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Abstract—We review the physics underlying the process of spon-
taneous emission, with a special focus on spontaneous emission into
a resonator mode. We define the mode volume, verify the funda-
mental modal dimensions, present the spectral mode profile, the
coherence time, the Q-factor, the Füchtbauer–Ladenburg equa-
tion, and the Purcell factor, and discuss their influence on different
types of lasers. We obtain the relation between peak emission cross
section, radiative lifetime, and emission linewidth. By interpreting
spontaneous emission as stimulated emission driven by vacuum
fluctuations, we derive the spontaneous-emission rate into a res-
onator mode and establish physical expressions for the fractions
of spontaneous emission and total decay from the upper laser level
into this mode. Furthermore, we discuss coupling of the atomic sys-
tem with the coherent field inside a lasing resonator mode, resulting
in the formation of a Mollow triplet, and demonstrate that it leads
to a reduction of the spontaneous-emission rate into a coherently
occupied resonator mode by a factor of 2.

Index Terms—Lasers, optical resonators, laser modes, lumines-
cence, spontaneous emission.

I. INTRODUCTION

THE performance of lasers is often described by the laser
rate equation, in which two processes that determine the

number of coherent photons inside the laser resonator are con-
sidered, namely the stimulated-emission rate into the lasing res-
onator mode and the photon-decay rate out of this mode due
to intrinsic resonator losses and outcoupling through the res-
onator mirrors. Frequently neglected in the laser rate equation
is the photon source term that initializes laser operation, namely
the spontaneous-emission rate into the lasing resonator mode.
This approximation provides a simple and intuitive picture of
how a continuous-wave (cw) laser operates: The laser thresh-
old, which occurs at the point where the gain equals the losses,
induces a sharp transition, above which the laser resonator fills
with coherent photons in linear dependence on the pump rate
of the upper laser level, whereas the inversion remains clamped
to its threshold value. However, omission of the spontaneous-
emission rate does not allow one to understand and quantify the
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coherence of a laser, its Q-factor and linewidth, how the laser
operation is initialized, how the laser threshold depends on de-
cay channels from the upper laser level i) at other transitions,
ii) non-radiatively, and iii) into other optical modes, nor how
threshold-less lasing can occur in micro-resonators.

In this paper, we review the physics underlying the process
of spontaneous emission, with a special focus on spontaneous
emission into a resonator mode. In a straight-forward manner
we demonstrate that spontaneous emission can be interpreted
as stimulated emission driven by the one vacuum photon per
optical mode and polarization. We define the mode volume and
present the relationship between spectral mode profile, coher-
ence time, and Q-factor. Of importance for understanding spon-
taneous emission into a resonator mode is the derivation of
the fundamental modal dimensions. We then obtain the relation
between the radiative lifetime and the emission cross section,
called the Füchtbauer–Ladenburg equation, introduce the Pur-
cell factor to this equation, and discuss its influence on different
types of lasers. We derive the relation between peak emission
cross section, radiative lifetime, and emission linewidth and
show that semiconductor and solid-state laser materials exhibit
a similar product of radiative lifetime and peak emission cross
section, because the atomic de-coherence of the excited state
is on the same order of magnitude in both gain materials. We
derive the spontaneous-emission rate into a resonator mode and
establish physical expressions for the fractions of spontaneous
emission and total decay from the upper laser level into this
mode. Furthermore, we discuss coupling of the atomic system
with a coherently occupied resonator mode, resulting in the
splitting of the combined energy states into dressed states and
occurrence of four spectrally separated emission lines, which at
large coherent photon numbers form a Mollow triplet. For the
first time, we show that this interaction reduces the spontaneous-
emission rate into a coherently occupied resonator mode by a
factor of two. We derive a novel expression for the effective
spontaneous-emission cross section.

All phenomena are described in a coherent sequence and a
self-consistent notation. The spectroscopic foundation laid in
this paper will allow us to extend, in the same self-consistent
notation, the laser rate equation by including the photon source
term, thereby establishing a refined and more complete descrip-
tion of the cw laser [1].

II. VACUUM PHOTON AND SPONTANEOUS EMISSION

We interpret spontaneous emission of photons from upper
to lower laser level as stimulated emission driven by vacuum
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