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Experimental and theoretical studies of Rydberg masers—quantum-electronic devices which
produce and employ microwave radiation from highly excited atoms in a cavity—are reviewed.
The experimental results are based mainly on studies performed by S. Haroche’s group in Paris
and H. Walther’s group in Munich. In contradistinction to the usual quantum generators the
quantum properties of the electromagnetic field itself play an important role in the analysis of the
behavioral dynamics of Rydberg masers. The most striking results obtained in this field are the
discovery of “quantum revival” and the achievement of maser generation on two-photon

transitions and Fok states of the electromagnetic field.

I.INTRODUCTION

The real revolution brought about in macroscopic
quantum physics in the last few years by experiments with
Rydberg atoms'™ is explained by the fact that the extremely
high polarizability (~n?), long lifetimes (7~n?® for /~1
and 7~ n® for I < n), the strong field effects (the dynamic
Stark shift ~n’/° and the Zeemann effect ~n*) in contradis-
tinction to nonlinear optics make it possible to realize exotic
regimes of interaction with the electromagnetic field under
conditions when the number of photons is small, the number
of atoms is small, and correspondingly the intensities of the
external fields are negligible. In addition, on an atomic scale,
because nonlinear effects depend strongly on the principal
quantum number not only can the field itself be strong but its
quantum or thermal fluctuations may be large. This makes it
possible to observe a number of new phenomena, associated
with the stochastic characteristics of the field as such and
not with the chaos introduced by the mode structure of the
field, etc., as happens in nonlinear optics. The interaction of
Rydberg atoms with the quantum field of a cavity can serve
as a basis for the development of a new class of quantum-
electronic devices. The working medium in such devices is a
small number of highly excited atoms. An important aspect
of this rapidly progressing area of experimental methods is
the possibility of detecting microwave radiation at the quan-
tum level of sensitivity.

The objective capability of working with Rydberg states
(RSs) has been made possible by the following achieve-
ments in experimental technique: 1) the development of tun-
able dye lasers and semiconductor lasers with adequate pow-
er and a narrow spectral line, which have made it possible to
obtain atoms excited in a cascade fashion into a Rydberg
state with a given value of n; 2) the development of experi-
mental techniques for working with very rarefied atomic and
molecular beams; and 3) the development of superconduct-
ing cavities with extremely high quality factors of up to
Q = 19° in the range of transitions characteristic for RSs
(tens and hundreds of GHz).

It is very important to note that many effects of “low-
energy quantum electrodynamics,” such as, the appearance
of spontaneous emission,"'” nondissipative decay of Rabi
oscillations in the quantum field of a resonator (‘“Cummings
collapse”*!! and *“Dicke subemission>”'? ) were predicted
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long before experiments were performed and, moreover,
when concrete physical systems and the region of param-
eters in which the theory can be checked were not yet known
clearly. The properties of a “one-atom”! or two-photon ma-
ser® which permit observing subtle effects associated with
the quantum properties of the photon field in the microwave
range, are undoubtedly interesting.

Rydberg amplifiers (masers) also function in
space.'>'* A number of astrophysical processes occurring in
interstellar gas, which interacts with the remnants of super-
nova explosions, collisions between interstellar clouds, and
supersonic gas flows accompanying the formation of stars
result in the formation of RSs with very large values of n, as
high as n = 1000"°. The functioning of Rydberg masers in
space results in the amplification of the spectral lines of stars
and quasars in the radio range.

The rapid development of the aspect of the subject per-
taining to the spontaneous and induced emission of a Ryd-
berg atom in a cavity which is of interest from the applied
and fundamental viewpoints, makes it impossible to give a
complete picture of the progress achieved, but the discovery
of the effects presented is a triumph of modern experimental
techniques and the methods of macroscopic quantum elec-
trodynamics.

The main properties of highly excited states and a num-
ber of specific problems associated with them have been dis-
cussed in a special monograph!® and reviews'”'®, and we
shall not discuss them in detail. Only the dependences of the
natural lifetimes of the RSs are not clear. For the case /~ 1,
n&n, {r,,Y~n"3%A4, . ~n"%"% andv,, isof the order of
unity in atomic units. Forn’~n, {r, . }?>~n* v, ~n " *and
A, ~n"">

For the low-lying states their overlap integral with RSs
with high values of the angular momentum decreases much
more rapidly. This is easy to understand'®, based on the fact
that for highly excited states the region of motion of the
Rydberg electron at the perihelion makes the main contribu-
tion to the transition matrix element. Unlike strongly elon-
gated electron orbits with /~ 1 and n> 1 the wave function of
states with /< n looks like a narrow (Ar/r~n—"') toroid
and the overlap integral decreases more rapidly than for
states with small values of /. For states with / < n transitions
into states with /' S n’ and n’' < n are characteristic. The long
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TABLE 1. The characteristic lifetimes of Rydberg states of the sodium atom (in ns) taking into

account thermal radiation®?

. Level 0K 40K 600 K g:‘;;‘;tm of gzge;g;em of
11 Pm 10025 3799 2124 11 232
11 Pm 11 388 4 876 3563 »
12 Pl/z 13 407 4417 3149 15048 3.54+1 Mc
12 Pa/n 15639 5895 4292 »
13P,, 17 472 5046 3583 19 664 4.741.2 Mc
13 Pm 20 TH 7 020 5091 »
14 Px/a 22 286 7 598 5534 25148 5.541.5 mc |
14 Pm 26 918 8242 5960 »
20 P1 " 73 653 21 033 15 538 81007
20 Pm 89736 22 263 16 261 »
30P, ), — - — 299 398
36P,, — — — 535 956

lifetimes and the strongly anisotropic polarizability of such
states make them very important for experiments.’

The radiation width in a blackbody radiation field is
also important for preserving atoms in highly excited
states.'® Namely, B,, = 7,4, , where i, is the average
number of blackbody photons per mode. For fiw kT the
Rayleigh-Jeans law specifies that 7, ~n? ~+°, which gives
T~n"2.

Transitions induced by blackbody radiation thus seri-
ously restrict the lifetime of states with large values of n. The
way out of this situation is to use in high-precision experi-
ments with RSs a helium cryostat, which, for example, is an
intrinsic part of the setup employed in Ref. 8. The sensitivity
of RSs to external fields (Table 1) makes it necessary to
screen Rydberg masers very carefully from external fields.

We shall summarize, following Ref. 19, the basic spec-
troscopic considerations which much be kept in mind when
working with highly excited states:

1) the Rydberg electron is a good tool for studying the
intra-atomic potential by measuring the quantum defect as
well as the fine and hyperfine splitting;

2) the effect of radiation on highly excited atoms differs
substantially from the effect of radiation on states of low
excitation; maser generation can occur on a small number of
atoms;

3) the binding energy of the electron with the atomic
core is very small; and,

4) because of their large sizes and low binding energies
Rydberg atoms exhibit peculiar characteristics in collisions:
a large and loose atom is almost transparent to a compact
particle (neutral atom or ion) interacting with it viainduced
polarization.

Collisions with electrons are also modified. For highly
excited states the interaction cross section is close to that for
free-face electron scattering; the low value of this cross sec-
tion ensures that the RS will be quite stable up to 7~ 1000 in
aninterstellar gas.”® A Rydberg maser consists of the system
“Rydberg atoms + cavity.” The use of a high-Q microwave
cavity creates feedback between the radiation and the exter-
nal field acting on the atoms. The existence of feedback radi-
cally changes the characteristics of the radiation associated
with RSs.

This review is devoted precisely to those aspects of the
radiation from a system of RSs that depend strongly on the
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interaction of the atoms with the microwave fields which
arise in the course of generation, detection, and other elec-
trodynamic processes which are typical for quantum-elec-
tronic devices.

Il. THE SPECTROSCOPY OF RYDBERG STATES

To study the interaction of highly excited states with an
electromagnetic field it is first necessary to know how to
prepare these states with given quantum numbers, in partic-
ular, with very high values of n. Stepped laser excitation is
the most precise method for obtaining Rydberg atoms; this
method makes it possible to prepare such atoms in states
with low values of the angular momentum (owing to the
selection rules for dipole transitions). Combining laser exci-
tation with quasistatic electric fields makes it possible to ob-
tain circular atomic states which are important for metrolo-
gical applications owing to their long lifetimes and
insensitivity to external fields. Analogous methods are em-
ployed to prepare electropolarized (elongated) states one of
whose parabolic quantum numbers is equal to zero. Such
states provide a model of a one-dimensional hydrogen atom,
and their wave function is concentrated in a narrow cone on
one side of the ionic core. Second, one must know how to
analyze such states: the population and in some cases the
phase of the dipole moment (Ramsey’s spectroscopic
scheme). Stark spectroscopy of highly excited states is a
powerful spectroscopic tool.

Third, the study of the spectroscopy of highly excited
states is of interest in its own right, in particular, the theory
of quantum defects and comparing this theory with experi-
ment and the study of the mechanisms of broadening in a
rapidly varying electromagnetic field. However these prob-
lems are only peripherally related with the subject of this
review and they will be discussed in Secs. 7 and 8 in connec-
tion with the problems involved in building a radiometer in
the “Rydberg atoms + cavity” system. The problem of the
nonlinear polarization of Rydberg atoms is of fundamental
importance. This rapidly developing field of the spectrosco-
py of highly excited states also falls outside the scope of this
review, but we feel that it is necessary to present an anno-
tated list of the latest investigations.

The use of Rydberg atoms for metrology and detection
of microwave radiation is a very important practical prob-
lem. In spite of the quite good progress that has been made in
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FIG. 1. Diagram illustrating the excitation and detection of Rydberg
atoms.*®

experimental techniques the problem of building real stan-
dards and the highly precise measurement of physical con-
stants based on the shifts and broadening of Rydberg states
are problems for future work.

1. The excitation and detection of Rydberg atoms. The
following groups currently have the experimental setups re-
quired for studying the interaction of a beam of thermal
Rydberg atoms with a microwave ﬁelq: S. Haroche (France,
Center for Microwave Spectroscopy, Ecole Normal, Paris),’
H. Walther (West Germany, Munich University),’ T. F.
Gallagher (Physics Laboratory of the University of Virgin-
ia*), and D. Kleppner (Massachusetts Institute of Technol-
ogy, USA).®In the last few years research on the detection of
a superradiant cascade in a medium with RSs has also been
performed by Leonard’s group at Hannover Technical Uni-
versity ( West Germany). In the Soviet Union such a setup
has been built at the Institute of Thermal Physics of the Sibe-
rian Branch of the Academy of Sciences of the USSR. Since
most experiments have been performed using alkali metal
atoms the general features of the experimental setups em-
ployed for obtaining highly excited states of atoms, includ-
ing also for Rydberg masers, are virtually identical and differ
by the types of lasers employed, the specific operating re-
gimes, the characteristics of the recording apparatus, and
the signal processing techniques. The setups employed by P.
Koch’s group (New York University, USA?® ), in which fast
Rydberg atoms were obtained by means of charge-exchange
collisions between protons and target molecules, are some-
what of an exception. Figure 1 shows a characteristic ar-
rangement for preparing and detecting alkali-metal Rydberg
atoms. The atomic beam is obtained by effusion from a heat-
ed oven (the oven temperature is typically 300600 K de-
pending on the element employed (Na, K, Pb, or Cs)) and
propagates into a vacuum chamber with a residual gas pres-
sure < 10~ ° torr. The density of atoms in the ground state
in the interaction zone reaches values of ~10’-10° cm ~?,
though a number of experiments have also been performed
with significantly lower densities (10° cm~* and lower).
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Since the cross sections of collisional processes involving
Rydberg atoms are large the choice of atomic density in the
beam is important, since it determines the conditions of in-
teraction of the Rydberg atoms with the radiation and the
lifetimes of the atoms. The divergence of the atomic beams is
not important and is usually equal to 10 ~2~10~* rad.

The region of interaction and detection is chosen de-
pending on the operating regime of the lasers which selec-
tively excite the atoms into the Rydberg states. Under condi-
tions of continuous (steady-state) excitation the zone of
interaction with the pump radiation is, as a rule, separated
by quite a large distance from the zone of detection of the
Rydberg atoms. The upper limit of this distance is deter-
mined by the lifetime of the prepared Rydberg atoms. As is
well known, this lifetime is directly related with the value of
the effective principal quantum number and it depends on
the type of element, the presence of thermal radiation and its
temperature, and the contribution of collisional quenching
to the lifetime of the excited states which limits the mean free
path (range) of the Rydberg atom in the evacuated volume.
The effective lifetime 7.4 is determined by the relation

Teft =R + o, (1.1)
where ¢ is the radiative lifetime and r_ is the collisional

lifetime. The spontaneous lifetime can be estimated by the
approximate formula®

TR A Tft%, (1.2)

For example, for Na 7, = 8.35 nsec and a = 3.11. Table I
gives the computational results obtained for the radiative
lifetimes of the Rydberg states of Na with the formula (1.2).
It is obvious that starting with n > 20 the radiative lifetime
exceeds ~ 10 usec. Since the mean-free path is /~v, 74, in
the absence of collisional quenching for v,, ~ 10° cm/s and
T.r ~ 10 s I 1 cm and increases as 7, increases. On the
other hand calculations performed in different studies, for
example, in Ref. 23, show that the presence of thermal radi-
ation owing to, for example, the walls of the chamber or the
oven, appreciably shortens the lifetime of Rydberg atoms as
aresult of induced radiative transitions and photoionization.
The lifetime now depends on the temperature of the walls,
the nature of its dependence on the principal quantum num-
ber of the excited state changes, etc. The computational re-
sults for the radiative lifetimes for Na taking thermal radi-
ation into account are given in column 2 of Table I. One can
see that at room temperature T ~ 300 K the lifetimes are on
the average three to four times shorter. An analogous picture
is observed for atoms of other alkali metals.

