Stark
resonance). The static polarizabilities of the nPstates with n = 36 and 37 have been measured in
weak electric fields. Deviations from the quadratic Stark effect due to avoided crossings have been
observed. The conditions for the occurrence of a double Stark resonance due to a crossing of a real
intermediate level and a virtual level of a two-photon transition have been studied as functions of

the microwave frequency and the electric field. The critical frequencies and fields are calculated.
It is demonstrated that the double Stark resonance can be utilized for an absolute calibration of
electric fields in vacuum. “High-field”’ effects have been observed.

1.INTRODUCTION

Two-photon transitions and double resonances in quan-
tum systems have attracted research interest for many years
now (Ref. 1, for example). These physical effects, which are
observed in intense optical, ir, and rf fields, underlie meth-
ods of nonlinear spectroscopy.>> Two-photon spectrosco-
py, the double optical resonance, the ir-microwave reso-
nance, etc., are used to study electronic transitions,
vibrational-rotational transitions, purely rotational transi-
tions, and the magnetic structure of atoms, molecules, and
ions in the gas phase as well as in condensed media.

Underlying both methods is the theory of the interac-
tion of monochromatic or bichromatic coherent light with a
three-level quantum system, limited in the simplest case to
second-order pertnrbation theory.® The two-photon pro-
cess includes the concept of a virtual state. Consequently,
the relative contributions of two-photon and two-step (cas-
cade) transitions near or exactly at a resonance in terms of
an intermediate state remained a key question for a long
time. This question was examined in detail in Refs. 8 and 9. It
was demonstrated experimentally in Ref. 10 that the cross
section for two-photon absorption on the 35-5S transition of
Na increases toward the resonance with the intermediate 3P
state. This point was demonstrated by simultaneously vary-
ing the frequencies of two lasers in such a way that the sum of
these frequencies remained constant, at the value corre-
sponding to the two-photon resonance. In observations of
two-photon transitions between low-lying states in atoms
and also molecules, it is essentially impossible to cause any
substantial change in the energy defect between the virtual
level through which the two-photon transition goes and the
real intermediate state which is responsible for the double
resonance if the frequency of the electromagnetic field is
fixed.

A different situation becomes possible when Rydberg
(highly excited) states of alkali metal atoms are used. Be-
cause of the particular values of the quantum defects of the S
and Pstates of these atoms at main quantum numbers n > 20,
there is a system of nearly equidistant levels (Fig. 1a). Two-
photon nP— (n 4+ 1)P transitions occur in a three-level
scheme with a nearly resonant intermediate level. Figure 1b
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shows the detuning of the real §' level from the virtual level
for the two-photon nP— (n + 1) P transition when the prin-
cipal quantum number » changes.

It can be shown that the imposition of a weak electric
field, for which the quadratic-Stark-effect approximation is
still valid, leads to crossing of a virtual state and a real inter-
mediate state. It also leads to the occurrence of the
nP—(n+ 1)S— (n + 1)P double resonance. Both the criti-
cal electric field and the frequencies of the microwave field
are fixed.

Since the dipole moments for transitions between
neighboring S-P states of Rydberg atoms in the microwave
range are huge, it is a simple matter to achieve values of the
saturation parameter well above one and to study the char-
acteristics of double resonances in strong and ultrastrong
resonant fields, as functions of frequency and the static elec-
tric field. The fine structure of nP states of alkali metal atoms
may lead to additional structural features in the double Stark
resonance as the result of interactions between quantum
transitions and their mutual interference.

In this paper we are reporting an experimental study of
two-photon absorption and a double resonance on micro-
wave transitions of Na Rydberg atoms (a double Stark reso-
nance). We have studied the conditions for the occurrence of
the double Stark resonance and the features of this resonance
as functions of both the microwave frequency and the elec-
tric field. We have measured the static polarizabilities of the
P states. We have found deviations from the quadratic Stark
effect and the dependence of the polarizabilities on the pro-
jection of the total angular momentum J. We have calculated
critical frequencies and evaluated the possibility of using the
double Stark resonance for an absolute calibration of electric
fields in vacuum. We have observed “high-field” effects.

2.EXPERIMENTAL APPARATUS AND PROCEDURE

The Na Rydberg atoms were produced in nP (n = 36
and 37) states in an atomic beam. For this purpose, we used
the three-step scheme 35, ,, —3P;,, »4S,,, >nP,,,;,, syn-
chronized by the output pulses from two dye lasers, with
wavelengths 4, =589 nm and 4, = 680-630 nm (in the
first and third steps), and also by the output pulses from a
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FIG. 1. a—Scheme of two-photon nP— (n + 1) P transitions in Na Ryd-
berg atoms with allowance for the fine structure; b—detuning of the real
intermediate (7 + 1)S level and the virtual level of the two-photon transi-
tion along the frequency scale versus the main quantum number 7.

laser using F ;- color centers in a LiF crystal, operating at a
wavelength A, =1.14 mk, in resonance with the
3P;,, »4S,,, transition. For pumping we used the output
from an Nd:YAG laser (1 = 1.06 um), its second harmonic
(A =532 nm), and the beam from a copper-vapor laser
(A = 510.8 nm). All the lasers were operated at a high pulse
repetition rate (~ 10 kHz). The pulse length was in the
range 20-100 ns. The optical layouts of the lasers and their
characteristics are described in more detail in Refs. 1 and 12.

The beams from the three lasers were brought into coin-
cidence by dichroic mirrors and were coupled into a vacuum
chamber, in which a warm beam of Na atoms was excited
into Rydberg states (Fig. 2). These light components were
focused by means of a quartz lens with a focal length of 30 cm
(the caustic size was ~200 um). This focusing raised the
laser power density in the interaction region, while allowing
us to avoid surface-ionization effects at the metal walls. We
achieved saturation in the first and second steps. In the third
step, because of the decrease (as n ~ ) in the probability for a
dipole transition,'* we were not able to achieve saturation in
the n = 36 case. The fluctuations in the number of Rydberg
atoms from pulse to pulse were thus determined primarily by
fluctuations in the laser power and frequency in the third
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FIG. 2. Experimental layout for millimeter-wave spectroscopy of two-
photon transitions in Na Rydberg atoms. a: General layout. /—Source of
the atomic beam; 2—plates of a copper capacitor; 3—VEU-6 channel
electron multiplier; 4—laser beam; 5—atomic beam; 6—waveguide mi-
crowave-radiation input. b: Schematic diagram of the optical and electri-
cal apparatus. /-3—Tunable lasers for optical excitation; 4-6 and 12—
trigger generators and sync units; 7-9—pulse shapers; /0—tunable back-
ward-wave-tube source of millimeter-wave radiation; 7/—cathode fol-
lower; 13—frequency meter; /4—analog-to-digital converter; /5—chart
recorder; /6—pulse counter with electronic switch; / 7—oscilloscope.

step. The ultimate excitation efficiency was ~10~%. At a
number density ~ 107 cm? of the atoms in the beam, and at
the interaction volume ~ 10 ~* cm?, there were accordingly
one or two Rydberg atoms per pulse.

