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ABSTRACT

The ultimate precision of maser and laser devices is limited by quantum noise
which is caused by_ spontaneous emission of the lasing atoms. In this thesis we
investigate new ways to reduce and even eliminate the influence of this noise source
on the phase and amplitude of the radiated electromagnetic field.

We demonstrate that a long lifetime of the lasing atoms can lead to a reduction
of spontaneous emission noise beyond the standard limits. This phenomenon is
denoted by atomic memory effects and leads to a decrease of the phase variance for
short measurement times.

Furthermore, we propose a new type of correlated spontaneous emission device,
the polarization correlated emission maser and laser. These concepts constitute a
very simple correlated emission scheme in that they involve only single photon tran-
sitions whereas all previous schemes required a correlation between photon pairs.
The polarization correlated emission maser and laser are capable of producing ra-
diation which is completely free of spontaneous emission noise in the amplitude
and additionally shows a noise reduction in the phase. We investigate the influ-
ence of fluctuations in the pump mechanism and demonstrate that in the case of a
noise-reduced pump the polarization correlated emission devices can even produce
squeezed states of the radiation field.

Finally, we discuss another kind of correlated emission laser (CEL), the two-
photon CEL. In contrast to the polarization CEL the main advantage of this device
is a significant reduction of phase noise. We explain the origin of this noise reduction
via simple physical arguments and investigate under what conditions squeezing is

possible.
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I. INTRODUCTION

Although the quantum theory for the maser and laser'~® was developed more
than 20 years ago, certain aspects and modifications of the ordinary theory are still
the subject of current research. The interest in the maser and laser concept has
especially been revitalized by the search for noise reduced light sources and the
generation of “squeezed light”.*

In an ordinary maser or laser the active material consists of multi-level atoms in
which two atomic levels constitute the lasing transition. The atoms are pumped to
the upper level and emit photons when making a transition to the lower level. Such
a transition can be either stimulated by the laser field or can occur spontaneously.
While the stimulated emission of a photon contributes to the gain of the laser field
inside the radiation cavity, the spontaneous emission induces random fluctuations
in the system. This noise contribution is denoted by quantum noise because the
spontaneous emission of a photon can not be accounted for in a purely classical
theory of the maser or laser. The noise fluctuations in turn lead to an uncertainty
in the phase and intensity of the radiated electromagnetic field which limits the
accuracy of maser and laser devices.

A high stability and precision of light sources is desirable for many applications.
For example, so far it has been impossible to perform an experimental proof of the
existence of gravitational waves® because the required measurement precision has
not been achieved by current experiments. The gravitational waves are so weak
that the measuring devices have to be capable of detecting length changes of the
order of 10~ '*m which correspond to the hundredth part of the diameter of an
atom core. Gravitational wave detectors® which are based on the interferometry
principle can, in principle, achieve such a precision, provided the necessary light
sources are essentially “noise-free”. Another example for the application of high

precision maser and lasers is the development of ultrasensitive laser gyroscopes.’
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These devices may be capable of measuring rotation rates of up to the 10~7 part
of the earth rotation. Such an accuracy is desirable for the exact studies of our
universe and for high precision navigation in deep space exploration. Finally we
want to emphasize that the reduction of quantum noise in masers and lasers is
not only of scientific interest. In fact, more stable light sources would open new
ways and possibilities for modern telecommunication. It is interesting to notice that
even our most advanced technology of optical fiber communication has not made
much progress from the days when sailers on different ships communicated with
each other through lanterns. In both cases information is transmitted by switching
on and off a light signal, which can be either produced by a laser or a candle. No
modern communication system so far has made use of the coherence properties of
the electromagnetic field from a maser of laser. However, with more precise light
sources it is conceivable to transmit information through a modulation of the phase
or the frequency of the laser light. Such a technique® is standard in ordinary radio
operating and may become important for the communication which uses optical
frequencies.

Over the last few years, various approaches to the quantum noise reduction in
masers and lasers have been studied and it has been shown both, theoretically and
experimentally, that a reduction of noise fluctuations beyond the usual “quantum
limits” is possible. For example, in four-wave-mixing® four light beams are coupled
with each other through a non-linear medium in such a way that the outcoming
light beams can exhibit noise reduction. A different approach is the pump-noise
suppressed laser'® in which a reduction of fluctuations in the pump mechanism can
lead to a narrower photon number distribution than in ordinary lasers. Further
examples include, among others, the degenerate parametric oscillator,!! the sym-

metry broken laser,'? and various types of the correlated spontaneous emission laser

(CEL).:



In this thesis we propose new concepts and techniques which can lead to quan-
tum noise reduction in masers and lasers. In chapter I we discuss atomic memory
effects’* which involve long-lived atoms as the lasing material. It is found that for
short measurement times the spontaneous emission noise in the phase can be re-
duced below the standard limit. This can be intuitively understood in the following
way: in the usual treatment of phase fluctuations of a maser or laser one pictures
the electroma.gnetic field as a complex vector which experiences small changes in
the phase due to spontaneous emission events (see Fig. 1.1). As these small changes
are totally at random the phase gradually diffuses and becomes equally distributed
over the whole angle of 2r. To model this behavior mathematically one commonly
assumes'~3 that the small phase change due to a single spontaneous emission event
happens on a far shorter time scale than the overall evolution of the field. The effect
of spontaneously emitted photons can than be described by 6-like impulses which
lead to a random walk of the electric field vector on the circle of 27. In analogy to
the case of Brownian motion® the time dependence of the phase variance is then

found to be
o
(0*(1) = 5 t- (1.1)