Thus in order to separate the regions of excitation and
detection the walls of the working chamber must in most
cases be cooled to a quite low temperature, the temperature
of liquid nitrogen (7' = 77 K) or liquid helium (4 K). Cool-
ing usually also improves the vacuum in the experimental
chamber, thereby reducing the importance of collisional
quenching of Rydberg atoms by the residual molecular gas-
es. The rate of collisional quenching by impurities is largest
in the case of electronegative molecules [K ~10""7
-10-% em~? s~ ! (Refs. 24 and 25)], when quenching is
accompanied by ionization of the Rydberg atom by the elec-
tron-transfer mechanismA* + M =4"* + M ~. Since

Te = (chM)_l, ( 1.3)
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where V,, is the density of quenching molecules, this mecha-
nism of quenching becomes significant already for
Ny =10Y-10"2 ¢m 3, i.e., the residual-gas pressure should
not exceed 107 °-10 7 torr.

The situation becomes somewhat simpler when the
Rydberg states are excited by short laser pulses (7= 10~°-
1077 s). In this case at the end of the excitation pulse we
have a bunch of diverging Rydberg atoms. They can be de-
tected with the help of field ionization in a pulsed electric
field.***" If the highly excited atoms are in a microwave
cavity, then pulsed generation can be achieved. In this case
the lifetime must meet stricter requirements. However the
duration of the pulse of microwave generation itself is deter-
mined in this case by the emergence time of the atoms from
the cavity.

Experimental setups in which atoms in states with large
values of the principal quantum number are prepared effi-
ciently with the help of existing lasers are usually of greatest
interest. In the case of alkali-metal atoms two- or three-step
excitation is most often employed, though direct excitation
with ultraviolet radiation is undoubtedly simplest. For ex-
ample, in Ref. 28 the wavelength of the tunable dye laser
radiation employed for excited Na or Cs at the first step
[from the 3S or 6S ground state into the first excited state
3P,,, (Na) and 6P,,, (Cs)] was equal to 5896 A for Naand
8521 A for Cs. The excitation of #S and nD states from P,,
states was performed at wavelengths of 4110 A {(Na) and
5100 A (Cs), respectively. The durations of the excitation
pulses (5-10 ns) and the pulse repetition frequencies (5-10
Hz) were determined by the parameters of the pump-laser
radiation. The tunable dye lasers were pumped either with a
nitrogen (N,) ultraviolet laser {1 = 3377 A) or the second
(A =5320 A) and third (4 = 3365 A) harmonics of the
Nd:YAG lasers. The first step was saturated with power
densities of the order of 1 kW/cm®. At the second step the
lasers permitted the excitation of approximately 10° atoms

L, eV

A A by

P2,32

3/2,5/2

FIG. 2. Diagram of the energy levels of Na and transitions for three-step
excitation of the Rydberg nP series.**
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per pulse. Figure 2 shows a diagram of the three-step excita-
tion of Rydberg states of the Na atom using an LiF:F, color
center laser; this scheme was implemented by Beterov et
a 1' 24,25

Since the radiative lifetime of the intermediate reso-
nance level is short (for example, for Na 7= 1.6 10~ %s)
the short excitation pulses must be precisely synchronized in
time. This is usually achieved by using the same laser to
pump the dye lasers as well as by adjusting the optical propa-
gation paths of the laser radiation. In the case of excitation
with cw lasers such problems, naturally, do not arise.

The selectivity of the excitation of a Rydberg atom with
a definite value of n is determined primarily by the ratio of
the linewidth of the laser radiation at the last {second or
third) step and the width of the absorption line. Since the
excitation wavelength lies, as a rule, in the visible or near-IR
regions of the spectrum the ratio of the Doppler and natural
widths of the transition is important. The natural linewidth
is determined by the relation

Bn & < (7 + 1), (1.4)

where ¥, and ¥, are the rates of decay of the lower working
and Rydberg levels, respectively. As a rule, the lower work-
ing level is short-lived and it decays at a rate ¥, ~ 10™-10°
s~ ', while at the low pressures characteristic for experi-
ments with Rydberg masers the Rydberg states have rates of
decay 7z < 10°s~'. As the vapor pressure is increased high-
ly excited atoms relax primarily by the mechanism of colli-
sional quenching by the intrinsic or buffer gas, so that the
situation can change. Thus it can be assumed that Avy
~107-10® Hz.

In the case when the atomic beam propagates in a direc-
tion perpendicular to the exciting light field the Doppler
linewidth is determined by the simple relation

AV AvpB = 2%(?’*1)"’9, (1.5)

M

where Avy, is the Doppler width of the absorption line on the
exciting transition in the beam source and 6 is the divergence
of the atomic beam. For example, for sodium with A ~ 420
nm and 7=500 K Av, =2 GHz. For beam divergence 8
=107?-10 * the transverse Doppler width is Av}, =~20-2
MHz, which is comparable to the natural linewidth. Thus it
may be assumed that the width of the absorption line at the
last step of excitation is < 10-100 MHz. When pulsed lasers
with a pulse duration of 10 ~*~10 " ° s are employed for exci-
tation of Rydberg atoms the radiation spectrum, in the best
case, is determined by the Fourier transform of a single
pulse, and the width is inversely proportional to the duration
of the pulse and is much greater than the width of the absorp-
tion line in the beam. This is what limits the selectivity of
excitation of Rydberg states with an increase in the principal
quantum number 7. For cw lasers it is now difficult to obtain
a lasing line-width < 1-10 MHz. In this case the width of the
absorption line fundamentally limits the quantum number n
of the selectively excited state. The solution is preexcitation
of Rydberg atoms into a state with an average principal
quantum number 1= 10-11, followed by irradiation with a
narrow-band CO, laser with Stark tuning into resonance, as
done in experiments performed by Koch?’ with beams of
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hydrogen atoms. At the same time the transverse Doppler
width, which is inversely proportional to the wavelength,
also decreases.

The experimental limiting values of selectively excited
Rydberg atoms of alkali elements in experiments with pulsed
sources reach n=~30-50 (Refs. 30 and 31) and 60-100
(Refs. 32 and 33)—using cw dye lasers. The compensation
of Doppler shifts accompanying two-photon absorption in
the field of a standing wave®** permits reducing significant-
ly the transverse Doppler width of the absorption line of the

=
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FIG. 4. Spectrum of two-photon excitation of Rydberg states of the stron-

tium atom® with elimination of Doppler broadening in the field of a
standing wave.
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FIG. 3. Excitation spectrum of the Rydberg series
of Na detected by the method of field (a) and colli-
sional (b) fonization.?>'**

atomic beam. When the ground or a metastable state is em-
ployed as the lower working state the natural width of the
absorption line also decreases. As a result selective excita-
tion using highly monochromatic sources can be driven up
to 7 = 150-200.%%*7 Naturally, from the viewpoint of a Ryd-
berg maser, it is difficult to expect high excitation efficiency
here; a possible exception is the case of exact two—photon
resonance with an intermediate state, observed, for example,
inIn.*® Figure 3 shows the characteristic forms of the excita-
tion spectra for the nP series Na,** recorded by the method of
field and collisional ionization,*® while Fig. 4 shows the two-
photon excitation spectrum of Sr (Ref. 36) with the Doppler
broadening eliminated in the field of a standing wave. At a
definite value of n excitation selectivity is limited by Stark-
effect broadening in the residual nonuniform electric field,
since the polarizability grows as ~n.” In experiments in
which special measures were taken to suppress the residual
electric fields with the help of special coatings for and config-
urations of the metal walls screening the volume of interac-
tion with the radiation from external fields selective excita-
tion of Rydberg states right up to n =~ 530 (Ba) was achieved
(Fig. 5).'" Rydberg states have been successfully detected
with the help of field ionization,?®?’ collisional ioniza-
tion,?*2> photoionization, ** and surface ionization. '¢

2. Rydberg states with exotic quantum numbers. Pro-
duction and spectroscopy of circular states. The idea of ob-
taining ‘““circular” states was proposed in Ref. 40. These are
single-electron atomic states with large principal quantum
number n and the maximum possible magnetic quantum
number |m| = n — 1. Such circular states are important for
experiments with Rydberg atoms in which a two-level sys-
tem must be modelled. The circular state has one decay
channel; this is important, for example, for observing the
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FIG. 5. The spectrum of highly excited states of the barium atom.'** The
energy is measured with respect to the ionization limit in zero field
(1=42,034.902cm ).

suppression of spontaneous emission from a Rydberg atom
by means of parallel conducting plates.*'

Circular Rydberg states corresponding to large quan-
tum numbers and the maximum possible projection of the
orbital angular momentum on the axis of quantization are a
quasiclassical atomic system with special properties. The
distribution of the electron density of the outer electron in
these states has the form of a thin torus with radius n’a, and
width na, (a, is the Bohr radius), oriented perpendicular to
the axis of quantization. The center is the ionic core of the
atom. Since the Rydberg electron virtually does not pene-
trate into the ionic core the circular states of all elements are
described by the same wave functions and their binding ener-
gy differs from the hydrogen value E, = 72/2a,n? by an ex-
tremely small shift 6E, = — aje’/2ain® (a is the polariz-
ability of the ionic core). Since in this case the valence
electron moves along a quasi-two-dimensional orbit the pro-
jection of the dipole moment of these states on the axis of
quantization is equal to zero and therefore these states are
insensitive to an electric field perpendicular to the plane of
the orbit (in this direction the Stark effect is quadratic).
Since there is only one channel for radiative decay (the selec-
tion rules are An = — 1 and Am; = — 1) the circular RSs
have long spontaneous decay times, whose value increases as
n5'139

The method for obtaining circular Rydberg states is
based on successive adiabatic transfer of excitation in a reso-
nance microwave field"’ and was first demonstrated by Hu-
let and Kleppner.*' In one variant it is realized as follows
(Fig. 6). An electron beam is passed through a stack of equi-
distant flat metal plates, to which uniform electric field
pulses are applied (in the experiment with Li atoms per-
formed in Ref. 42 the field intensity was equal to 200 V/cm
for n = 25). A microwave field (9.2 GHz in Ref. 42), polar-
ized perpendicularly to £, and inducing transitions between
the Stark sublevels, is applied to the same plates. The direc-
tion of the electric field determines the axis of quantization
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FIG. 6. Block diagram illustrating the production of circular Rydberg
states of the lithium atom.*?

of the angular momentum. For each m, there are n—m, qua-
si-equidistant Stark sublevels, comprising the vertical scale
of levels and denoted by parabolic quantum numbers #, and
nywithn, +n, + |m| +1=n.

Three light beams, circularly polarized in the same di-
rection (o ) and propagating in the direction of the elec-
tric field vector, prepare a Rydberg atom in the n, = 0 level
of the sequence of the multiplet m, = 2. Then the electric
field E, is reduced adiabatically (over a time of 10 ms) from
200 V/cm to =192 V/cm, while the power (50 uW) of the
microwave field at 9.2 GHz is maintained constant. As a
result rapid adiabatic creation of a Rydberg atom along the
sequence of microwave transitions with Am, = + 1 occurs.
Ultimately almost all Rydberg atoms are in the state
n = |m;| — 1. Then the atoms leave the multiplate capaci-
tor. In working with circular states, however, the following
problem arises: the external parasitic fields acting on an
atom in the beam must not mix the long-lived circular state
with some other state, thereby creating a preferred decay
channel. In Ref. 43 this problem was solved by an elegant
method, reminiscent of the method employed to stabilize a
classical gyroscope. In performing experiments with states
with n = 25 in a beam of lithium atoms Liang et al.** found
that the imposition of an electric field (100-700 V/cm-us)
with a constant or slowly varying orientation perpendicular
to the plane of the orbit prevents mixing of circular states
with states having lower values of the angular momentum.
Fields with intensity £~30 mV/cm are sufficient to avoid
mixing owing to parasitic fields with frequency o, 5 1.4
MHz (n = 25) without changing the transition frequency
(the Stark shift is approximately 8 Hz with a transition fre-
quency of 447 GHz}). This effect is explained by the fact that
the overlap integral between a circular state with a fixed axis
of quantization and states with other values of » is small, and
mixing by parasitic fields is prevented by artificially tying
the quantization axis to a weak external field, applied, more-
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FIG. 7. The intensity of the ionization signal (arbitrary units) as a func-
tion of the scanning time. The arrows mark the signal from the corre-
sponding level. 1—No fields with frequencies of 447 and 9 GHz;2—9
GHz switched on; 3—both microwave fields present.*?

over, in the direction of greatest insensitivity of the orbits of
the circular atom.