The atomic beam was produced through an effusion of
Na vapor from the slit (0.5 X 3 mm?) of a source heated with
a tungsten filament. The source temperature was measured
by a calibrated Chromel-Alumel thermocouple. The source
temperature 7" was held constant to within 0.5 °C by means
of an automatic temperature regulator. Under the experi-
mental conditions, the number density of atoms in the inter-
action zone was varied over the range 10’-10% cm ~3. The
arithmetic velocity of the bulk of the sodium atoms in the
beam was v,,,,, = (2kT/M)'/?, where M is the mass of the
sodium atom. These are the atoms which one would expect
to dominate the signal, because of the long lifetimes of Na
Rydberg atoms with n > 20 (Ref. 11, for example). The typi-
cal source temperature in the experiments was 7= 513 K.
This figure corresponds to v,,,, = 6-10* cm/s. The atoms
moved a distance ~10 um during the excitation pulse
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(7~20 ns), so these atoms could be regarded as immobile
during the excitation process, and the excitation region
could be regarded as localized in the caustic of the laser
beam.

A diaphragm 4 cm away from the source slit served as a
collimator of the atomic beam, determining the divergence
of this beam (<10 % rad). A differential pumping system
was used. The residual pressure in the chamber was
10 ~%-10~7 torr and was determined by gas evolved from
the heated beam source. The atoms were excited into Ryd-
berg states in an interaction volume 13 cm away from the slit
of the beam source. This interaction volume was a plane
capacitor with copper plates 33 mm in diameter, separated
by a distance of 7.5 mm. One of the plates was grounded and
had an aperture 10 mm in diameter, covered by a grid. The
aperture was for the extraction of charged particles. A nega-
tive electric pulse, generated by a high-voltage pulse amplifi-
er, was applied to the second plate of the capacitor.

The signal from a vacuum-tube square-pulse generator
was fed to the amplifier input. This generator was triggered
by a master oscillator with a continuously adjustable delay.
A high-voltage signal of square shape with a length of 2 us
and an adjustable height was generated at the output of the
pulse amplifier. The maximum field between the capacitor
plates was ~2 kV/cm. There was also provision for applying
a static electric field up to 1 kV/cm. This static field made it
possible to bring the pulses of the first and second steps into
coincidence in terms of the signal representing the three-
photon ionization of Na. The use of a strong pulsed electric
field made it possible to effectively detect highly excited
atoms by the method of selective field ionization.'* The
characteristics of the pulse were such that the field ioniza-
tion was adiabatic.'® )

Photoelectrons were detected by means of a VEU-6
channel multiplier with a gain of 10® and a thermal back-
ground of 0.5 pulse/s. The one-electron pulses from the
VEU-6 had a Poisson pulse-height distribution and an aver-
age pulse height of 300 mV.

The electrical signal from the electron multiplier was
fed through an amplifier to the inputs of an oscilloscope and
to a pulse counter with a pulse-height discriminator and a
controllable switch. This approach made it possible to detect
pulses at a certain time, specified by an external generator
synchronized with the pulses from the pump laser. We mea-
sured the number of pulses at the output of the electron mul-
tiplier with a buildup time of 1 s at a repetition frequency
~10 kHz. The counting of the pulses was kept linear
through the appropriate choice of the frequency of the pulses
in the signal of interest: f, <f;, where f; is the repetition
frequency of the laser excitation pulses. In the linear regime,
[ is proportional to the number of atoms which are ionized
by the electric field in the detection zone. By working in the
pulse counting regime we were able to avoid problems which
would arise from the scatter in the amplitudes of the one-
electron signals from the VEU-6.

In addition to the field-ionization signal, which ap-
peared at the instant the electric field pulse was applied, we
detected a signal representing the three-step photoionization
of Na atoms from the 4S5, ,, state by the laser of the first step
during the application of the laser excitation pulses. This
signal was convenient for use in adjusting the laser wave-
lengths, but when this signal was fed to the counter is was
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necessary to distinguish the time-delayed field-ionization
signal by means of an auxiliary strobe pulse.

In experiments on the microwave spectroscopy of tran-
sitions between Rydberg atoms, including transitions which
occur in a static electric field, the high sensitivity of Rydberg
atoms to the weak residual electric fields and the thermal
radiation is an important factor. Accordingly, in several of
the experiments we departed from the procedure of Refs. 11
and 12 and used a modified two-chamber system, which
made it possible to spatially separate the regions of excita-
tion, of interaction with the microwave field, and of detec-
tion by means of field ionization. This system consisted of
two plane copper capacitors with plates separated by a dis-
tance of 8.4 mm. Each of the capacitors was fitted with a
VEU-6 channel multiplier to detect the highly excited Ryd-
berg atoms which passed through the capacitors in succes-
sion. This approach made it possible (for example) to excite
Rydberg atoms near the first electron multiplier, where
there was no electric field for the detection of these atoms,
and it was possible to carry out a spectroscopy of microwave
transitions, and then to detect the population of these atoms
in the second chamber. The first electron multiplier was used
to monitor the density of Rydberg atoms in the excitation
and interaction region. Careful shielding of both capacitors
with a copper shield reduced the level and variations in the
residual electric fields in the regions of excitation, interac-
tion, and detection to values <5 mV/cm. These residual
fields could be monitored by a Stark-spectroscopy technique
developed especially for the purpose, with the help of a wave-
guide CO, laser.'® Alternatively, these fields could be deter-
mined from the broadening of the microwave resonances.

