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Abstract—With its recent breakthrough in terms of output
power, the erbium 3- m fiber laser has become an object of intense
scientific research and an increasingly attractive tool for medical
applications. This paper reviews the research on the erbium 3-m
fiber laser since its first demonstration. Its development is seen
in relationship to the early success of the corresponding crystal
laser system, to the foundations that were laid by the investigation
of its spectroscopy and population mechanisms, and the recent
technological developments in related fields.

Index Terms—Cascade laser, energy recycling, energy-transfer
upconversion, erbium, excited-state absorption, fluoride fiber
laser, laser efficiency, laser in surgery, mid-infrared laser, upcon-
version laser.

I. HISTORY OFERBIUM 3- m LASERS

I N RECENT YEARS, there has been an increased interest
in lasers emitting at 3m, mainly because of their potential

and partly already demonstrated applications in laser surgery
[1]–[5]. Due to the high absorption of 3-m radiation in water,
high-quality cutting or ablation has been demonstrated in bio-
logical tissue using erbium-doped solid-state lasers. The erbium
3- m laser can be used as a noncontact scalpel or drill, thus
being aseptic and avoiding or reducing pressure at the incision
site. The 3- m fiber laser can be of specific use in a number of
applications, e.g., in endoscopy.

In this review paper, we will concentrate on the fundamental
physics of the erbium 3-m fiber laser, i.e., its spectroscopy and
operational regimes. A retrospective of the development of er-
bium 3- m lasers shows that its history was dominated by crys-
talline systems. Only recently, fiber lasers at 3m have caught
up with crystal lasers in terms of output power. This has several
reasons. On the one hand, new technologies such as high-power
diode lasers and double-clad fibers have become available only
in the past decade. Especially the difficult development and high
costs of fibers with sufficiently low losses in the mid-infrared
spectral region have slowed down the necessary research ef-
forts in this field. The fabrication of low-loss fluoride fibers with
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rare-earth dopant concentrations comparable to those used in er-
bium 3- m crystal lasers still represents a major problem for the
fiber suppliers. On the other hand, the early success of the er-
bium 3- m crystal laser has given rise to a significant amount
of spectroscopic investigations mainly in Russia and later on
also in Western Europe and the United States. This has led to a
deep understanding of the population mechanisms of this laser
system and to the development of a large number of suitable host
materials. Compared to these tremendous research efforts, the
spectroscopic accounts of the erbium 3-m fiber laser remained
few, and it is characteristic that the first breakthrough [6] of the
fiber laser in 1995 was based entirely on a better understanding
[7], [8] of the spectroscopy and population mechanisms of this
system.

In order to understand the failure of the first experimental
approaches toward a high-power fiber laser and the subsequent
underestimation and neglect of this system, it is important
to understand the significant differences in the population
mechanisms of the first fiber lasers as compared to the crystal
lasers. The positive results obtained with the crystal laser
system also anticipate the future direction of research in the
fiber laser system.

A. Energy Recycling by Energy-Transfer Upconversion

The first observation [9] of coherent emission at 3m from
erbium ions was reported in 1967. Yttrium Aluminum garnet
(YAG), today’s most widely used solid-state laser material, en-
tered the stage as a host for the erbium 3-m laser [10], [106]
in 1975. Notably, it was this material with its high phonon en-
ergies and strong multiphonon quenching of theI upper
laser level (leading to an upper-to-lower level lifetime ratio of

!), in which the first continuous-wave (CW) lasing at 3
m was observed [11], [107] in 1983.
At about the same time, it was established [12]–[14],

[108]–[110] that energy-transfer processes [15] between neigh-
boring erbium ions in the host lattice govern the population
mechanisms of this highly erbium-doped laser system. In
Fig. 1, the energy-level scheme of erbium, a suitable transition
for the ground-state absorption (GSA) of pump power, the laser
transition at 3 m, and the important energy-transfer-upconver-
sion (ETU) and cross-relaxation (CR) processes are introduced.
The ETU process I I I I leads to a
fast depletion of the lower laser level and enables CW operation
of a laser transition that, otherwise, could be self-terminating
owing to the unfavorable lifetime ratio of the upper compared
to the lower laser level (Fig. 1).
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