Figure 7 illustrates the adiabatic passage and produc-
tion of circular states. A trace of the ionization signal in time
under different conditions is presented. The trace 1 corre-
sponds to the case when there is no microwave field either at
9 GHz or 447 GHz. The main peak in the signa corresponds
to field ionization of a level withn =25, m, =2,and n, =0
at a moment in time when the strength of the electric field
reaches 1430 V/cm, which is in good agreement with the
computer calculations of the value of the critical field. The
peaks in weaker fields correspond to sublevels with m, =0,
1, and 3, also excited with laser radiation. New features ap-
pear in the signal when a microwave field at 9 GHz is
switched on. The largest peak, observed with 2000 V/cm,
corresponds to a circular state with n = 25, and m, = 24,
while the two small peaks with 2400 kV/cm and 1730 V/cm
can be ascribed to the respective levels with n = 24, m, = 23
and n = 26, m, = 25, 24, and 23. These neighboring levels
are occupied as a result of transitions induced by thermal
radiation. The computed time interval during which excita-
tion is transferred between circular states at room tempera-
ture ( ~62.5 us) is of the order of the transit time of the
atom; this explains, in principle, the high population of lev-
els with n = 24 and 26. The significant intensification of the
signals 2 demonstrates the fact that the lifetime of a Rydberg
atom increases when the atom is transferred into a state with
high angular momentum.

Finally, the trace 3 shows the ionization signal for the
case when the electric field increases linearly in time; this
signal appears in the presence of a resonance microwave field
at 447 GHz. One can see the change in the ratio of the ampli-
tudes of the peaks for n = 25 and n = 24 owing to radiative
transitions in a resonance field.

Microwave spectroscopy of circular states can be per-
formed by varying the frequency of the microwave field. Fig-
ure 8 shows samples of such spectra. Strong asymmetry of
resonance with a sharp dropoff on the high-frequency side
and a slow (50 MHz) rise on the low-frequency side is ob-
served. This form is characteristic for inhomogeneous
broadening owing to the quadratic Stark effect. The fact that
broadening arises only on the low-frequency wing of the line
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FIG. 8. Microwave resonance of circular states. The asymmetry of the
spectrum is associated with the quadratic Stark effect.*?

shows clearly that the Stark effect is quadratic, as expected
for circular Rydberg states in a field oriented parallel to the
quantization axis.

The position of the sharp high-frequency wing of the
line permits determining the unperturbed Rydberg frequen-
cy and the Rydberg constant. In the indicated experiment*?
they turned out to be equal to v,5 ,, = 447,749.5 (5) MHz
and R = 328,958,470 (1)-10° MHz. The specially applied
additional electric field made it possible to measure the qua-
dratic Stark shift precisely Av = — 7.11 kHz* (V/cm)?.

The structure of highly excited states of atoms adsorbed
on the surface of cryogenic dielectric whose dielectric con-
stant is close to unity, for example, liquid helium
G = 1.0572), is unusual.?® The electronic shell of the *‘He
atom in a highly excited state is soft, and the nucleus or ionic
core of the atom fall through to the surface of the dielectric
and bind with it. The helium surface is virtually impenetra-
ble to an electron and can be described by imposing on the
wave function the boundary condition ®(z =0) =0. The
Hamiltonian of the outer electron in this case has the form

R B QB 2.1)

=—2 A

2m r z

where r is the distance to the nucleus, z is the distance to the
helium surface, and Q = (¢ — 1)/4(€ + 1). The first term
in the potential energy describes the interaction of the elec-
tron with the ionic core and the second term describes the
interaction of the electron with its image. For relatively low
levels of excitation the atom is in a “half-spherical” state,
characterized by the quantum numbers # and / (odd) and
having the energy E, = ml*/2#n% The correction owing to
interaction with the imageis AE, ~a,,, QE, , where the coef-
ficient a,,, increases when either index is increases. For/ = 1
such states occur for n < 60. Very highly excited states be-
long to a different class. In this case the main interaction is
the interaction of the electron with its image. The energy
corresponding to such a ““flat” state is given by

’

Egp=—2m____mf (2.2)
' 2rK:  m3[n+ (1/2)1

where K is the number of the levitation level and # is the

principal quantum number for two-dimensional motion of

the electron in the field of the nucleus. The subsequent cor-

rections are of order Q ~2(K/n)* and are small for

n/K>20.
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3. Current problems in the spectroscopy of Rydberg
states. Diffusion ionization and quantum localization. A dis-
tinguishing feature of Rydberg atoms, which form the active
medium of Rydberg masers, is that the coupling with the
ionization continuum is strong. This coupling can some-
times be manifested in an unexpected manner in the proper-
ties of the maser. The question of the mechanism of nonlin-
ear ionization in a microwave field is itself interesting from
the viewpoint of understanding the characteristics of the ex-
citation and decay of multilevel systems in strong fields. A
discussion of the physics of this equation and a bibliography
of publications up to 1983 are contained in the reviews of
Refs. 18 and 45. Here we shall review the latest works.

Itis well known'® that the quasiclassical nature of high-
ly excited states has the results that the motion of the atomic
electron is stochastic. This is reflected in the appearance of
the phenomenon of diffusion ionization. In the last few years
the physics of this phenomenon has been studied in detail
both experimentally**™* and theoretically.**>” One inter-
esting result of the theory is that quantum-mechanical cor-
rections partially suppress the classical chaotic motion.®!*2
Other quantum-mechanical calculations have also been per-
formed.

The question of quantum localization has been studied
from the viewpoint of “quantum mapping,” i.e., the quan-
tum-mechanical analog of the classical theory of map-
pings,'®' where quasienergy levels play the role of invarjant
tori. For one- and two-dimensional hydrogen atoms these
studies have been practically completed, and their results are
summarized in Refs. 152 and 153. A different approach,
which is close to the strong-coupling equations in the theory
of quantum localization,’>* was used in Refs. 155-157. Thus
two different approaches have now been formulated for the
hydrogen atom: the quantum approach, in which the sto-
chastic instability of classical orbits, resulting in overlapping
of resonances,”’ formation of a quasicontinuum, and diffu-
sion change in the energy of the electron, is studied and the
quantum approach, in which the evolution and interference
of coherent wave packets and reduction of the rate of ioniza-
tion are studied.'>>'*” At present it is not clear how these
approaches transform into one another.

Owing to the existence of a quantum defect the charac-
teristics of multiphoton ionization of Rydberg atoms of alka-
li metals are in many ways different from those for the hy-
drogen atom.'>® For alkali metals the dominant mechanism
of microwave ionization is a cascade of Landau-Zener tran-
sitions between different components of the Stark multi-
plets.

Among the latest experimental investigations we call
attention to Ref. 46, in which microwave transitions and
multiphoton ionization of highly excited hydrogen atoms
withn, =n, — n, = — 59 polarized in an electric field were
observed. With relatively low microwave powers (0.2-0.5
W) in the range 6-8 GHz resonance multiphoton transi-
tions, owing to absorption of four to five microwave pho-
tons, were observed near the expected static-field Stark-
shifted frequencies. For higher powers a smooth distribution
of the obtained excited states was observed; this was regard-
ed as confirmation of the start of “diffusion.”

The most careful experiments on checking the applica-
bility of classical dynamics to the process of multiphoton
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ionization of a hydrogen atom were performed recently by
Koch’s group.*®*'*® It was shown that in a wide range of
values of the parameters the ionization thresholds agree well
with the classical calculations for one- and two-dimensional
systems.***® The observed dependence of the threshold field
strength on the principal quantum number n reflected the
presence of periodic orbits and surrounding island struc-
tures in the classical phase space near microwave frequen-
cies satisfying the relation n’w = 1/4, 1/3, 2/5, and 1/2.

As regards the question of “quantum localization™ as a
mechanism for limiting diffusion ionization or an alternative
mechanism, as a result of the interference of wave packets,
experimental studies in this direction are only just begin-
ning, and among them we call attention to the recent work
on two-frequency ionization of the hydrogen atom'*® and
also Ref. 164. A detailed analysis of the present situation
falls outside the scope of this review.

IIl. THE STIMULATED EMISSION OF RYDBERG ATOMSIN A
CAVITY.ONE- AND TWO-PHOTON RYDBERG MASER

Stimulated emission of Rydberg atoms in a microwave
cavity is accompanied by maser generation. The physics of
the generation of coherent radiation by a Rydberg maser is
substantially different from what happens in the standard
quantum-electronic devices~ lasers and masers.

First, the spontaneous transition rates in a cavity are
substantially modified owing to the fact that the density of
states of the electromagnetic field in a cavity is different from
that in free space. This effect is insignificant for the usual
lasers and masers in view of the following facts: 1) the den-
sity of states is different from the vacuum case only in a
narrow frequency band; 2) as a rule, the total number of
cavity modes (longitudinal and transverse) is large; and, 3)
collisions strongly affect the lifetime of the excited states.
Suppression of spontaneous microwave transitions by a cav-
ity detuned from the characteristic frequencies of the atomic
transitions makes it possible to obtain extremely long atom-
field interaction times.

Second, stimulated emission of an ensemble of Rydberg
atoms in a cavity occurs, as a rule, in the superradiant cas-
caderegime. The production of superradiation at optical fre-
quencies is, one the other hand, an extremely complicated
experimental problem.'*® This difference is connected both
with the extremely large values of the dipole matrix elements
(d ~n* in the case of Rydberg states) and with the relative
ease with which an ensemble of population-inverted atoms
can be obtained in a volume whose linear dimensions are
much smaller than the wavelength.

Third, the phenomenon of maser generation of two-
photon transitions which are not observed in other experi-
ments also becomes observable because the threshold for
generation on a two-photon transition with existing Q-fac-
tors of superconducting microwave resonators (@~ 10+7—
10°) is completely achievable. The coherent radiation ob-
tained from such a device has even more distinct nonclassi-
cal features than the radiation of a one-photon micromaser.

On the whole, the phenomena of maser generation on
Rydberg transitions are interesting in that the quantum ef-
fects which are insignificant in the usual quantum genera-
tors owing to competition with other nonlinear and nonre-
sonance processes are especially strongly manifested on
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Rydberg ensembles in rarefied atomic beams.

4. Description of experimental apparatus. Basic ele-
ments and working parameters of Rydberg masers. One-
atom Rydberg maser

As any quantum generator, a maser operating on Ryd-
berg atoms consists of a microwave cavity and an active me-
dium (amplifier), which is a beam of excited atoms in which
there is a population inversion between the Rydberg states.
The experiments performed by Haroche’s group, as a rule,
employ an open confocal or semiconfocal cavity of the
Fabry-Perot interferometer type, which forms a standing
wave. This configuration has the following distinctive fea-
tures.>®

The wave vector of the microwave field is oriented
along the cavity axis and can be chosen perpendicular to the
direction of propagation of the atomic beam. If the beam
propagates near a flat mirror, this results in a significant
decrease of the Doppler width of the gain line in the micro-
wave range as a result of the fact that the curvature of the
wavefront of the microwave field is smaller.

The size of the caustic for a mode of the field of a Gaus-
sian electromagnetic wave is determined by the relation

wy= (—*—)’ , 4.1)

2n
where 7 is the radius of curvature of the spherical mirror.
The area of the spot into which the electromagnetic field is
concentrated is

S=nw§=L:'—,

(4.2)
and it determines the saturation power. When the condition
a*/LA> 1—where a is the aperture of the mirror holds—the
diffraction losses are quite low and the microwave field is
concentrated in the Fabry-Perot cavity. Unlike the optical
range, here, when short cavities are employed, low-order
longitudinal modes appear in the generation:

Ve=2or (4.3)

For example, for v=75Gz (4 mm) and L = 8 mm ¢ = 4.
This means that there are no difficulties in selecting longitu-
dinal modes. Since the resonator is semiconfocal L ~r/2,
where 7 is the radius of curvature of the mirror. Near the
focal length the resonance condition has the following form:

A
L=3@g+m+nt1) (4.4)
Klystron
) -
é__ Frequency multiplier Signal
Electrodes
) Electron multiplier

& -Coil /g
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where ¢, m, and n are integers. The transverse diameter of
the mirror is chosen so as to increase the diffraction losses for
transverse modes m + n = O, but retaining the high Q-factor
for longitudinal modes determined by the index ¢. In prac-
tice the value is equal to a®/rA =~ 1.

At the center of each mirror there is usually a coupling
opening for injecting and extracting microwave radiation.
The critical diameter of the opening is equal to about 0.34.
Large diameters degrade the Q-factor of the cavity while
small diameters degrade the transmission coefficient of the
mirror for the radiation. Cooling the mirrors appreciably
increases the Q-factor of the cavity, defined by the relation

=4 (4.5)
Av,
where v, is the characteristic frequency of the mode and Av,
is the total width of the line.

Figure 9 shows a block diagram of a Rydberg maser. In
the case of selective optical excitation of, for example, nS
states a population inversion appears for the (n— 1)P,
(n —2)P, etc. levels. A resonance radiative transition of
atoms from the #8 state to lower n'P states with n’ < n can be
induced by thermal radiation without an external micro-
wave source. The generation process occurs when the num-
ber of atoms prepared in the upper state of the transition,
which is in resonance with some mode of the cavity, for ex-
ample, in the millimeter range, is sufficiently large; this pro-
cess can be observed by direct detection of the microwave
radiation, for example, by direct heterodyning or by measur-
ing the density of atoms in the lower state after the Rydberg
atoms have passed through the open cavity.