In order to eliminate effects stemming from the thermal
radiation from the walls of the working chamber and the
beam source, the copper capacitors, the shields, the diaph-
ragms, and the electron multiplier were all cooled to liquid-
nitrogen temperature (77 K). This cooling sharply reduced
the noise associated with the photoionization of Rydberg
atoms by thermal radiation and collisional ionization.'"!? It
also increased the density in the detection region by virtue of
an increase in the lifetime. The transit time taken by a Ryd-
berg atom to move from the interaction region to the detec-
tion region was 50 us. This time was comparable to the life-
time of a Rydberg atom in a state with n = 30.

The copper shield near the first electron multiplier was
constructed in such a way that the open end of the rectangu-
lar waveguide could be inserted into the interaction zone,
while the beam from the CO, laser could be fed in through
an additional NaCl window. There was also provision for
laser excitation of Rydberg atoms at two different points in
the warm beam. One point was opposite the entrance aper-
ture of the first electron multiplier; the second was 1 cm
downstream along the flux. It was thus possible to study
transit-time effects. The elimination of the thermal radiation
also made it possible to reduce the rate at which Rydberg
states with different angular momenta mixed and to record
spectra with a high signal-to-noise ratio.

In the experiments we use the tunable monochromatic
output from a backward-wave generator in the range 53.57-
78.33 GHz (A accordingly varied from 5.6 mm to 3.8 mm).
The width of the line was &3 MHz.

The generator power at the entrance to the waveguide
could be varied up to 30 mW; it was measured with a ther-
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mistor detector. The microwave power in the region of the
interaction with the atoms was estimated crudely under the
assumption of a point radiator without losses at the end of
the waveguide. A more precise calibration was carried out
using the dynamic Stark effect’’ and the field-induced
broadening of two-photon resonances.

In order to eliminate the noise associated with laser
power fluctuations in the third excitation step and fluctu-
ations in the number of excited atoms in the interaction zone,
we developed a novel detection system, in which the signal
depended only weakly on these parameters. As before, the
analysis was carried out in a pulse counting mode, so that the
measurements would be carried out in a linear regime. Fig-
ure 3 shows time diagrams of the excitation and detection
pulses.

As a time 0.7 us after the end of the laser pulse (Fig.
3a), the microwave field pulse was applied (Fig. 3b), with a
frequency close to the frequency of the transition under
study (which we will call the 12 transition). This 0.7-us
delay was necessary in order to separate the laser pulse
which excited level 1 from the microwave pulse. In this case
the 1 -2 transition could be regarded as isolated. The micro-
wave field interacted with the Rydberg atoms for 2.5 us. This
time was long enough that some of the atoms could go from
the lower excited state, 1, into the higher excited state, 2.
States 1 and 2 have different critical fields for selective field
ionization (E [« 1/n%). By applying a two-step pulse
(Fig. 3c) to the plates of the plane capacitor in the detection
system, we can select the heights of the steps in such a way
that the first step ionizes only the atoms in state 2, while the
second step ionizes the atoms which remain in state 1. There

-
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5 t, us

FIG. 3. Time diagram of the excitation and detection pulses. a—Laser
pulse; b—microwave field pulse; c—doubled field-ionization pulse; d—
electronic pulses representing the densities of atoms in the upper and low-
er working states; e—strobe pulses in the signal processing.
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was also provision for adding a weak static field to this pulse
in order to study the Stark effect on microwave transitions.

It was thus possible to analyze the signals from levels 1
and 2 independently (Fig. 3d), distinguishing them by
means of strobe pulses (Fig. 3¢) and then measuring the
frequencies at which the pulses for each signal appear. We
are interested in the population of level 2, since it is deter-
mined by the probability for the 1 — 2 transition. In the pulse
counting mode the signal from level 2 is proportional to the
number of atoms detected in level 2 after a certain specified
measurement time 7,,:

S=CN,(T,,), (1

where the coefficient C determines the probability for elec-
tron detection by the VEU-6. Here the transit time in the
detection zone is taken into account. This coefficient de-
pends on the temperature of the atomic beam and the size of
the entrance window of the VEU-6. It is a constant for sig-
nals from all levels, provided that their lifetime is substan-
tially longer than the transit time through the detection
zone. The measurement time 7, should be long enough
(T,,>fr ', where f; is the repetition frequency of the laser
pulses) to provide an adequate statistical base for the analy-
sis of the signals. In this we can write

S = CT,.f. N, (t=0) W (1~2), (2)

where N, (¢ = 0) is the number of atoms in state 1 which are
formed per laser pulse, and W(1-2) is the probability for
the 1 -2 transition during the application of the microwave
pulse.

The measurement time 7, is determined by the instant
at which the sum of the number of pulses from atoms in state
2 and the number of pulses from atoms remaining in state 1
reaches a certain specified number z. If we ignore the relaxa-
tion of levels 1 and 2, we can write

z=Cf, T, N, (t=0), (3)

since the total number of atoms in states 1 and 2 is a constant.
Expression (3) determines the detection time 7. Substitut-
ing 7 into (2), we find an expression for the signal in our
detection system:

S=zW (1—2). 4)

This signal is sent to a chart recorder with the help of a
digital-to-analog converter. The signal in the detection sys-
tem is thus determined, in a first approximation, exclusively
by the probability for the 12 transition. It is independent
of the power levels of the lasers and independent of the den-
sity of atoms in the beam. It thus becomes possible to sub-
stantially reduce the noise level during the recording of the
spectra of microwave transitions between Rydberg states.
However, we should stress again that expression (4) was
derived by ignoring the relaxation of levels 1 and 2. In a
study of transitions near the 36P level, this simplification is
completely legitimate, since the radiative lifetime (=164
us) is far longer than the time scale in the recording system
(5 us), when we allow for the decrease in the lifetime due to
the thermal radiation at 77 K.