Here « is the linear gain coefficient for the maser or laser and 7 the mean number
of photons inside the cavity. Equation (1.1) is the well-known Schawlow-Townes
result'® for the phase diffusion of the electromagnetic field and is the reason for
the Lorentzian line-width of a maser and a laser. However, if the atorﬁic lifetime
is comparable to fhe time over which the field is measured, the approximation of
6-like “kicks” of spontaneous emission events no longer holds. Instead, one has to
account for the fact that an excited atom can only partially contribute to sponta-

neous emission noise because it did not have enough time to decay. In other words,
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Figure 1.1.

imE

Re E

Phase diffusion in an ordinary maser and laser. The spontaneous
emission events exert small, random “kicks” on the electromagnetic
field vector. These kicks lead to a random walk of the field vector

on the whole circle of 2w which results in a complete diffusion of the
phase.



the electromagnetic field “remembers” for a certain time the effect of a sponta-
neous emission event which leads to a reduction of the phase diffusion for short
measurement times.

We find, for example in the laser case, that the expression for the diffusion of

the phase has to be modified to

2 L 17 ry
t))y= = |[t+ = (¢ —1)|, 1.2
() = o [t+ 5 (=) (1.2
in which T is the atomic decay rate. It is easy to see that for times which are long
compared to the atomic lifetimes I'~! the expression in Eq. (1.2) reduces to the
Schawlow-Townes result, as expected. However, for times which are of order I'"*
or even shorter, the uncertainty of the phase is smaller than the one given by Eq.

(1.1). Expanding the exponential function in Eq. (1.2) we find in lowest order

(p*(t)) = % %I‘tz. (fort=<T") (1.3)

Thus atomic memory effects can reduce the spontaneous emission noise below the
usual Schawlow-Townes limit.

The application of long lived atoms as the lasing material is not inconceivable.
There are some substances, for example O, (* A),'" which exhibit extraordinary long
lifetimes which can be of the order of seconds and even minutes. Furthermore some
experimental set-ups may require a restriction of the measurement time to short
time intervals, like, for example, the gravity wave detector which was mentioned
above. In these cases atomic memory effects have the potential to improve the

sensitivity and precision of the measuring devices. This is the main result in Chapter
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In Chapter II we propose a new kind of correlated spontaneous emission devices,
the polarization correlated emission maser and laser. These devices are capable of
producing noise reduced and even “squeezed” light and belong to the family of
correlated spontaneous emission lasers (CEL). The first CEL concepts were pro-
posed in 1985'% and are depicted in Fig. 1.2. In both cases the lasing material
consist of three level atoms in which the atomic transitions @ — ¢ and b — ¢ drive
two different modes of the radiation field. In the quantum beat laser,'® which is
sketched in Fig. 1.2a, the two modes differ in frequency while in the Hanle laser!®
the difference is given by opposite polarizations, as shown in Fig. 1.2b. If there is
no coherence between the upper atomic levels a and b, the spontaneous emission
events in the two modes of the radiation field are completely uncorrelated. Thus
the phases of both fields diffuse independently so that the relative phase between
them gradually takes on all values between 0 and 2. However, if we establish a
coherenée between the upper atomic levels the situation changes drastically. Such
a coherence is generated by an injected microwave signal in the quantum beat laser
and through an appropriately polarized pump source in the Hanle laser. The co-
herence between the excited levels a and b then leads to a strong correlation of
spontaneous emission noise in the two modes of the radiation field. Whenever a
spontaneous emission event occurs in one of the modes, the other mode experiences
a corresponding event as depicted in Fig. 1.3. Therefore the phases of the two
fields change in the same way so that the relative phase between them is completely
free of spontaneous emission noise. The same principle is applied in another kind
of correlated emission laser , the holographic CEL.2° Here two counterpropagating
modes of a ring laser configuration are coupled through a spatial modulation in the
gain medium. When the two beams interfere constructively with each other it is
again possible to achieve noise quenching in the relative phase between them.

All of the above CEL concepts involve two different modes of the radiation field.

In contrast, the polarization correlated emission maser and laser, which we discuss

6



- |a>

Es v
2 Ib)
EI EZ
| ¥ Y
|
Doubly Resonant Microwave Induced
Cavity Coherence

® -
s l«_é
Ol ey
Doubly Resonant ~ Polarization Induced
Cavity Coherence

Figure 1.2. Basic correlated spontaneous emission laser (CEL) concept.

(a) Quantum beat laser: The lasing atoms drive two modes with dif-
ferent frequencies of a doubly resonant cavity. The atoms have three
atomic levels in which the upper two are coherently coupled through a
microwave signal.

(b) Hanle laser: The two modes of the cavity have the same frequency
but differ in polarization. The coherence between the atomic levels |a)
and |b) is produced by an appropriately polarized pump beam.
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Figure 1.3. The effect of a spontaneous emission event on the relative phase between
the two modes. Note that the relative phase remains the same before
(a) and after (b) the spontaneous emission event.
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