Generation on different transitions from a given excited
state can be observed successively by smoothly adjusting the
distance between the mirrors L. A large number of maser
transitions was first observed in Cs (24) from 135 GHz to
1.44 GHz and in Na (17). For simplicity the field-ionization
signal from the lower state is often recorded. Figure 10
shows the signals for masers starting from the 32D, state
of Cs. The positions of the nD states on the time scale permit
identifying the levels, since the nD, (n + 1)P, and (n — 2)F
levels are ionized at almost the same value of the field. In
addition, the (» + 1)P atoms have long lifetimes and give
stronger field-ionization signals than the (n — 2)F levels.
The differences in the amplitudes and shapes of the pulses
permit distinguishing the final F and P states. Figure 11
shows the ionization signals observed with excitation of the

FIG. 9. Block diagram of a Rydberg maser.®

|. M. Beterovand P. B. Lerner 1092




z Gs
aSZDb
a 29F
SR E
a 28F
) 310y 500
27F
290
c
dML—
e’/\\‘\.\,_/\/\_
PR SR S W | o
32D 31 30D 290 280 T

FIG. 10. Ionization signal obtained for a maser starting from the excited
32D,,, state of Cs.*®

30S level of Na. The (n — 1)P and (n — 1)D levels are ion-
ized at the same value of the electric field. The splitting of the
signal owing to the fine structure of the states permits distin-
guishing them from the S and D states.

A detector based on field ionization permits observing
the radiation dynamics of the maser. The temporal pattern
of the radiation is as follows. After some delay ¢,, whose
magnitude fluctuates appreciably, the maser generates a
bell-shaped pulse of microwave radiation with width 3.57,
where T, is given by the relation
= 24*QN*

v ’

heyV

T (4.6)

where d is the matrix element of the transition dipole mo-
ment, ¥ is the effective volume of the mode, Q is the quality
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FIG. 11. Ionization signals obtained for a maser starting from the 308

state of sodium.*®
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factor of the cavity, NV * is the number of Rydberg atoms, and
g, is the permittivity of the medium. It is also assumed that
all atoms interact effectively with the mode of the field at an
antinode. The emitted power is given by the approximate
relation

N*hv
357,

y

4.7

For example, in the experiment of Ref. 59 for the transition
33S-32P,,, in sodium at the frequency 107892 GHz there
were 3-10° atoms in the cavity. In this case 7, = 50 ns and
tp ~ 450 ns. The power generated shouid be P, =~10~ '
W. Taking into account the transmission of the coupling
opening, the recorded power was equal to 10 pW with a pulse
duration of 3.57, = 180 ns.

In Ref. 59 a heterodyne detector was employed to re-
cord such a lower power level. The bandwidth of the detec-
tor ( ~14 MHz) was large enough so that short microwave
pulses were not broadened too much. A backward wave
tube, whose generation frequency was locked to the frequen-
cy of a klystron with quartz stabilization, was employed as
the heterodyne generator. The intermediate frequency was
equal to 130 MHz.

A beam of rubidium Rydberg atoms was employed for
realizing experimentally a one-atom maser (Fig. 12).'* The
microwave cavity was carefully screened from the beam
source with copper plates, which were cooled with water,
liquid nitrogen, and liquid helium. The Rydberg states of the
rubidium atom were selectively populated with the help of
the second harmonic of cw ring dye laser and the atoms en-
tered the liquid-helium-cooled cavity. The atoms passing
through the cavity were detected by the method of field ioni-
zation. The electrons were detected with a channel multi-
plier. The transition of atoms from the initially prepared
state into the lower state was detected as a drop in the elec-
tron counting rate.

Channeiltron

_ Field ionization

3

f
4
e

Liquid-nitrogen-
cooled jacket

FIG. 12. Experimental diagram of a one-atom Rydberg maser realized in
Ref. 1.

I. M. Beterovand P.B. Lerner 1093

"o




548

FIG. 13. The typical working scheme of levels of the Rydberg maser oper-
ating on highly excited states of the ®* Rb atom. The working transitions
are 63P,,, —61D;,, and 63P,, ~61D;,,.

The microwave cylindrical cavity (24.8 mm in diame-
ter and 24 mm long) was made of pure Nb. The temperature
of the cavity was varied from 4.3 to 2.0 K and the Q-factor
varied correspondingly from 1.7+107 up to 8-108. The atomic
beam passed through the cylindrical cavity along its axis, so
that only the TE,,, and TM,,, modes had a nonvanishing
transverse electric field. The TE,,; mode was employed in
the experiments. The electric field of this mode is linearly
polarized and forms a half-wave along the cavity axis. In an
ideal cylindrical cavity it is doubly degenerate. The degener-
acy was eliminated by slightly deforming the circular cross
section into an oval; this determined the direction of polar-
ization of the field. A piezoelectric ceramic was employed
for fine tuning (0.5 MHz/1500 V). A diagram of the work-
ing levels of the Rydberg maser is shown in Fig. 13. The
working transition was 63P,,, —»61D;, of the rubidium iso-
tope ®*Rb. Since the fine splitting of the upper state was
equal to 396 MHz narrow-band UV radiation (Av~2MHz)
permitted excitation of only one sublevel of the fine structure

Rb
0 (03P 3,760y,
S|7=2.0K
[s+]
@ ~1
5 N<840 ¢
>
e
8 -1
g N<4000¢
fiy
N<22000 357
U w) ¢ 500 17000 75[00
1 ) 11 1 i i [ L i
-8.50 27506,50 +0.50

Resonator frequency, MHz

FIG. 14. Resonances of the maser at T = 2 K for different atomic flow
rates in the cavity.'
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of the 63P,,, state. To obtain maser generation the cavity
was tuned to the frequency of the transition 63P;,, »61D,,,
(21.50658 GHz).

At a cavity temperature of 2 K a decrease in the density
of atoms in the 63P, , state was observed with atomic flows
of 800 atoms/s. Increasing the flow resulted in field-induced
broadening of the signal, followed by symmetry and shift
(Fig. 14). This shift was caused by the dynamic Stark effect
owing to the closeness (~50 MHz) of the transition
63P,,, - 61D, ,,. The observed broadening of the signal in-
dicates that photons are repeatedly exchanged between the
Rydberg atoms and the cavity field.

If the average passage time of the Rydberg atoms
through the cavity ( ~80 us) and the magnitude of the flow

(~800 atoms/s) are taken into account, it is found that on
the average 0.06 Rydberg atoms are present in the cavity.
According to Poisson statistics this means that 99% of the
events are due to single atoms. This clearly shows that one
Rydberg atom can maintain steady-state generation. Since
the microwave transition saturates, half of the initially excit-
ed atoms leave the cavity in the lower 61D;,,, state. Decay
into other states can be neglected over the average passage
time of ~80 us at 7= 2K. The energy emitted by these
atoms is stored in the cavity over the period of time during
which the field in the cavity decays and thereby increases the
field strength. The average number of photons left in the
cavity by the Rydberg atoms is given by the relation
n, = T,_N*/2, where T, is the characteristic decay time of
thefield in the cavity and N * is the number of Rydberg atoms
entering the cavity per unit time. With a maximum particle
flow of N* = 22-10° atoms/s, 7,, = 55 photons at 2 K (T,
=35us)andn, = 1.4 photonsat4.3 K (T, =0.13 #s). The
latter value is much less than the average number of thermal
photons 1, = 4at4.3 K. For N * = 800 atoms/s 77, = 2at2
K. This meant that the energy of the radiation generated by
the Rydberg atoms was the same as that of the thermal radi-
ation (n; = 1.5).

The velocity (time-of-flight) spread of the atoms does
not permit observing directly the Rabi nutation and check-
ing the dynamics of the interaction of a single atom with one
cavity mode. In Ref. 3 a multislit Fizeau selector was em-
ployed to obtain a monoenergetic beam of atoms. This veloc-
ity selector consisted of nine disks rotating with the same
velocity. Each disk had 1486 radial slits (their width and
spacing equalled 0.2 mm). The width of the velocity distri-
bution of the atoms was equal to about 4%. This made it
possible to observe experimentally a number of effects which
comprise a check of the quantum theory of masers.'™

The interaction of the cavity field with an atom is usual-
ly described with the help of an exactly solvable model,
which was introduced in 1963 by Jaynes and Cummings'"®*
to describe the interaction of a two-level quantum system
with one cavity mode. The atoms in the cavity are described
by three Pauli operators &, and &; while the field is de-
scribed by the boson operators &, and ;" which satisfy the
commutation relations

[05, 0] = F 0., [0,, 0.1 =0y, [ar, ai] = & (4.8)

The electromagnetic field in the cavity is described by the
expressions
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F—=— 2 (278 v (ax + @) B (1),

H=3 (72" @ —ad b,

(4.9)

where E; (r) and H, (r) are the characteristic modes of the
cavity. The Hamiltonian of the model has the form

hog =

A= —2—03+hmp(&)‘21{+»;—> + B (O, + @6, (4.10)

where w, is the frequency of the atomic transition, w, is the
characteristic frequency of the cavity, and A4 is the Rabi fre-
quency of one photon,

2 172
A= Jl)
mV_ w,

The first term in Eq. (4.10) describes the characteristic en-
ergy of the atom, the second term describes the characteris-
tic energy of the field, and the third term describes the dipole
interaction of the atom and the field in the rotating-wave
approximation. The interaction Hamiltonian has two types
of matrix elements—‘‘resonance” elements corresponding
to the transition of the atom into an excited state on absorp-
tion of a photon and “off-resonance” elements correspond-
ing to the coupling of states with (E, — E, + #iw) ~2#w
with a simultaneous change in the occupation numbers. The
problem of generation in a Rydberg maser is naturally for-
mulated in terms of the problem of passage of one (or an
ensemble) of two-level atoms through the cavity. Jaynes and
Cummings studied two types of initial conditions: a coherent
state and a chaotic field of thermal radiation.'"*?

If in the initial state the atom is excited, then the follow-
ing expressions describing the coherent state can be derived
for the correlation functions of the field which are deter-
mined for the positive and negative components of the field
E* and E™ :

(EYe(f) = —%’lefwts2 @, 0,

CEEY ) = (2 1+ 81, 20, (4.11)
Here d is the average dipole moment of the atom and S, and
S, are determined by the expressions

Si@ M) =3 f—f_"i"—sinz [ 4 1],
= n!
n=o

S, (5, Af) = i{cos [(Tz + 1)1/2 Af] cos [(; 4 2012 Af)
n=0 o
+ (’_.’i%)l/a sin[(7 -+ 1)Y2Af] sin (7 - 2)/2A4] _{"Tn—"_ )
n+1 il

(4.12)

This solution essentially represents only one physical ef-
fect—Rabi oscillation induced by the field of n photons (Fig.
15). The amplitudes for the atoms and fields are obtained by
summing over the corresponding probability distributions.
This is understandable, since the present model contains
only two parameters—the Rabi frequency of one photon and
the detuning. The introduction of decay into the cavity mode
substantially modifies the formalism of the model.®® The
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FIG. 15. The measured probability of detecting atoms in the upper work-
ing level of the maser 63P,, in a cavity tuned to the transition
63P;,, — 61Dy, of the rubidium atom. The flow of atoms N = 3000s~'.

expression for S, given in Eq. (4.12) incorporates the so-
called “Cummings collapse”—nondissipative decay of the
correlation at a rate ~ (A¢)?/2, which is independent of the
parameters of the atom as well as the frequency o, of the
cavity is equal to the Rabi frequency of one photon in the
cavity, and is expressed by the purely classical quantity A but
with a nonexponential decay law. This surprising phenome-
non is explained by the fact that in a field with an uncertain
number of photons the Bloch vector undergoes diffusion
over the unit sphere as a result of the impulses of separate
photons. In the course of this diffusion the ““memory” of the
starting value of the correlation functions is lost. However
the phase information in an infinite-Q cavity is preserved
and the quantum correlations are partially restored. This is
the so-called “Eberly revival,”*"** which was observed in
experiments with a one-atom Rydberg maser (Fig. 15b).?
The physical meaning of “revival” is that #-photon oscilla-
tions of the field can once again be partially synchronized
after a certain time interval. This is a purely quantum effect,
since its parameters, for example, the time
T, =4mn'?m/A(m =04+ 1...), are related explicitly with
the total average number of photons in the cavity 7.

One of the most important characteristics of a Rydberg
maser is the fundamental possibility of measuring the statis-
tics of photons during the generation process. The establish-
ment of the fact that it is of a non-Poisson character in a
number of cases*'® was a striking confirmation of the re-
sults of nonperturbative quantum electrodynamics.®’-*°

In this review we discussed very briefly the quantum
electrodynamics of a microwave field, i.e., the region where
the quantum properties of the electromagnetic radiation it-
self are important for understanding the dynamics of a Ryd-
berg maser. There is an extensive literature on this subject.

References 96-100 are devoted to the different dynamic
regimes of the “atom + cavity” system. In the course of evo-
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lution the photon field in a Rydberg maser can acquire a
nonclassical statistics—it can transform into a compressed
state.'?"19% Questions pertaining to the nonclassical statis-
tics of the electromagnetic field in a cavity are elucidated in
Refs. 103-106, 137, 140, 141, 148, and 149.

The quantum theory of Rydberg masers and the closely
related different generalizations of the Jaynes-Cummings
model are further developed in Refs. 107-109, 111-119, 133,
135, and 150. The most interesting results here are the *“‘radi-
ation trapping,”'?-'% multistable regimes in a Rydberg ma-
ser,!'” and the discovery of supersymmetry'2¢-13134 jp the
Jaynes-Cummings model'*® and its relation with the Rabi
vacuum splitting®*—the splitting of the ground state of a
two-level system by the field of quantum fluctuations.