There is yet another circumstance which complicates
the use of expression (4): Our experiments were on levels
having fine structure. For the 36P level, for example, the
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fine-structure interval between the J=1/2 and J=3/2
components is 124 MHz. The linewidth of the microwave
source, on the other hand, is less than 3 MHz, so the 1 -2
transition occurs between the fine-structure components of
these levels. In this situation, only one of the fine-structure
sublevels of the lower level is emptied, while the normaliza-
tion according to (3) is carried out on the basis of the total
number of atoms in level 1. Expression (4) should thus be
multiplied by the relative population of that fine-structure
sublevel of the lower level (1) from which the 1 -2 transi-
tion occurs. The fluctuations in the relative populations of
the fine-structure sublevels, however, are not canceled out.
Consequently, the signal is given by the following expression
for our detection system, in the case of spectroscopy of mi-
crowave transitions between fine-structure components of
the excited state:

S=z (Y] )
Z 01 )

where p, (J) is the population of the fine-structure sublevel
of level 1. The quantities p, (J) are determined by the proba-
bilities for one-photon transitions from level 4S5, ,, to various
sublevels of the fine structure of level 1 and are proportional
to the beam intensity of the third-step laser. The signal-to-
noise ratio in our microwave-spectroscopy experiments was
typically greater than 20; such ratios are completely ade-
quate for obtaining reliable spectra. The detection system
could also be operated on line with a computer to process the
signal with the help of cAMAC facilities, since the measure-
ments are carried out in a pulse-counting mode. Below we
reproduce some of the spectra obtained through the use of
the DVK-3 interactive computer complex.

wW(1-2), (5)

3.SPECTROSCOPY OF THE TWO-PHOTON TRANSITION
36P - 37P Na; FINE STRUCTURE AND FIELD EFFECTS

In the absence of external fields, the spectrum of the
36P—37P two-photon transition should have four peaks,
corresponding to transitions between the various fine-struc-
ture components. The energies of the fine-structure sublev-
els of the 36Pand 37P levels, as well as those of the interme-
diate 37S level, can be calculated from the values of the
quantum defects for the S'and P levels, which were measured
with high accuracy in Ref. 18. For the level with principal
quantum number 7, these values are

0,06137(10)
iL)= +
8 (nSy,)=1,3479692 (4) (713479692 (4) ]’
0,1222(2)
8 (nPy,)=0,855424(6)+ [7—0.855424(8) 1" " (6)
0,1220(6)

8 (nPy)=0,854608(3)+ =5 357608 (3) I

The numbers in parentheses are the experimental errors in
the last significant figure. The value of the Rydberg constant
for the Na atom is'®

Ry.=3,289763408(20) -10** Hz, (7

The position of the 37S intermediate level, which is almost
exactly halfway between the 36P and 37P levels [the dis-
tance between the virtual level of the two-photon transition
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and the real 37S level is about 2.6 GHz at a transition fre-
quency of 72.6 GHz (Fig. 1)], allows us to treat the
36P—37P two-photon transition in the three-level approxi-
mation, at least for weak microwave fields.’

Figure 4a shows the experimental spectrum of the
36P—37P two-photon transition; Fig. 4b shows the corre-
sponding spectrum for the 37P—38P transition. We find
four components in the spectrum, which correspond to the
transitions (in order of increasing frequency)

36P:/,—>37P:/,, 36Pl/l"*37pa/:, 36P:/,"*37Pl[,, 36le,—’37px/,.

The positions of the two-photons resonances and the
frequency intervals between them agree quite accurately
(within about 1%) with values calculated from relations
(6) and (7), which are shown in Fig. 1. As expected, the
transition 36P,,, -»37P,,, has the highest intensity, and
36P,,, —36P, , the lowest. The primary reason for these re-
sults is the difference in the dipole moments of the transi-
tions from these levels to the intermediate 37S level.

Repeated recordings of this spectrum have shown that
the peak intensities depend on the tuning of the resonator of
the third-step laser, because of the change in the rate at
which the fine-structure components are excited and also
because of the change in the discrimination threshold of the
detection system. The reproducibility of the spectrum is
quite good. This reproducibility is evidence that the fluctu-
ations in the frequencies of the resonator modes of the third-
step laser are averaged out over the measurement time and
become inconsequential. Another point to bear in mind is

a b
J6P = 370 g7 =38P

IJ W it b

1 I 1
726 727 666  670v,GHz

FIG. 4. Microwave spectrum of the two-photon absorption, with resolved
fine structure. a—Absorption on the transition 36— 37P; b—on the tran-
sition 37P—38P. The power density of the microwave field is > 10~°
W/cm?.
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that the Rydberg atoms travel about 2 mm during their in-
teraction with the microwave field. This distance is close to
the wavelength of the microwave radiation, so an atom inter-
acts with some spatial average value of the microwave field.
The spatial distribution of the field may vary with the fre-
quency of the microwave radiation, since this radiation is
coupled from the open end of the waveguide into the region
of the copper plane capacitor, in which standing waves may
arise.

The microwave power was calibrated on the basis of the
field-induced broadening of the 36P,,, —»37P,,, transition;
the corresponding spectra are shown in Fig. 5. The width of
the resonance is determined by the Rabi frequency of the
two-photon transition, which was measured in Ref. 17. In
the approximation of a three-level scheme, the population of
the upper level for the two-photon transition is described
by19

| o2 |?
~ ) (8)
(n - Qopt )2 + |7/022|

n,

where () is the microwave frequency (an angular frequen-
cy), Q,,, is the optimum frequency of the two-photon transi-
tion, when the shift of the levels due to the dynamic Stark
effect is taken into account, and ¥, is the two-photon Rabi
frequency. The latter is given by
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2

IYea 2= %5 |<36P, | De|37Sy> <37S,,| De| 37P,> |,

(9

where ¢ is the microwave field strength, § is the distance
from the real intermediate 37S level to the virtual level for
the two-photon transition, and De = D, is the projection of
the vector dipole moment of the electron onto the wave po-
larization vector. For the field-induced broadening on a two-
photon transition, expression (8) gives us (this is an ordi-
nary frequency now)

ez

Av= m I (36PJ ID;I37S-1,)<37SII,ID;|37P,,'>,
(10)

if the z axis runs parallel to the wave polarization vector, e.
Only the matrix elements for transitions with AM = 0 are
nonzero in (10). The radial parts of the matrix elements for
the 36P—37S and 37S— 37P transitions can be calculated
from the formula given in Refs. 20 and 21. The results are
1445ea, and 1487ea,, respectively. The angular factors cal-
culated in the approximation of LS coupling from the equa-
tions in Ref. 22 are 1/3 for the transition 36P, ,, — 375, ,, and
2!2/3 for the transition 37S,,, »37P,,, for AM=0. As a
result we find the relationship between the field-induced