A fundamental result which follows from the quantum
dynamics of rarefied beam of population-inverted atoms®® is
that the field in the cavity transforms from a chaotic thermal
field through a coherent field into a Fok or n-photon state of
the electromagnetic field,'*” i.e. into a state in which there
are no fluctuations of the number of photons. The experi-
ments performed by H. Walther’s group, having achieved a
quality factor of the microwave cavity Q ~2:10'! at frequen-
cies w/2m~20 GHz, are now at the threshold of reliable
detection of the Fok state.

5. Two-photon micromaser. Classical model. Quantum
theory. Pulsations and chaos. Experimental realization.
The theory of a two-photon Rydberg maser was developed in
Ref. 115. Unlike the proposed'?**'?* two-photon laser,
which is very difficult to realize in practice owing to the
extremely low gain and competing nonlinear processes
(nonlinear shift, Raman scattering), owing to its much low-
er generation thresholds the two-photon Rydberg micro-
maser promises to be realizable in practice.

An important distinction of a two-photon micromaser
is the Rabi precession with the ‘‘two-photon Rabi frequen-
cy,” proportional not to the strength of the electric field but
rather to its intensity:

eIQif_A7

Qu (W) = 2200, (5.1)

Two-photon Rabi oscillations were first observed recently in
Kleppner’s group at MIT.'®® In the experiments the 52P-

Rabi oscillations of the two-photon transition 52P—51P
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FIG. 16. Two-photon Rabi oscillations observed on the transition 52P-
51P of the calcium atom in a pulsed 35 GHz microwave field,'®?
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51P transition in the calcium atom and a pulsed microwave
field with a frequency of 35 GHz were employed. The form
of the oscillations is shown in Fig. 16. The temperature of the
superconducting cavity was T=2 K and the Q-factor ex-
ceeded 107. The first direct observation of the two-photon
dynamic Stark effect and measurement of the two-photon
Rabi frequency were made at the Institute of Thermal Phys-
ics of the Siberian Branch of the Academy of Sciences in
Rydberg Na atoms, which were studied by the method of
three-level two-photon microwave spectroscopy.'*® Figure
17 shows a picture of this effect.

If the atom is prepared in the state |e >, then the proba-
bility of finding it in this state is equal to

Po(t) ~ | —sin® Qe (V) ) = %(1 1 cos (Q (V) 8)),
- _ (5.2)
QW) = 204 NA™

The theory of the two-photon micromaser'!* is actually
based on a description on the basis of the method of “dressed
atoms,”’'2*'? since the dynamic Stark shift, which appears
in the same order of perturbation theory, must be taken into
account together with the two-photon Rabi precession. The
numerical value of the two-photon Rabi frequency with one
photon in the cavity mode is 4000 s ~ ' with (e|d|i), (e|d|f)

=1.5-10%a, for Q(N = 1).

An expression for the generation threshold can be ob-

tained quite simply from the conditions #_ > ¢, ,7in,

~ 2t,
N~ —

— 2t
“ Q(N)Tlnt=9(1)t—c1’mt~1, (5.3)
at

at

where 7,,,, is the passage time of the atom through the reso-
nator, t,, is the average time between the “injections” of
atoms, and Q(N)r,, ~ is the condition that the atom ex-
changed with a mode of the field is a significant part of the

electromagnetic energy. We have
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FIG. 17. Two-photon dynamic Stark effect observed with three-level mi-
crowave spectroscopy of the Rydberg 36P sodium atom. '*®
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in the quasiclassical approximation the kinetic equation de-
scribing generation for an average number of photons in a
mode has the same form as in Ref. 115.

Such an equation, characteristic for generation of mul-
tistable devices, shows that the response of a micromaser is
complicated, the limit cycle could be modified by blackbody
radiation noise, the photon statistics could be nonclassical,
etc.!#?

It is possible to derive a more accurate kinetic equa-
tion'!® for the function

Py (1) = SNPyy.,
£

which denotes the probability of finding the number of pho-
tons in a mode as a function of time; this equation permits
calculating the variance of the number of photons and estab-
lishing that the two-photon micromaser, starting from a
Poisson field, monotonically reprocesses it into a field with
sub-Poisson variance. The computed characteristic in this
case is the variance of the number of photons AN:
w(N,t) = P (1),

AN = (<N2>——<N>2)1/2 — 2 (Nz—ﬁz)n(jvar) 12 (5 5)
B3 ¥ N, CT

The following expression can be derived for the probability
sought:

205Q% (N 4+ 1) (N4 2)
AQ2 (N)

PYty=1— (1 —cosQ V) 2). (5.6)

The formula (5.6), together with (5.5) and (5.3), complete-
ly describes the single-photon statistics of the process of gen-
eration in a two-photon micromaser.

The theory of generation in a two-photon micro-
maser''® is patterned after the theory of the generation in a
one-photon Rydberg maser and is based on reducing the sys-
tem of “dressed” states for the three-level system to the
“dressed”” two-level system. The method of the Fokker-
Planck equation, proposed in Ref. 12, for the numbers of
photons makes it possible to analyze the problem quite
completely. Making the substitution » =M /2N, and
8 = 1/2N_, and making the assumption that the pumping
rate is high enough (this also corresponds to large numbers
of photons in the cavity), we obtain

%P(n, T =—p(n1) (1 “‘yd(Pintﬁ((Pint)lZ(ny (Pint)|2)

+ P (fl - 26’ T) (1 _ jdq)iﬂtﬁ ((Pint) | Z (”’ - 26¢int) |2)

—2[n4-Nr@n+d]p(n, 1)
+2Nr 4+ D(n+8p(n+8,1)

+ 2Nznp ((n —9), 1), (5.7)

N, is the number of blackbody photons, 7= Rt, and
n, = 8N, where we introduced for generality the distribu-
tion of atoms over the times of flight P(@i,, ) @iy = RTjn-
The effect of the spread over the times of flight (the non-
monochromatic nature of the atomic beam ) reduces approx-

imately to the following: for the Gaussian function
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—_ . 2
?(¢im) = (27a) ’]/2exp i_?l_nt_)__ ]
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an equation can be derived for the average number of pho-
tons 77 = (1/2N,, ) X2y Npyn:

n—nr = % [1—e™"" cos (2neum)]. (5.8)
We can see that the effect of the nonmonochromaticity
of the beam reduces to suppression of the interference struc-
ture induced in the n-particle amplitudes by Rabi oscilla-
tions.
The dynamics of the two-photon Rydberg maser, like,
by the way, that of the single-photon maser also, can be

traced based on equations of the Fokker-Planck type:

Lo =—82(@®p )+ = o (@@ 1),
- _ (5.9)
a,(n) =2 j‘ dpincP (@ine) [sin2 (M%)

+ %sin (2nQint) — (n— flT)] ,

a,(n) =4 jl dPiatB (Pint) Sin® (nPime) + 212 Nz 4+ 1),

and the expansion parameter § plays the role of a quasiclassi-
city parameter.

Here the “slow” process, determining the applicability
of the Fokker-Planck equation, is the change in the atomic
population and the average phase of the field as compared
with the “fast” frequency of Rabi oscillations in a field with a
quite large number of quanta.

The stationary state of a micromaser is described by the
“Boltzmann distribution”

s 2Ve (n)

P> (n) = exp (———6—)

3

(5.10)

n

Vee — (@) 4or 6 8
F 0Saz(ﬂ,)dn-}—Zlnaz(n) 2lnc.

The effective potential Vi (n) is virtually independent of §
and it can have several minima (Fig. 18), depending on the
value of @, ; this is a clear indication of multistability and
hysteretic behavior.

The equations (5.5) and (5.7) can be employed to de-
termine the sub-Poisson statistics of the photons. Figure 19
shows the quantity AN = 6N (@, ). The peak of the distri-
bution AN, where the fluctuations in the number of particles
is large, apparently corresponds to the transition of the mi-
cromaser through the generation threshold and establish-
ment of a phase-coherent state. The remarkable properties of
a two-photon Rydberg maser with respect to the reproduc-
ibility of the states of a field with nonclassical statistics are
an intriguing direction for further experimental studies.

An experiment with rubidium (3 Rb) on the, transition
408, ,,-39S, ,, was successfully performed at the Ecole Nor-
mal at the University of Paris.’ This was the first realization
of a two-photon quantum generator, in which a population-
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Effective potential V; (n)

inverted atomic medium emitted into a cavity tuned to the
frequency of a two-photon transition. The success of the ex-
periment is determined by two factors. The gain on two-
photon transitions is usually extremely small, and the real-
ization of a two-photon laser or maser requires extremely
large densities of excited atoms, when undesirable compet-
ing effects could dominate (multiwave mixing, collisional
quenching, collision broadening, and SRS). In the micro-
wave range it is possible to achieve, using superconducting
materials, record high values of the quality-factor of the cav-
ity (@~ 10°%-10°) and therefore to reduce markedly the gain
requirements. Aside from giant dipole moments alkali-metal
Rydberg atoms have an additional property which increases
by many orders of magnitude the cross section for two-pho-
ton amplification in a Rydberg maser. The point is that be-
cause of the specific values of the quantum defects for the S
and P series, in using S-S transitions the P states lie almost
midway between the S-S states with a relative accuracy, for
example, of about 5:10~* for n = 40 in ®** Rb. Figure 20a
shows the level diagram of a two-photon Rydberg maser,
realized in Ref. 9, the values of the frequencies, and the de-
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FIG. 19. The theoretical prediction''® of sub-Poisson statistics of the
generation of a two-photon micromaser: variance of the average num-
ber of photons as a function of @, . The dynamics of the distribution of
the number of photons for ¢,,, =5/2, N, =0, and N,, = 30. The
starting distribution is a coherent state with (N ) = 45.
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FIG. 18. The effective potential V., for ¢, =0.9(1), @, = 1.5
(2), and @,,,, = 5/2 (3).

tunings from intermediate resonance. A four-step process
(58,,, »5P,,, »6S,,, -40P,,, »408,,,) was employed to
excite Rb into the 408, ,, state. The required wavelengths
A, =7802 A, 1,=7759 A, and A, = 1.2644 were obtained
in the first three steps with the help of single-frequency semi-
conductor cw heterolasers, and the upper working state was
prepared by means of an induced transition in a microwave
field at a frequency of 62 GHz. Special measures were taken
to ensure that the radiation obtained from an X-band stabi-
lized klystron with multiplication with the help of a harmon-
ics generator would be reflected from the input into the ma-
ser cavity. As a result, only excited atoms, whose flow rate
equalled 6107 atoms/sec, entered the liquid-helium cooled
niobium cavity (7.5 mm long and 7.7 mm in diameter),
tuned to the TE,, mode. This cavity was fabricated at
CERN andits @ factor ~10°at T=17Kand @ = 3-10" at
T =12.5 K. Since the number of thermal photons in a mode
with 7= 1.7 K was ~0.17 the thermal radiation can be ne-
glected.

Because of the closeness of the one-photon transition on
which maser generation could be easily achieved the precise
tuning of the cavity on the two-photon transition was the
critical point of the experiment. For this reason, Brune ef al.®
determined the frequency of the cavity to an within + 10
kHz in special experiments on Doppler-free two-photon
spectroscopy. Precise tuning of the cavity to the two-photon
transition frequency was achieved in the experiment by me-
chanical deformation of the walls of the niobium supercon-
ducting cavity (Fig. 20b); at liquid-helium temperatures
such deformations are elastic, ensuring that the frequency
tuning is reversible.

Since it was difficult to detect directly the microwave
radiation of the maser the generation was detected by ob-
serving the sharp change in the populations of the 40S, , and
39S, ,, levels. The density of Rydberg atoms which leave the
superconducting cavity in these states was measured by the
method of field ionization with a 7 kHz electric field with a
triangular pulse shape. The time behavior of the atomic pop-
ulations is shown in Fig. 21. As the flow of atoms is intensi-
fied a sharp change in the form of the signal (2 and b) was
recorded at a definite moment in time; this change was inter-
preted as resulting from the achievement of the generation
threshold of the two-photon maser. An abrupt occupation of
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the 39S, ,, state occurred with an atomic flow of (2 + 1)-10°
atoms/sec, and this value agreed satisfactorily with the
threshold predicted by the authors. The dependence of the
signal on the frequency of the cavity (Fig. 22) indicates a
narrow gain line. It is significant that the region of restruc-
turing ( ~50 kHz) corresponds to the independently mea-
sured frequency of the two-photon transition and is three
orders of magnitude smaller than the frequency detuning
from the 40S-39P one-photon transition. To eliminate the
possibility of a one-photon generation cascade
40S,,, — 39P,,, — 39S, ,,, Brune et al.® checked the density
of atoms in the intermediate 39P,,, state. Since this level
ionizes practically in the same field as does the 408, , state it
cannot be detected directly. For this reason the beam of pass-
ing Rydberg atoms was irradiated with a microwave field at
the frequency of the transition 39P, , — 37Dy, (99.5 GHz)
below the maser cavity and it was found that the ionization
signal accompanying maser generation did not change. This
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FIG. 21. The atomic populations in a two-photon Rydberg maser as a
function of time.”
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FIG. 20. Diagram of levels in a two-photon micromaser (a) and
experimental diagram of a two-photon Rydberg maser (b).°

indicated that the 39P;,, level is not occupied in the process
of generation, i.e., there is no one-photon cascade.