FIG. 5. Field-induced broadening of the spectra of the two-pho-
ton absorption on the 36P—37P transition for various micro-
wave intensities. a—10 "3 W/cm? b—4-10~% ¢—2.5:10 %,
d—10 —*W/cm?. These recordings were generated in the course
of processing in a CAMAC and DVK-3 complex.
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broadening of the two-photon transition 36P,, —37P,,,
and the microwave intensity:

Av(MHz) ~10° I (W/cm?). (11)

The asymmetry of the field-induced broadening of the
two-photon resonance is interesting. It apparently stems
from a line shift in a spatially nonuniform and intense micro-
wave field. Similar effects have been observed in the optical
region in the spectroscopy of the two-photon absorption on
the 35— 55 Na transition.'® A point which remains unclear is
the physical nature of the wide, continuous absorption band
at the maximum microwave power. Because of the pro-
nounced nonlinearity of the effect, this band might be linked
with the existence of weak standing waves at frequencies
different from the frequency of the two-photon resonance.

The observation of strong-field effects in these experi-
ments is a consequence of the huge dipole moments for tran-
sitions between neighboring Rydberg states and the small
distance between the real intermediate 375 level and the vir-
tual level of the two-photon transition 36P— 37P. The tran-
sition frequencies observed agree well with the experimental
results of Ref. 18.

4.STATIC STARK EFFECT ON THE TWO-PHOTON
TRANSITION 36P- 37P; DOUBLE STARK RESONANCE

A static electric field causes a shift and a splitting of the
fine-structure components of the 36P and 37P levels. It also
causes a shift of the 37§ intermediate level. Generally speak-
ing, the total angular momentum J is not conserved in an
electric field; only its projection onto the electric field (M) is
conserved. In sufficiently weak fields, on the other hand, the
interaction of an atom with a static external electric field can
be described by perturbation theory.?? In the case of LS cou-
pling, the first nonvanishing term of the perturbation theory
is quadratic in the external field E. The behavior of the ener-
gy levels in a weak electric field is described in general by

1 3M2—J (J+
AE, = — —é—[ao(nl)+a2(nll) 3 JU*1)

1(21_1) ]Ez' (12)

where a, (nl) and a, (nlJ) are respectively the scalar and
tensor polarizabilities of level nlJM. The scalar polarizabili-
ty describes the shift of the center of gravity of the fine-
structure component, while the tensor polarizability de-
scribes its splitting in the electric field. The component
J=1/2 does not split, because of the relation
a, ~(2J —1)'?, and the fraction in (12) becomes unity.
The nl dependence of a, and @, can be described by

a0 2=Coz (M)’ (13)

where n. is the effective principal quantum number of level
nl, and the constants C,, depend weakly on n., (Ref. 23).

Expression (12) is valid only as long as the shift of the
given level in the electric field is smaller than the distance to
the nearest neighboring level. When this condition is violat-
ed, energy levels of different parities mix, and we can no
longer use perturbation theory. In sufficiently strong fields,
the quadratic Stark effect becomes the linear effect charac-
teristic of the hydrogen atom, but (in contrast with hydro-
gen-atom case) the energy levels in atoms of alkali metals do
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not cross in the electric field (this is an “anticrossing” ef-
fect?).

The Stark effect on the two-photon transition
36P— 37P was studied in weak fields (<10 V/cm). As a
result, the behavior of the energy levels in the electric field
was approximately quadratic. Figure 6 shows the Stark dia-
gram of the 36P, 37P, and 37S levels (this figureis not drawn
to scale in terms of frequencies).

The electric field lifts the degeneracy with respect to the
absolute value of the angular-momentum projection | |,
but the twofold degeneracy of each of the Starks of levels J,
|M | with respect to the direction of the projection of the
angular momentum remains. In an electric field, this spec-
trum of the two-photon transition 36P— 37P should have
nine components, corresponding to transitions between the
various Stark sublevels.

Figure 7 shows experimental spectra of the two-photon
transition 36P—37P (a) in the absence of an electric field
and (b) in a weak electric field, of 2.2 V/cm. The microwave
power was chosen in such a way that the heights of the sig-
nals in the Stark spectra would be sufficient for detection
(the number of components observed depends strongly on
the field intensity) but would not have any field-induced
broadening.

We can work from this spectrum to find the scalar and
tensor polarizabilities of the 36P and 37P levels. The fre-
quency interval between the two outermost low-frequency
components (which correspond to the transitions
36P;)532 =31Ps,,, and 36P;,,,, —37P,,,) deter-
mines the tensor polarizability of the 36P;,, level. When the
measurement error is taken into account [this error stems
from the error in the measurements of the frequency differ-
ences (1 MHz) and the error in the measurements of the

Level
energy

IM|=3/2
1/2
1/2
37Py; — /

78, — 7_/__/‘-/

— 1/2

375, —

3/2
i
I6F5z— ﬁ/“ 2

J6F 2

FIG. 6. Splitting of Rydberg levels of Na in a static electric field in the
model of the quadratic Stark effect, along with a physical picture of the
appearance of a double Stark resonance on the nP— (n + 1) P transitions.
a—FE =0;b—2.2 V/cm.
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FIG. 7. Experimental observation of the influence of the static Stark effect
on the spectrum of the two-photon transition 36P-37P in the Na atom.
a—E = 0; b—2.2 V/cm. The microwave intensity is /=~ 10 ~7 W/cm?.

field (~0.1 V/cm)], we find @, (36P;,,) = (12.4 + 1.5)
MHz/(V/cm)?. Correspondingly, the two outermost high-
frequency components (corresponding to the transition
36P, 51, >37P3)5,, and 36P, ), ,,, >37P3), 5, ) yield the
valuea, (37P;,,) = (16.3 + 2) MHz/(V/cm)?. Determin-
ing the scalar polarizabilities is a slightly more complicated
process, since the intermediate components in the spectrum
cannot be identified unless we know the values of a, (36P)
and a, (37P), and from the four components which we men-
tioned we can find only differences between scalar polariza-
bilities. Preliminary analysis of the spectrum showed that a
correct description would require that a(36P,,) and

a,(36P;,,) be assumed to be different, although not by
much [the polarizabilities with the same J ’s and different »n’s
should be related to each other by (13)]:

[37-8(37P,)]" (14)
[36—6(36P.) 1"’

27} (37PIII) =0y (36P'/z)

[37—6(37Py,) )’

oo (37Py,) =01, (36P;) 36— 36P 1"

(15)
where §(nJ) is the quantum defect of level Pin the Na atom,
which is given by (6).