An interesting effect, which is being researched, is the
delay in generation, which under certain conditions is signif-
icant, when above-threshold pumping of the maser is
switched on suddenly. The frequency shifts owing to the dy-
namic Stark effect of the two-photon transition, hysteresis,
multistable behavior, and statistical fluctuations are also un-
der study. It should be pointed out that the power of the two-
photon Rydberg maser radiation in the cavity is
10~ '%-2-10"" W. Direct detection of this very weak micro-
wave signal would provide extremely interesting informa-
tion.

The properties of the two-photon maser must, of
course, be studied in detail. Thus the width of the gain line,
presented in Fig. 22, of a two-photon maser at half-height is
30 kHz, which is realized only if the Doppler shifts are com-
pensated in the medium because of a close-lying strong
( ~1500 a.u.) allowed one-photon transition, can also be
observed, especially with a lower cavity Q-factor. The role of
weak residual electric fields is unclear. The first experimen-
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FIG. 22. The signal of a two-photon maser as a function of the cavity
frequency.’
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tal realization of a two-photon Rydberg maser nonetheless
opens up a completely new direction of research.

IV.RADIATION EFFECTS IN THE SPONTANEOUS AND
INDUCED EMISSION FROM RYDBERG ATOMS

6. Separation of the contribution of induced processes.
Modification of the spontaneous emission in a cavity. An
interesting physical effect is the modification of spontaneous
emission by an external cavity. Spontaneous emission is
usually regarded as an unavoidable consequence of the cou-
pling between matter and the vacuum. However by sur-
rounding an atom with a cavity in which there are no modes
at the transition frequency the spontaneous emission can be
suppressed or “switched off.”

Indeed the photon density of states in a cavity differs
from that in free space. In the case when the quality factor of
the cavity is quite small (the decay time of the field is less
than the inverse Rabi frequency) the probability of sponta-
neous emission is simply renormalized to the new density of
states.'®®" This fact was first noticed by Purcell, who point-
ed out that if the cavity is tuned to the frequency of an atomic
transition spontaneous emission occurs

ot o’
Jo= n’c’chVc =Q Y,

(6.1)

times more rapidly than in free space (¥, is the cavity vol-
ume) and, conversely, when the cavity is detuned from the
frequency of an atomic transition the rate of radiative decay
drops as the inverse of the Q-factor. After Purcell the formu-
la for the modification of spontaneous emission by a “bad
cavity” was derived many times.®*** It should also be noted
that the quantum-mechanical amplitudes are modified by
any external body (a conducting surface, nonresonant con-
tour, etc.).%%% For a dipole transition we have®®

w, _ar ldy i fog w9
sp,ab — VC fe (mab— wc)z +w‘2:/Q2) )
e ) o, ! ho ho
(ETETy=U(0) = ay,Q (@— o)+ T (e’“"/" —1+ 2 > '
(6.2)

where w, is the characteristic frequency of the cavity, w,, is
the transition frequency, and d,,, is the transition matrix ele-
ment.

When the cavity is tuned to the center of the line the
probability of a radiative transition is equal to

3
res Q/l < wfree
sp.ab — 4R2V sp,ab
[~

(6.3)

where o{2{* is the probability of a transition into the cav-
ity (into free space). When the cavity is detuned from the
atomic particle by an amount o, we obtain
Vi
= 3
4m2Q

(6.4)

Vs

and ¥, can be made as small as desired. In practice it is con-
venient to observe precisely the slowing down of the radia-
tive relaxation, since the acceleration of this process can be
masked by collisions and transitions induced by the black-
body radiation.

We note that in the optical range, where 4 2 /¥, <1, this
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phenomenon is difficult, but possible, to observe.'** Conver-
sely, in the region of transitions between Rydberg states the
phenomenon is easily observable. The first experiment of
this kind was described in Ref. 41 for a beam of cesium
atoms. Circular states with principal quantum number
n =22 and magnetic quantum number |{m| =n — 1 were
employed in the experiment. This was important, since they
decay downwards in a single dipole transition
(n=22,Im| =21)>(n=21,/m| =20). The wavelength
was A = 0.45 mm. In accordance with the selection rules
A|m| = 1 the radiation was polarized in a plane perpendicu-
lar to the quantization axis determined by the electric field.
Thebeam of Rydberg atoms then passed through a capacitor
formed by two flat parallel plates made of aluminum and
coated with gold. The capacitor was 12.7 cm long, which
gave an average passage time of the thermal atoms equal to
approximately the lifetime of the Rydberg atom in free
space. To reduce the effect of thermal radiation the walls
were cooled to a temperature of 6.5 K. In this case the life-
time of the circular state of a cesium Rydberg atom with
n =22 in free space was equal to 451 us. The distance be-
tween the plates separated by quartz disks was equal to
d = 230.1 um, which slightly exceeded one-half the wave-
length (d = 1.02 4 /2).

The idea of the experiment was as follows. Rydberg
atoms in the state n = 22 were detected with the help of a
time-of-flight detector with field ionization. The signal con-
sisted of a time scan of the density of atoms entering the
detector. The time-of-flight distribution is determined by the
velocity distribution (which is Maxwellian) and the radia-
tive decay rate, and is given by the formula*

N _ N (i)s e-Uo/trg-Tt,

At 4 \¢ (6.5)

where I" is the radiative decay rate, t, = L /v, L is the flight
path, v= (2kT/m)'? is the most probable velocity of
atoms in the beam source, and N, is a normalization factor.

The parameter d was fixed, and the quadratic Stark ef-
fect was employed to vary the wavelength of the transition
Ap» s0 that it passed through the value 4,,/2d = 1. If the
cavity changes the spontaneous lifetime, then in accordance
with (6.5) the time-of-flight signal of the Rydberg-atom de-
tector should also change. The typical experimental results
are presented in Fig. 23. One can see that changing the pa-
rameterfrom thevalue A /2d < 1to4 /2d > 1sharply changes
the picture of the signal, and demonstrates the significant
(by a factor of ~20) suppression of the rate of spontaneous
decay of the circular n = 22 state. As a check Hulet et al.*
detuned the cavity from resonance with the transition by
moving the capacitor plates apart right up to 154,,. The
measured lifetime of the Rydberg atoms in free space was
equal to 450 + 10 us, which agreed very well with the com-
puted value 451 usat 7= 6.5 K.

Suppression of the spontaneous emission of an atom by
a cavity opens up the possibility of eliminating the natural
width in spectroscopic measurements. In so doing, however,
it should be remembered that a cavity unavoidably intro-
duces energy shifts because the structure of the atom in the
cavity changes, i.e., the atom-vacuum system is replaced by
the atom-cavity system. It is especially important to take this
effect into account when performing precise metrological
measurements in the construction of frequency and time
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FIG. 23. The experimentally observed cavity-induced suppression of
spontaneous emission.”® The effect was recorded based on the change in
the rate of radiation quenching of cesium Rydberg atoms. The time-of-
flight signal at the detector of the Rydberg atoms for two cavity settings:
A/2d>1 (1) and A /2d <1 (2). The signal was obtained with simulta-
neous modulation of the wavelength by an external electric field.

standards. Under certain conditions the processes suppress-
ing spontaneous emission can also affect the parameters of
Rydberg masers.

7. Radiation corrections. The Lamb shift in a cavity.
The shift and broadening of a level by blackbody radiation.
Anticrossing spectroscopy in a thermal radiation field.
Modification of spontaneous emission and absorption pro-
cesses results in a change in the probabilities of physical ef-
fects associated with the amplitudes of spontaneous pro-
cesses. The change in the Lamb shift in a cavity is probably
the most interesting effect from the physical viewpoint (but
not the simplest to observe experimentally), since it can be
expressed directly in terms of the sum of the amplitudes of
spontaneous processes. On the other hand, the Lamb
shift®®~"! (more precisely, its low-frequency part) can be re-
garded as a dynamic Stark effect in the vacuum polarization
field. This brings the cavity-modified Lamb shift closer to
another radiation correction—the dynamic Stark shift (or
broadening) in a blackbody radiation field, which is more
important for practical applications, for example, as an as-
trophysical radiometer.

Table 2 gives the hierarchy, given in Ref. 72, of physical
processes which affect the Lamb shift of the 2S state
(a = é*/#ic).

Dobiasch and Walther’* used these estimates as the ba-

sis for studying only the change in the electron self-energy
owing to the interaction with the cavity field. Such renor-
malization is physically related with the fact that the elec-
tron propagator in an external field”” in free space is differ-
ent from the electron propagator in the external field of a
cavity mode. Unlike the radiation width (1) the resonance
photons make a small contribution (which is equal to zeroin
the case of precise tuning to the center of the line) and the
cavity operates simply as a low-frequency filter which cuts
off the infrared contribution to the Lamb shift at some fre-
quency o, = 2wc/A.., where A_, is the critical wavelength
determined by the geometry and the properties of the cavity.

This can be easily imagined, since the cavity seemingly
“keeps out” of itself quantum fluctuations of the vacuum at
those frequencies at which its Q-factor is adequate, with the
exception of transmission bands whose statistical weight is
small. Only frequencies lying in the region where the cavity
no longer operates as a cavity contributes to the radiation
corrections.

The effect of the renormalization of the Lamb shift is
extremely small, even for cavities with a high critical fre-
quency. For an entire series of equations it is simply equal to
zero owing to the fact that the contributions of the ampli-
tudes of the processes nS— (n 4 1) P, which have different
signs, accidentally compensate one another. The corrections
to the Lamb shift are greatest for those levels which lie clos-
esttow,,, since (7 = 1)Pliesbelow and (n + 1)P above w,, .
The typical magnitude of the Lamb shift is equal to

-4 (Ze)zR_yi'

(7.1)
3n® 4

6En = — 22 0,

2n? or
where r, is the classical electron radius. It characteristically
is of the order of 10 ~* of the total value of the Lamb shift for
the level, which itself is proportional to » ~ 2.** Numerically
this is a very small quantity, and for the pair of transitions
235-24P and 25S-24P it is equal to approximately 0.1 kHz.
Calculation of the cavity-modified Lamb shift as a function
of n gives the curve shown in Fig. 24.

It is clear from the estimates presented above that
owing to the smallness of the parameter (7, /4., ) the experi-
mental method for observing the modification of the Lamb
shift should have a resolution of tens of hertz. To realize such
sensitivity a scheme for Ramsey spectroscopy in a beam of
Rydberg atoms was proposed in Refs. 72 and 74. The princi-
ple of Ramsey spectroscopy consists of observing the inter-
ference of spatially separated states. The interference is ob-

TABLE I1.
Order Effect E (2,0, MHz

a (2a)t Mass renormalization 1013.931
» Anomalous magnetic moment 50.780
> Vacuum polarization —27.083
gg((z;;z)s Relativistic corrections _(7):3?2
a? (za)* Higher order corrections due to bound states —0.072

m./ M, (zay Higher order radiation corrections —14.91
melM, (za)® Corrections associated with recoil of the nucleus 0.342
(Rym)?/ (za)? Relativistic corrections to the recoil of the nucleus 0.127

Finite value of the radius of the nucleus R

1043.320
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FIG. 24. The Lamb shift of the S states of the hydrogen atom for principal
quantum numbers 10<7<40 (Ref. 72) (a) and the absolute change in the
Lamb shift in the same region but modified by the cavity, which cuts off
the wavelengths at A, = 0.1 mm (b).

served based on the beats of the population (Fig. 25).
However the required measurement accuracy has not yet
been achieved.

We shall now study the dynamic Stark effect from a
different viewpoint, close to that presented in Refs. 75 and
76, namely, we shall determine the correction to the energy
which is the sum of the spontaneous induced processes, and
in addition we shall apply the fluctuation-dissipation
theorem to the population of the cavity mode U(w), which
determines the contribution of induced emission. The term
corresponding to the contribution of spontaneous processes
contains logarithmic singularities. Unlike the contribution
of spontaneous processes the contribution of induced pro-
cesses diverges in a power-law fashion. However subtracting

,E nGg 3 kHz
1.0
a.5
0 N
N ; =N
Q® = 2\
4_&

O - X
o7 a.5 70 A;,mm

FIG. 25. The computed data on the observation of the modified Lamb
shift by the method of spectroscopy oi sepaiated fields (Ramsey). The
beats of the populations are recorded.
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the energy of zero-point oscillations results in a finite quanti-
ty consisting of two parts: the resonance contribution of in-
duced processes to the level shift (the effect of the order of
the recoil) and the shift of the levels brought about by the
blackbody radiation arising in our case as soon as we intro-
duced the equilibrium radiation energy density (w,, — ®):

(m ) do
T _ 'Y ab 2
dast = thc <25> | das| —@) 412 Eo
<ra,,>ma,,E"‘dm
~~ —_— 7.2
2h <§‘S> (02, —0? 7:2)

where E2 is the intensity of the thermal-radiation field, if
fiw S kT, which actually holds for T = 300K, n 2 15, and at
T =77 K right up to n % 30.

The formula (7.2) can be refined for fiw = kT; this is
done in Ref. 78. We can see that Eq. (7.2) is simply the
expression for the dynamic Stark shift when the frequency of
the external field is much greater than the transition fre-
quency.” It expresses the Joule-Lenz law with an effective
“conductivity of atomic matter” ¢°/2h. The calculations
give (a more accurate analysis is performed in Ref. 76)

T P 3y o
Swgy = — <2 S)Mﬂzdﬁ)
2h \Z o}, — o?
E’do)

=~ —2 {rap)? wabg

Z(rab)%)ab=——— . (7.3)
a 2m

It is remarkable that this quantity is independent of
both the level number and the form of the atomic potential,
and is equal to 2.2 kHz. This follows mathematically from
the uniqueness of the sum rules for the oscillator strengths,
and physically from the fact that for kT2 #iw the electron
may be regarded as being free and the energy shift is equal to
the shift in the field of a rapidly varying Miller force with the
field intensity ~ E 2 /o’ corresponding to the intensity of
the thermal-radiation field. Because the shift (7.3) is the
same for all high-lying levels, in order to observe it the fre-
quency of the transition from highly excited levels to lower-
lying levels must be measured with an accuracy of the order
of 10~ 12,

When thermal radiation interacts with Rydberg atoms
the levels broaden, and acquire the character of quasienergy
bands.”® The decrease in the lifetime of Rydberg states can
be measured directly.®>8' The calculation of the broadening
of the levels by blackbody radiation has the form’®
4 kgT

Tr=—
3 Fm

o3, (7.4)

The lifetimes calculated from Eq. (7.4) do not depend
on the angular momentum, and therefore their ratio to the
spontaneous lifetimes will decrease rapidly as / increases.
For interpreting the experimental results'®*' the following
facts should be kept in mind: the heat flux interacting with
the atom ~+? (the Rayleigh-Jeans formula) while the prob-
ability of transitions induced by the blackbody radiation is
proportional to 1/n2. We find that the ratio is
T,,/T4 ~n~>. Figure 26 shows the measurements of the
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FIG. 26. The calculations and measurements (symbols) of the state popu-
lations after interaction with thermal radiation at a temperature T = 77
and 300 K.*!

population of the levels after interaction with the cavity at 77
and 300 K.

The change in the lifetime of Rydberg states brought
about by thermal radiation is of paramount importance for
application of the Rydberg maser to the radiometry of astro-
physical objects. It is well known’® that the limit on the
measurement of the brightness of radiation with a laser am-
plifier is

T~ hw,,
br kln§ f:

where w,, is the frequency of the working transition, fis the
instrumental function, and § = N, /N, is the population in-
version. The possibility of operating on a maser transition
with very small frequencies opens up the possibility of de-
veloping radiometers in which high sensitivity is combined
with high temperature resolution. The Rydberg maser then
becomes an absolute thermometer. The electron counting
rate at the output is directly proportional to the temperature
and does not depend on the parameters of the atom and the
cavity.

The shift in the energy of an atom in a thermal radiation
field is given by the formula (7.3). Therefore the shift in the
per atom free energy of the atom-field system is also equal to
Swl , but with the opposite sign,”® since

(7.5)

v=F—Td—F.

e (7.6)

On the other hand, for low-lying levels we have
@, »or and the dynamic Stark effect under the action of
blackbody radiation is equal to its static value, which for a
hydrogen atom is given by'¢

~ fnn' I 9
Bw 5= (2‘ e )S‘F::Td(ﬂr = ;fpz,,dm,, (1.7

n nn 0
bl = — % (@n)*T*,

which equals
kgT
bl = — 3 (am)? —B——&.
5 Ry #

It is easy to verify that it is precisely the quantity §@J, that,
with its 7* dependence, corresponds to the equilibrium ther-
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mal radiation in the “atom™ field” system, while the
expression (7.3) gives the 7? law in complete disagreement
with the thermodynamic theory of radiation. Indeed, in con-
tradistinction to 8@7, the quantity 8w, is the rms value of
the shift, which is the same only in the coherence volume of a
thermal quantum ~ (kT /c#)* and is averaged over a large
ensemble of atoms.'* Indeed, to calculate 5&2, the statistical
structure of F,, is completely unimportant because of the
inequality @,, >, while the inequality #iw S kT presup-
poses that the characteristic size of the fluctuations of the
blackbody radiation field is much greater than the size of an
atomic dipole ayn* €k, T /ch; on the other hand, the tempo-
ral structure of the fluctuations is averaged over the motion
of an electron along its orbit. Experiments with ensembles of
atoms with characteristic linear sizes / = kT /hc should thus
demonstrate that owing to the partial coherence of the chao-
tic photon field the radiation equilibrium of such ensembles
with blackbody radiation should differ from the Planck
equilibrium.®” The shifts in the energies of the levels of Ryd-
berg atoms owing to thermal fields were observed experi-
mentally by Hollberg and Hall.®® The exact measurement of
the shifts, which are expected to have a magnitude of ~2
kHz, required the application of the technology of highly
stabilized dye lasers with subkilohertz linewidth. The ex-
periments were performed by the method of Doppler-free
two-photon absorption spectroscopy on the 58-36S transi-
tion of the Rb atom using the scheme of separated optical
fields '5° and the method of frequency modulation. The shift
of the Doppler-free two-photon absorption resonance (top
of Fig. 27) was observed in the interval of wall temperatures
from 350 to 1000 K. Its width was ~40 kHz. The central
frequency was determined with an accuracy of + 100 Hz.
Hollberg and Hall®® clearly observed (bottom of Fig.27) the
shift which is brought about by the thermal radiation in the
maximum of the resonance and which obeys the expected
law ~ T2 The largest magnitude of the shift at T= 875 K
was equal to 1.42 + 0.14 kHz. This was the first observation
of the shift brought about by thermal fields in the energy of
atomic states.

An interesting idea for utilizing thermal radiation in
anticrossing spectroscopy of Rydberg atoms is presented in
Ref. 84. Figure 28 shows a diagram of the levels of potassium
for n =19 and their behavior in a constant electric field.
Only the top and bottom sublevels of the n = 17 sequence of
Stark states are indicated. For E = 550 V/cm each Stark
sublevel is a linear combination n = 17/<3 states, and the
198 state crosses the Stark sublevel with |m,| = 0,1. The en-
larged picture shows the appearance of pseudocrossings, and
¥, and ¥, are the energies of interaction at the crossing
point.

The experiment on observation of anticrossings was ar-
ranged as follows. Potassium atoms in a thermal beam
passed between two plates (d = 1.07cm) which formed a
static electric field; in the space between the plates they were
excited from the 4S ground state with the help of two (5 ns)
organic-dye lasers. During a period of ~3 ms immediately
after excitation the atoms were irradiated with thermal radi-
ationat T = 300K, which transformed ~ 10% of the excited
atoms into higher states. Then they were detected with the
help of the method of field ionization. The field was chosen
so that the signal corresponding only to the 19P state was
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recorded. Assuming for the moment that the Stark states
initially are not mixed, a pure Stark state cannot be excited
from the 4P state by blackbody radiation. Thus one of the
real states shown in Fig. 28 can be excited only through the
19P state followed by an induced transition under the action
of blackbody radiation.

Let us see what happens accompanying the passage
through the first pseudocrossing. Below the point of pseudo-
crossing the laser excites only the 19S state. There are N

-370

-38¢

-390

L 1 1
g 400 840 E,V/cm
FIG. 28. Diagram of the levels of potassium, showing the crossing of the
198 state and the bottom level of the Stark shell with n = 17, [m,| = 0.1.
The broken line shows the transition into the 19P state induced by the
thermal radiation.
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FIG. 27. The experimental measurements of the thermal-field-induced
shift in the maximum of the Doppler-free resonance on the transition
55-36S of the rubidium atom.®® Top: two-photon absorption reso-
nance on the transition 53-365 in rubidium; bottom: shift in the maxi-
mum of the resonance.

excited atoms. A part of y of the atoms is transformed from
the 198 state into the 19P state by the thermal radiation and
gives a signal proportional to ¥N atoms in the 19P state. At
the point of pseudocrossing the two lowest real states con-
tain a 50% mixture (superposition) of 195 and n = 17 Stark
states. Thus NV /2 atoms are excited into each real state, while
the total number of atoms excited by the laser remains equal
to N. When the static field is changed in such a manner that a
pseudocrossing occurs the number of atoms detected in the
19P state is halved and then returns to the initial value. The
sharp drop in the ionic signal is shown in Fig. 29.

lonization signal

I ] 1
404
Electric field, V/cm

L ]
. %00 408
FIG. 29. Signal due to thermal-radiation-induced anticrossing of the 198

level and the (n = 17) Stark sublevel and recorded based on the popula-
tion of the 19P state by sweeping a static electric field.
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Qur theoretical calculations of the non-steady-state
variant of the observation of anticrossings showed that if the
time of exposure to thermal radiation is much shorter than
the inverse difference of the decay rates of the nS and (n-2)
Stark states, the anticrossing signal contains a Lorentz com-
ponent and a dispersion component having the same centers
and identical widths. The relative widths of the signals of
these two components depend on the dipole-moment matrix
elements coupling the #S and (n#-2) Stark states with the
lower nP states.

8. Dynamics of the development of a superradiant cas-
cade and detection of long-wavelength radiation. Collective
absorption of Rydberg atoms in a cavity. The principle of
detection of a microwave signal in a system of Rydberg
atoms interacting with a cavity was demonstrated experi-
mentally by Haroche’s group.®>**** Such detection is possi-
ble in a regime reminiscent of Dicke superradiation.In con-
tradistinction to superradiant media in the optical range,
here, because of the long wavelength of the radiation and the
low thresholds, superradiation regimes are realized in media
with an effective length of the order of or less than the wave-
length. If the entire volume of the radiating matter falls with-
in a half-wave of the cavity, then complete removal of the
population inversion with a 7 pulse is possible.

Since the density of states of the electromagnetic field in
the cavity is concentrated in a narrow band the nonresonant
atomic transitions can be ignored and the Rydberg atom can
be regarded as a two-level system. Following Refs. 5 and 59
we shall describe the theory of the superradiant regime of
generation in a Rydberg maser. We introduce the character-
istic times of different processes occurring in the maser. This
is the characteristic decay time of the energy in an open cav-
ity T. = QL /7C (for an open cavity),

0= 7RV o«

1-R71-R’
and R is the reflection coefficient of the mirrors. The system
is characterized by the radiation width

342
1‘=—(‘L, d = eagn®
3nghc®

(8.1)

(the characteristic valueis I' =~20s ~ ' ) and the superradiant
cascade time T g ' = ['Ny/2, where u~1 is the Fresnel
number of the cavity, and by the splitting of the frequencies
of the longitudinal modes of an open cavity Av, = c¢/2L.

Asexpected Ty, is inversely proportional to the effective
number of particles (Nyu) and the decay constant of the
field in the cavity (QT). The condition for the damped re-
gime acquires the form

T, STe.0sZ (—C- )VZ.
2 \2LTNg

The solution in the case Az S A has the form of the usual ch
soliton:

(geo_)z: L g2 L (8.2)
dr 4T 2Ty
tD=—2TR1nQ—2", (8.3)

where 8, is the initial value of the Bloch angle. In the theory
of superradiation it is usually assumed that 8}, can be re-
placed by itsrms value 8 = 2N '/* | reflecting the fact thatin a
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system with the average number of particles the average
fluctuation in the number of particles is equal to
AN /N = 2N However the presence of blackbody radi-
ation results in some differences. For T #£0 the Bloch vector
“starts” from the value 8}, determined not only by the num-
ber of particles in the system but also by the number of black-
body radiation quanta in the mode. In some approximation
i is given by a Gaussian distribution:

26i ei
P (6)) =‘_6_0 exp(— 670> ,
(8.4)

2

N = __ he/kgT -1
wrigy s MeM=—t— mr= (@ 1%,

14np

6:

which corresponds to the applicability of the central limit

theorem to fluctuations of the dipole moment. The probabil-

ity distribution for the quantity 7, has the form

Ny (T) exp (— tp/TR)
Tr

P(tp) = exp (— Ny (T) eP'TR). (8.5)

For the average value of variance of the delay time we
have
NO
14np’
Atp = ((tb) — (to)?)"* = 1.3Tw.

(tp) = TrIn Ny (T) = TxIn (8.6)

(8.7)

The appearance of the temperature dependence of 7, is
actually connected with the following fact. Several quanta of
thermal radiation are sufficient to start a superradiant cas-
cade. At the same time the phenomenon of photon bunching
is characteristic for thermal radiation, i.e., the probability of
the appearance of photons immediately after a given photon
increases, while the variance of the distribution islarger than
for a Poisson distribution. To determine the generation
threshold of a Rydberg maser the following must be taken
into account: 1) decay of the working level into other states,
both spontaneous decay and decay induced by blackbody
radiation; 2) collisional depopulation of the working level;
3) the parasitic effects of external fields; and, 4) effects asso-
ciated with the motion of atoms in the beam. Under the con-
ditions of the experiments of Refs. 59 and 60, because of the
low working densities of the selectively excited Rydberg
atoms and the high vacuum collisional deexcitation did not
play a significant role. The characteristic thermal radiation
of the cavity can be effectively suppressed by working at low
temperatures. In this case the threshold is determined by
transport of active atoms away from the caustic of the cavity
mode. This results in the inequality

N
T =
rln l4-n

<T; = ¥V2% o g5,
T U

(8.8)

For v =890 m/s, w,=~1cm #i <N, Thisinequality actu-
ally determines the number of atoms which can be found in
the inverted state. For 0~ 100 the inequality (8.8) gives
several hundred atoms for the number N,,

Let us consider the effect of external injected radiation
on the characteristics of a Rydberg maser. We introduce the
parameter 7 = (8,/6)%

(nn? 2 | Tg

—_ e T tr
N [+ @Ay 0 R n (8.9)

Tt @l T,
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This parameter determines the ratio of the number of pho-
tons of the injected field £,, to the quantity

T \7' 20T
R =% - N,
(T ) o7}

P
characterizing the external numbers of superradiated pho-
tons in the cavity band above the minimum noise of the am-
plifier “one photon per mode,” taking into account the de-
tuning from resonance. Thus the parameter 7? determines
the ratio of the effectiveness of the injected signal to the ef-
fectiveness of the amplifier noise as a seed for superradiation.