We can thus determine the following quantities from
the spectrum in Fig. 7b:

o (36Py,) —a (37Py,) = (18+3) MHz/(V/cm)?,  (16)
0 (36Py,) —aa (37Py) = (305) MHz/(V/em)%.  (17)

Using (14) and (15), we find a closed system of equations,
so we can calculate the changes in the scalar polarizabilities
for the 36P and 37P levels. The results of all the measure-
ments are shown in Table I. Also shown there are values of
the polarizabilities calculated from the theoretical results of
Ref. 23 (including results on the 37S level). Those calcula-
tions were carried out through the use of the dipole matrix
elements found in the WKB-MKD approximation. Com-
parison with our experimental data shows that the theory
predicts polarizability values which are slightly smaller. The
reason may be the error in the approximation of the energy
levels in Na on the basis of the quantum defect. Further
support for the validity of our measurements comes from the
close agreement of these results with the results of measure-
ments of the polarizabilities of P levels in Ref. 24 [data for
the 34Pand 41P levels were given in that study; those results
can be used to calculate polarizabilities of the 36P and 37P
levels with the help of Eq. (13)].

A distinctive feature of our calculations is the observa-
tion of the difference between the scalar polarizabilities of
levels for different fine-structure components. It has pre-
viously been assumed that these polarizabilities are the
same. The differences between the scalar polarizabilities for
the J=1/2 and J = 3/2 components of the 36P and 37P
levels are

@0 (36P.,) —a, (36Py,) = (5+1) MHz/(V/cm)?,
Qo (37Pt/,) —Qlg (37Pq,) = (7:!:2) MHz/(V/cm)?2.

TABLE 1. Experimental and theoretical values of the polarizabilities of the 36P, 37P, and 375

levels of the Na atom, in units of MHz/(V/cm)2.

Level Theory?? Experimental®** ?;g;‘::tles‘tl‘t:gy N
To Qaz Qo (7] Qe
378, +6,2 0 - - -
36P,, -91,6 0 ~1138 0 ~105:10 0
36P,;, -91,6 -9.2 1136  -124 | —110x11 -124%15
87Py, -112,0 0 -138,3 0 —128+13 0
31Py, ~112,0 11,2 -1383 -150 13543  -16,3%2

*The polarizabilities of the 36Pand 37P levels were found by approximating the polarizabilities

measured in Ref. 23 for the 34P and 41P states by an (n.g)’ law.
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The errors in the measurements of these differences are far
smaller than the errors in the determination of the absolute
values of these polarizabilities.

Further support for the validity of these measurements
comes from the fact that the positions of the other compo-
nents in Fig. 7b are described quite accurately by expression
(12) if we use the values found for the scalar and tensor
polarizabilities. The strong central line contains three unre-
solved components with approximately equal frequencies in
this case. This circumstance explains why the spectrum has
seven instead of nine components. All the components have
been identified as 36P; 5| —37P;. 5, transitions.

The relative intensities of the components are deter-
mined by the two-photon matrix elements for each transi-
tion, by the polarization of the microwave field with respect
to the static field E, and by the population of the Stark sub-
levels of the 36P level. The latter depends on the spectral
power and the polarization of the light of the third-step laser,
in resonance with the 45— 36P transition. It is a rather com-
plicated matter to determine the polarization of microwave
radiation directly. The polarization vector of the wave prob-
ably has both a z component and a component in the plane
perpendicular to the z axis, since the spectrum has both tran-
sitions with AM = 0, induced by the z component of the po-
larization vector, and transitions with AM = + 1, induced
by a component in the XY plane.

In stronger electric fields, the Stark spectrum of the
two-photon transition 36P— 37P changes dramatically. Fig-
ure 8 shows spectra recorded as the electric field was varied

N

72,0 72,4 72,8 v,GHz

FIG. 8. Appearance of the double Stark resonance on the two-photon
transition 36 P-37P with increasing strength of the static electric field. /—
0 V/cm; 2—2.2; 3—3.3; 4—4.4; 5—5.0; 6—5.5; 7—6.1; 8—6.6; 9—7.2
V/cm.
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from 0 to 7 V/cm, at a fixed microwave power. A character-
istic effect here is the appearance of a broad, weakly resonant
band (with a width of about 1 GHz) near 6 V/cm. This band
is seen in a rather narrow interval of electric fields (between
5.5 and 6.6 V/cm). This interval depends on the intensity.
Some of the two-photon peaks remain resonant, while others
are completely lost in this spectrum. A further increase in
the electric field restores the usual Stark picture of the spec-
trum of two-photon transitions.

The physical nature of the broad band in the spectrum
of two-photon absorption at fields near 6 V/cm can be un-
derstood on the basis of the Stark diagram of the levels (Fig.
6) constructed in accordance with the values found for the
polarizabilities (Table I). For the 37S level we used a polar-
izability calculated from the data of Ref. 23.

The signs of the polarizabilities of these levels are such
that the imposition of an external electric field reduces the
deviation of the real intermediate 37S level from the virtual
level of the two-photon transition. At some value E. of the
electric field these levels cross, and the two-photon reso-
nance becomes a double resonance. As a result, there is a
sharp increase in the probability for the 36P transition and a
field-induced broadening of this transition. The values of £,
are different for the different components of the fine struc-
ture of the 36 P and 37P levels between which the transition
occurs. As a result, some of the two-photon resonances re-
main in the spectrum, while those which have reached the
exact double resonance undergo a pronounced field-induced
broadening.