For the starting level determined by the equality (8.7)
at # = 0 we shall redefine the “Bloch vector” as follows:

0ocde |y, = %0 4 0, (8.10)

and we shall use this value of the new “Bloch vector’ as the
initial condition in the theory of superradiation:

BeePe|,_,, = i TRgee e, (8.11)

t,<Trln N,
From here we have

%) —
tp=—2TgrIn 7 (8) =B (1 + e,
' _ N 8.12)
to(n)) = Taln e (

(D(ﬂ)) Rlnl-i—'f]”

v s _omr 0 1 8 9B
Atp (1) = (o) —Lo)*) ™ = 20T e oo In 5 = ==

[the more accurate numerical coefficient is
(I+792].

Because of the low spontaneous times a Rydberg maser
is triggered by photons of thermal radiation, whose fluctu-
ations determine the dynamics of the development of genera-
tion. It is obvious that a Rydberg maser can also be triggered
by an external applied resonant microwave field. In this case
such a system will be a microwave radiation detector. The
following scheme is realized for obtaining maximum sensi-
tivity (Fig. 30).%®

The atoms in the tuned resonator are two-level systems

1,37/

FIG. 30. The experimental arrangement of a trigger-initiated Rydberg
maser.” 1—Atomic beam, 2—microwave resonator, 3—Rydberg atom
detector based on field ionization, 4—laser radiation, 5—klystron gener-
ator, 6—stabilization and frequency multiplication unit of klystron gener-
ator, 7—heterodyne receiver, 8—electron multiplier, 9—fast digital oscil-
lograph, 10~—automatic plotter, 11—boxcar, 12—ioniza-
tion-current meter.
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in two independent states. Some atoms are prepared in the
|nS,,,, m; = — 1/2) state and undergo a transition to the
{n'P,,, m; = 1/2) sublevel. Other atoms are excited into
the |nS, ,, m;, = + 1/2) state and undergo a radiative tran-
sition to the |n'P, ,,, m, = — 1/2) sublevel. These two inde-
pendent groups of atoms emit orthogonalo* and o~ circu-
larly polarized waves. In a “spontaneous” maser, i.e., a
maser triggered by spontaneous radiation, both components
are emitted independently with uncorrelated phases. The re-
sulting field is elliptically polarized—almost linearly polar-
ized throughout virtually the entire time of development of
generation. The major axis of the ellipse rotates randomly by
small angles around the axis of the cavity from one pulse to
another. The average power detected through a rectangular
waveguide is equal to one-half the emitted power.

On the other hand, if linearly polarized radiation inter-
acts with the atoms, the two oppositely rotating components
of the polarization are synchronized in phase and the maser
generates linearly polarized radiation in the same plane. Fig-
ure 31 shows a block diagram of the triggering of a maser
with different polarizations.*® The circular input waveguide
transmits any linear polarization. If it is parallel to the small
dimension of the rectangular waveguide, 100% of the gener-
ation pulses can be detected.

In the case when the maser is triggered by external mi-
crowave radiation the delay time of generation is shortened
and phase and polarization locking are observed. The num-
ber of photons required for triggering the maser is deter-
mined by the quantity

T
tr R
n, = _T< n.

¢

(8.13)

where 7, = Q/2mv, and n_ is the number of microwave
photons accumulated in the cavity and is related with the
incident microwave power and the Q-factor of the cavity by
the relation

n P.Q _ (8.14)

2nhv?
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FIG. 31. Block diagram of polarization detection of microwave radiation
in a trigger-initiated maser.
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The limit of sensitivity of such a trigger maser detector is
determined from the condition that the number of photons
necessary for triggering the maser n!’ over the time period of
development of generation Ty is of the order of or somewhat
less than the number of thermal-radiation photons in the
interval Av, ie., kz T /hv. For a cavity with T /T, = 10
shortening of the delay with on the average not more than
one photon in the cavity n, = 1, n = 10, was observed ex-
perimentally in Ref. 59. This corresponded to output power
P =10""* W and a detection sensitivity 3-10~ '* W/Hz!"?
in a band having a width 107 Hz = T '. In addition this
sensitivity was achieved with the surrounding walls at room
temperature. Cooling to the temperature of liquid nitrogen
(T'=177 K) or the temperature of liquid helium (4 K)
should undoubtedly greatly increase the sensitivity.

In Ref. 60 the trigger scheme was realized with a small
number of Na atoms (1 <N < 10°). The operation of the
Rydberg maser was ensured by increasing the Q-factor of the
microwave cavity. Decreasing the density of atoms resulted
in the fact that, being located in the antinode of a standing
wave, they behave like a superradiant system, i.e., they ex-
hibit collective effects. Among such effects we mention the
saturation of the ratio AN /N, where AN is the number of
atoms which have absorbed photons from the signal and N is
the total number of atoms; this property is important for a
detector. As a result it turned out that N has both a lower
limit and an upper limit, i.e., there is an optimal value. In this
work the best results for detection were as follows:
P=10""'" W and NEP = 10~ '* W/Hz (at 134 and 270
GHz at T=6K).

The collective absorption by a system of Rydberg atoms
was employed in Ref. 59 to demonstrate the possibilities of
using a Rydberg maser as an absolute thermometer. It was
found that in the case of a 30S,,,-30P,,, transition in Na
atoms (v = 134 GHz, A = 2.25 mm, and hv/ky = 6.45 K)
induced by thermal radiation the atomic system absorbs a
fixed number of blackbody photons in the cavity, and the
number of induced transitions AN, on the one hand, can be
much greater than the quantity AN, = W¥%r,,, where
W?E = (wd*/#*)I%, I} is the energy density of states in a
mode at exact resonance I5 = (#Q /wv)n, and 7, is the
time of interaction with the cavity, while on the other hand it
is much less than the quantity

AN, = 7,

Tints
27y
so that only a small fraction of the photons emitted by the
cavity over the time of interaction is absorbed by the atomic
system. The mechanism of absorption by the system of Ryd-
berg atoms thus exhibits a collective character, namely, un-
der the action of the resonance blackbody radiation field the
atomic dipoles are brought in phase, and the system of atoms
concentrated in a small (compared with wavelength) spatial
region behaves as a quantum object with nondegenerate en-
ergy states and a dipole moment which is proportional to the
total number of atoms. The characteristic time of the collec-
tive process is T g '=(d */#V)QN and the number of in-
duced transitionsis AN, = (T /7, ) = W5 Tg N = n, and
isindependent of both the properties of the resonator and the
parameters of the system. This property of collective in-
duced absorption by ensembles of Rydberg atoms also per-

AN, <AN<AN,,
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mits constructing an absolute thermometer directly by mea-
suring the number of particles which have undergone a
transition induced by blackbody radiation.

The fact that An is independent of the properties of the
atoms and the cavity if ¥, €4 ? suggests that it is possible to
derive an expression for An based on general statistical argu-
ments. Indeed, an atomic system has N + 1 symmetric excit-
ed states corresponding to a quantum on one of the excited
atoms.

Thus a system of N atoms in a cavity with an oscillator
mode is equivalent to a supersymmetric harmonic oscilla-
tor'32133 if it is initially prepared in a symmetric state. For
this reason, in the state of thermodynamic equilibrium it is
characterized by a single quantity—the occupation number
with the equilibrium temperature T. However each state is
additionally doubly degenerate with respect to the state of
photon polarization: the transition 30S,,, — 30P, , has two
components:

g, 0

1 _
|3OS|/2 my= =+ 7 ) - |30P,,,

m; = $%) and An =27,

In this intuitive picture it is not too clear how the phased
atomic dipoles evolve under the action of a black body. To
elucidate this we shall employ the model of a global Bloch
vector of a system of N /2 atoms, which initially is in the
“down” state (the ground state of the atomic system). The
moving Bloch vector is described by three averages of the
angular momentum operators: J, .. Under the action of
blackbody radiation the quantities J,, acquire the value
J, = N6,/4(i = x,y) where 8, are small values of the fluctu-
ating Bloch angle.

Since the total angular momentum is conserved J,
changes by the amount AJ, = N(6; + Q2)/8. The motion
of the Bloch vector is identical to the motion of a Brownian
particle with velocity v, =c6;, and mass m = N#iv/2¢?
with damping ~73/2 and the fluctuating force
F(t)/mc = dE 'r(t)/# with a correlation time T, € Ty . For
this reason in a “‘bad” cavity the action of blackbody radi-
ation can be interpreted as §-correlated points, as a result of
which the particle (the tip of the representative Bloch vec-
tor) acquires the kinetic energy

mv? =th2 92.=kBT
2 4 2

Exin =

We have

N, .- kyT
2(A],), =2 (0, +0%)=-"2_
(AJ,) 4( ) p

v

If 7, <Ty, then An is given by the formula
An =27, (1 —e ™ "), s0 that the time over which ther-
modynamic equilibrium is achieved between the field and
the atoms is inversely proportional to N. The fluctuations
var (An) = ({An*) — (An)*)'”? from one beam of collec-
tive absorption to another are determined by the Bose-Ein-
stein statistics, though each atom is described by a fermion
degree of freedom, and are equal to var (An)
=2A(1 4 217 ) =4n%(7i;>1). These phenomena are of a
completely general character. But only the very large values
of 7, /Tx ~d ” characteristic for systems of Rydberg atoms
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and the small values of N as well as the possibility of placing
a system of N atoms in a volume V,; €A}, i.e., in practice
either at the node or at an antinode of the cavity, make it
possible to observe these effects with finite detection accura-
cy An/N. An exact theory of collective absorption by atoms
in a cavity, based on the density matrix formalism, is given in
Ref. 61.

The effect of superradiation is well known for another
type of system with a small number of electrons—weakly
relativistic Landau electrons interacting through a cavity
mode. The anharmonicity of the quantum oscillators results
in phasing of their initially unphased oscillations and in the
formation of a state with a dipole moment proportional to
the total number of radiating systems. The initially excited
oscillators, interacting through the characteristic radiation
field, are in an unstable state. A small fluctuation of the aver-
age polarization, just as in the case of a two-level system,
initiates the development of this instability and results in
exponential growth of the radiation intensity. In a system of
linear oscillators the average polarization decays exponen-
tially. The nonlinearity limits this growth and forms a super-
radiant pulse.'*

IV.CONCLUSION

It is obvious from this review that the last few years
were a period of intense experimental and theoretical study
of the radiation of properties of Rydberg atoms. The experi-
mental realization of quantum-electronic devices such as the
one-atom maser and the two-photon micromaser, and the
observation of the subtle effects of thermal radiation have
confirmed the uniqueness and very extensive possibilities of
Rydberg atoms as an object of quantum optics. It is now
possible to study experimentally the effects predicted long
ago before Rydberg masers were developed and which at
that time appeared to be of purely theoretical significance.
This includes the change in the rate of spontaneous emission
of one atom placed in a cavity, the oscillator character of the
exchange of energy between one excited atom and a cavity
mode, and quantum decay and revival of optical notations
induced in one atom by the resonance field. Successful ex-
periments are possible for the following basic reasons. First,
the coupling of the atoms with the electromagnetic field is
strong owing to the gigantic dipole moments of the transi-
tions. Second, millimeter-range radiation is employed; this
has made it possible to build cavities which have low-order
modes and at the same time are large enough to provide long
interaction times. Third, the long spontaneous lifetimes of
atoms in Rydberg states became important; this has made it
possible to perform precise spectroscopic measurements.
And, finally, atomic beams and tunable lasers are used for
efficient excitation of Rydberg atoms with selection by states
and field ionization is employed to detect them sensitively.

It is also clear that new experimental discoveries, made
possible by the specific nature of the range of electromagnet-
ic radiation employed, the possibility of manifestation of co-
herent and collective effects, and the unusual correlation
and statistical properties, can be expected in the near future.
It is possible that experiments will be able to make use of the
unusual properties of the Rydberg atom on the surface of
liquid helium.

The results of these investigations will not be merely of
academic interest. There is no doubt that many of them will

1108 Sov. Phys. Usp. 32 (12), December 1989

find application in metrology, for solving the problem of sen-
sitive detection of microwave radiation, measuring super-
weak electric fields and their fluctuations, and studying sur-
faces. Other unexpected applications are also possible. For
this reason we believe that the investigations described here
are just beginning and are merely opening up a new and in-
triguing field of quantum optics.

Finally, we would like to thank H. Walther and N. B.
Delone for stimulating our interest in this subject, and N. B.
Delone, V. P. Krainov, and V. M. Smirnov for numerous
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