It is difficult to find a theoretical estimate of the width
of the band in this case, since a large number of levels may
become involved in the interaction. The reason is that the
system is not, strictly speaking, a three-level system. Never-
theless, we can estimate the width of the observed double
resonance in the approximation of a three-level scheme for
the case in which the dipole moments of transitions from P
levels to an intermediate S level are the same. In this case, by
analogy with Ref. 19, the system of equations reduces to the
cubic equation

P30 +2[Q—y] p—272Q=0, (18)

where y = (D,€)/2# is the one-photon Rabi frequency, and
Q is the frequency difference. The roots of this equation can
be found easily. It thus becomes possible to find the time
evolution of the population of the upper level of the double
resonance and the field-induced broadening of the transi-
tion:

|

2 2 2402\
Y ] sin‘_(_zii-g)_t_ (19)

(/) +y* 2

The first factor here describes the width of the resonance,
which is given approximately by

Av=D,e/10%, (20)

where D, is the dipole moment of the 36P—37S transition,
and € is the microwave field. For the transition
36P,,, »37S,,, »37P,,, expression (20) yields a field-in-
duced broadening of 0.3 GHz at a microwave power ~ 10 ~*
W/cm? This figure is close in order to magnitude to the
observed width of the double resonance.
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Another distinguishing feature of the spectrum in Fig. 8
is that its components behave identically as functions of E.
The extreme low-frequency component (corresponding to
the transition 36P, , ;,, »37P, ,,,, ) shifts up the frequency
scale in weak fields, <3 V/cm. In other words, the polariza-
bility of the 37P,,,,,, level is greater than that of the
36P,,, 5, level. However, the shift of this component subse-
quently deceases and even changes sign, with the result that
this component begins to move toward lower frequencies.
We can thus say that we are observing an ‘“anticrossing” of
levels,?? which results from an interaction of 36P and 37P
states with the Stark series corresponding to higher angular
momenta /> 2. In fields > 5 V/cm, the component at the far
right in the spectrum (corresponding to the transition
36P, 1, = 37Ps,,3,, ) begins to shift sightly more rapidly
than according to (12) (Fig. 9). The meaning here is that
the Stark effect in the 36 and 37P levels generally ceases to
be quadratic at fields as weak as > 5 V/cm, and expression
(12) can describe the shifts only within a certain error.

The observation of shifts and splittings of the spectral
components of two-photon P— P transitions has made it pos-
sible to determine the range of applicability of the quadratic-
effect approximation and to measure the scalar and tensor
polarizabilities of the P levels. The experimental data turn
out to lie close to the calculated results. The appearance of
the double Stark resonance on the two-photon P— P transi-
tion of the electric field can be classified as a new effect.
There is the possibility that this effect might be utilized for
an absolute calibration of weak electric fields in vacuum.?®

5.ABSOLUTE CALIBRATION OF ELECTRIC FIELDS
THROUGH STARK FINE-TUNING OF A DOUBLE MICROWAVE
RESONANCE

The critical electric field for the occurrence of a double
Stark resonance depends on the particular transition be-
tween Stark components, 36P; 5, —37P;, ). In the qua-
dratic-Stark-effect approximation this field is given by

- 2v (3784,)—v (37P;)—v (36P;)
T @ (3781,)—0,5a (37P; 1mr) —0,50. (36P 5 5r))

(21)

where vA(37S,,,), v(36P,.), and v(36P,) are the corre-
sponding unperturbed energy levels, in frequency units, and
the a’s are the total polarizabilities of these sublevels. Table
11 shows values of E_, calculated from (21), along with the
corresponding frequencies which would be expected for
double microwave resonances. The range of £, (from 5.9 to
6.6 V/cm) corresponds to electric fields in which the double
Stark resonance is observed on the two-photon transition
36P-37P.

The electric field scale can be found in the following
way. The frequency of the microwave field is fixed near one
of the values in Table II. The electric field strength is swept,
and the population of the 37P level is measured. When E_, is
reached, a resonance corresponding to E_. should appear in
the spectrum recorded in this manner. The position of this
resonance determines the electric field scale; the accuracy of
the calibration is determined by the width, which in turn
depends on the microwave power. This power should be cho-
sen at a level such that a sufficient signal-to-noise ratio is
achieved with minimum field-induced broadening of the
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FIG. 9. Frequency shift of the outermost components of the Stark spec-
trum of the two-photon 36P— 37P transition versus the electric field.

peak. However, the probability for the 36— 375 - 37P dou-
ble resonance is so high that field-induced broadening is ob-
served even at the lowest microwave power. On the other
hand, this circumstance simplifies the fine tuning of the fre-
quency, which is a rather complicated problem in the case of
narrow peaks.

Experimental spectra of this type were recorded for var-
ious values of the power and frequency of the microwave
radiation. As before, the intensity was calibrated on the basis
of the field-induced broadening of the 36P,,, —»37P;,, tran-
sition in the absence of an electric field. Figure 10 shows
spectra recorded by sweeping the electric field at a micro-
wave frequency of 72.9 GHz. Here we see a narrow peak at
5.9 V/cm, which corresponds, according to Table II to the
36P;,, 3/, —37P;,,;,, transition, which has the lowest criti-
cal field. This result is evidence of a high probability for the
double resonance 36P;,, ;,, =378, ,,1,2 =37Ps,,3,,. Conse-
quently, it is not necessary to fine-tune the frequency of the
microwave field to this transition exactly. The width of the
36P;,,5,, —37P;,,3,, resonanceis about 0.1 V/cm at a pow-
er ~4-10~7 W/cm? This quantity determines the accuracy
of the calibration of the electric field in our experiments. Ata
certain microwave intensity, we also find a peak near 6.6
V/cm in the spectrum. This peak can be attributed to the
four transitions in Table I, so this peak is rather difficult to
identify, in view of the errors in the measurements of the
frequency and the electric field. Nevertheless, the presence
of this peak confirms that it is legitimate to use expression
(2) to determine E_, for the various transitions.

An increase in the microwave intensity not only gives
rise to signals at fields 6.0-7.0 V/cm, which correspond to

Beterov et al. 625



TABLEII. Critical fields and frequencies for an absolute calibration of the electric field through
a Stark fine-tuning of a double microwave resonance (a double Stark resonance).

Transition 1\:1;?/?(.:/' /I:;I':;z N;'I;f;("",' /ngl'r':;z %’%:rm Ver» GHZ
6P, o —31Py o -122,5 —-128,25 6,23 72,662
36PI/" 3, had 37Pl/" Y —122,5 —118,5 6.28 72,631
36PI/" 3, 37Pa/" 3/, —122,5 —151,4 5.91 72,918
36P,, . —37P, . -97,7 —-128,25 6,53 72,919
36P,,  —37P, -97,7 -1185 6,61 72,897
36P,), 4 — 3Py o) -977 -154,4 6,18 73,476
36P, ., —37P, -105,4 -128,25 6,52 72,910
6P, , —37P, . -1054 -1185 6,58 72,872
36P,, , —3TP,, o, -105,4 -151,4 6,17 73,166

Table I, but also gives rise to signals at fields far below the
calculated values. These are probably signals representing
Stark fine-tuning of multiphoton resonances of higher or-
der.?® At any rate, the calibration of a static electric field
should be carried out at microwave intensities such that this
effect has not yet appeared.

We conclude with a few words about the accuracy of an
absolute calibration of the electric field by the method of
Stark tuning of the double microwave resonance. The accu-
racy of 0.1 V/cm s not a limit. The error in measurements of
E_, is determined by the width of the source line. According
to (21), it is

2Av
Ecr [a(37Sl/,)—'/ga(37p.r'|u'|)-‘ %a(36PJ|M| )] ’

AE

(22)

1 ! 1 1 1

2 £,V/cm

FIG. 10. Experimental spectrum of the double Stark resonance recorded
as the electric field was swept at a fixed microwave frequency, 72.9 GHz
1—The microwave intensity is 8-10 ~¢ W/cm? 2—4-10 % 3—2-10 ¢,
4—8:10-7,5—4-10"7;6—8:107 37— 410~ * W/cm?>.
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where Av is the width of the source line. In the absence of
field-induced broadening, we find AE~ 10 ~2 V/cm for the
36P;,,3,, »37P;,, 5, transition from this expression with
Av~2 MHz (a typical figure for our experiments). If a mi-
crowave source with a narrower line is used, Av will be deter-
mined by the transit-time broadening in the detection sys-
tem, which is ~0.2 MHz. In this case the accuracy of the
calibration reaches 10 ~* V/cm. The use of “cold” Rydberg
atoms makes it possible to achieve a further improvement in
the accuracy of measurements of electric fields in vacuum,
by the method of Stark fine-tuning of the double microwave
resonance. Such accuracies are extremely difficult to achieve
by any other methods for measuring electric fields.

By observing the double resonance at other
nP— (n + 1)P transitions, in both the Na atom and other
alkali metal atoms (Cs, Rb, Li, K) one can compile a set of
reference points for determining the electric field, since E,
depends on both 7 and the particular chemical element. The
higher the excitation level, the weaker the field E, required
for this purpose, since the polarizability increases as (7.4 ).’
To demonstrate this idea, we carried out some experiments
on the microwave spectroscopy of the 37P— 38 P two-photon
transition. Figure 4b shows the spectrum of this transition in
the absence of a static external electric field. The frequency
positions of the peaks are close to the values calculated from
the data of Ref. 18, but there is a deviation of S MHz in the
positions of the resonances corresponding to the transitions
37P,,, »38P,,, and 37P, ,, - 38P, ,,. This deviation goes be-
yond the measurement error. It is quite possible that for P
levels with 7 > 37 there are deviations from the (7.5 ) ~*law
for the fine-structure intervals.

Figure 11 shows a Stark spectrum of the 37P— 38P two-
photon transition at a microwave intensity lower than that in
Fig. 4b. As for the 36P—37P transition, we find a splitting
due to the quadratic Stark effect in weak fields. With increas-
ing field, we see the appearance of a double Stark resonance
near 5.5 V/cm. The calculated value is E.. = 5.5 V/cm for
the 37P;,,5,, > 38P;,,5,, transition in the region in which
the band appears. An anomalous result in this case is the
frequency position of the broadened double-resonance band.
This band is shifted into the low-frequency part of the spec-
trum, in which there should be no signals at all according to
calculations based on the quadratic Stark effect. At the same
time, the components at higher frequencies disappear. To
study the shift of the band into the low-frequency part of the
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FIG. 11. Appearance of a double Stark resonance on the 37P—38P two-
photon transition. a: Total Stark spectrum of the transition. /—E = 6.6
V/cm; 2—5.5; 3—4.4; 4—2.2; 5—0 V/cm. b: Frequency shift of the dou-
ble resonance at low frequencies. /—E = 6.08 V/cm; 2—5.81; 3—5.53;
4—35.25; 5—5.00; 6—4.42 V/cm.

spectrum in more detail, we recorded the Stark spectrum of
the 37P—38P transition, at a smaller step in the electric
field. These results confirmed the anomalies. These anoma-
lies are probably due to a “repulsion” of either nP or nS
states due to a crossing with the Stark sequence for states
with higher angular momenta. As a result, the approxima-
tion of a quadratic Stark effect becomes incorrect, and it is
no longer possible to calculate the critical frequencies and
fields from simple formulas. Nevertheless, there is the im-
portant result that the double Stark resonance can be ob-
served at various values of £, and on other two-photon
transitions. It is thus possible to compile a set of reference
points for an absolute calibration of electric fields in vacu-
um.

6. CONCLUSION

In these experiments, we studied the basic aspects of
microwave spectroscopy of two-photon absorption on P-P
transitions of Rydberg states of the Na atom. We studied the
Stark effect in static electric fields, determined the range of
applicability of the quadratic effect, and found values for the
scalar and tensor polarizabilities of the nP states. We have
observed that avoided crossings influence the Stark spectra
of the two-photon absorption. We have experimentally ob-
served the crossing of a real level and a virtual level of
nP— (n + 1)P two-photon transitions in Rydberg atoms.
We have also observed the appearance of a double Stark res-
onance. We have recorded spectra of the double Stark reso-
nance along the electric field scale, and we have discussed
the possibility of using this resonance for an absolute calibra-
tion of electric fields in vacuum. The experimental data re-
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ported here will be of assistance in reaching a deeper under-
standing of the resonant and quasiresonant interactions of
highly excited (Rydberg) atoms with microwave radiation
in future research. In particular, this information is impor-
tant for describing the physical picture of the formation of a
quasicontinuum during the joint occurrence of the dynamic
and static Stark effects. In this case, the microwave intensity
required for ionizing Rydberg atoms is sharply reduced.?’

We wish to thank V. P. Krainov and S. P. Goreslavskii
for useful discussions. We also thank N. B. Delone for stimu-
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