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[57] ABSTRACT

Laser amplifiers and methods for amplifying a laser beam
are disclosed. A representative embodiment of the amplifier
comprises first and second curved mirrors, a gain medium,
a third mirror, and a mask. The gain medium is situated
between the first and second curved mirrors at the focal point
of each curved mirror. The first curved mirror directs and
focuses a laser beam to pass through the gain medium to the
second curved mirror which reflects and recollimates the
laser beam. The gain medium amplifies and shapes the laser
beam as the laser beam passes therethough. The third mirror
reflects the laser beam, reflected from the second curved
mirror, so that the laser beam bypasses the gain medium and
return to the first curved mirror, thereby completing a cycle
of a ring traversed by the laser beam. The mask defines at
least one beam-clipping aperture through which the laser
beam passes during a cycle. The gain medium is pumped,
preferably using a suitable pumping laser. The laser ampli-
fier can be used to increase the energy of continuous-wave
or, especially, pulsed laser beams including pulses of fem-
tosecond duration and relatively high pulse rate.

21 Claims, 3 Drawing Sheets
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LASER AMPLIFIER AND METHOD
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FIELD OF THE INVENTION

This invention pertains to lasers, particularly to laser
amplifiers, combinations of lasers and laser amplifiers, and
methods for increasing the energy of a laser beam.

BACKGROUND OF THE INVENTION

Heretofore, many schemes have been devised for ampli-
fying a pulsed or continuous-wave laser beam. As used
herein, a “laser amplifier” is a device operable to increase
the energy of a light beam by exploiting the principle of
stimulated emission.

Early laser amplifiers were single-pass, meaning that the
incident light beam passed only once through an “active
medium.” An active medium as used in a laser amplifier
according to the present invention is a substance that, upon
receiving a suitable dose of energy, exhibits stimulated
emission of radiation that can boost the energy level of (i.e.,
“amplify”) a beam passing through the substance. An active
medium is also termed a “gain medium” or “amplifying
medium” because the substance imparts “gain” (i.e., an
increase in energy level or an amplification) to the beam
passing through the gain medium. In many instances, the
amount of gain imparted to an incident beam passing once
through an active medium in a laser amplifier is small.
Hence, many prior-art laser amplification schemes involve
passing the laser beam through multiple laser amplifiers in
a cascade arrangement to produce sufficient cumulative gain
for the intended use of the laser beam. Unfortunately, such
schemes tend to be large and expensive.

Other prior-art schemes involve “multiple-pass” laser
amplifiers in which the incident beam is made to pass
multiple times through a unit of gain medium. Multiple-pass
arrangements can impart substantial cumulative gain to a
laser beam without the need for cascading and with rela-
tively high efficiency. The beam is typically routed, using
multiple reflective mirrors, back and forth or around one or
more circumferential paths having any of various desired
geometric profiles. (BEach such circumferential path is
termed herein a “ring”.) In instances in which the beam
makes multiple circumferential traversals of the same ring,
each traversal around the ring is termed herein a “cycle.”
Cycles can be configured “off-axis” allowing, for each cycle,
the beam to impinge upon and thus pass through the unit of
gain medium at a slightly different angle. For representative
prior-art multiple-pass laser amplification schemes, refer-
ence is made, for example, to U.S. Pat. No. 3,365,671 to
Kogelnik, and U.S. Pat. No. 4,156,852 to Hagen.

In conventional multiple-pass laser amplifiers, the beam
may exhibit any of various undesirable spatial intensity
fluctuations such as ripples, rings, and holes. These flucta-
tions represent a substantial departure from a normally ideal
Gaussian transverse intensity profile of the beam, and can
arise, for example, from diffraction and scattering by optical
defects and particles in the air or on optical surfaces. These
fiuctuations in multiple-pass amplifiers tend to be cumula-
tive and can result in serious degradation of the beam and
damage to optical components of the amplifier.

Additionally, prior-art multiple-pass laser amplifiers suf-
fer from various drawbacks and thus are limited to certain
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applications. For example, regenerative amplifier configu-
rations have proven to be difficult to use for producing laser
pulses having both high energy and extremely short dura-
tion. This is due, inter alia, to the relatively broad spectral
bandwidth of short pulses. Regenerative amplifier configu-
rations employing Ti:sapphire crystals are disclosed in, e.g.,
Rudd et al., Opt. Lert. 18:2044 (1993); and Wynne et al.,
Opt. Lert. 19:895 (1994). Regenerative amplifier configura-
tions tend to have a large number of optical components that
collectively operate over spectral bandwidths that simply are
too narrow for producing extremely short pulses.

Ti:sapphire laser amplifiers have been developed that use
the technique of chirped-pulse amplification to attain high
peak powers (e.g., terawatt) with extremely short (e.g.,
femtosecond) pulse durations. Strickland et al., Opt. Com-
mun. 56:219 (1985); and Zhou et al., Opt. Lett. 20:64 (1995).
Such laser systems are capable of producing terawatt power
levels, but at repetition rates of 10 Hertz or less. Also, such
devices are typically bulky. For certain applications, a higher
repetition rate would be advantageous, even with some
sacrifice of the peak power.

Thus, there is a need for further refinement of laser
amplifiers, including laser amplifiers capable of producing
high-energy laser pulses of extremely short (femtosecond)
duration and high (kHz) repetition rate, and excellent beam

quality.
SUMMARY OF THE INVENTION

The aforementioned need is met by the present invention
which provides, inter alia, laser amplifiers and methods for
amplifying a laser beam.

According to general aspects of the present invention, a
laser amplifier is provided that comprises first and second
curved mirrors, a unit of gain medium, a third mirror, and a
mask. Each of the curved mirrors has a focal point. The unit
of gain medium is situated between the first and second
curved mirrors at the focal point of each curved mirror. The
first curved mirror directs and focuses a laser beam to pass
through the gain medium to the second curved mirror, the
second curved mirror reflects and recollimates the laser
beam, and the gain medium amplifies and shapes the laser
beam as the laser beam passes through the gain medium. The
third mirror is disposed relative to the first and second
curved mirrors so as to reflect the laser beam, reflected from
the second curved mirror, in a manner serving to cause the
laser beam to bypass the gain medium and return to the first
curved mirror, thereby completing a cycle of aring traversed
by the laser beam. The mask defines at least one beam-
clipping aperture through which the laser beam passes
during a cycle.

A preferred embodiment of the present invention has one
or more of the following additional features: (a) the gain
medium medium has a gain region on which the first curved
mirror focuses the laser beam during each cycle; (b) the
focal lengths of the first and second curved mirrors are
equal; (c) the third mirror is planar; (d) the ring comprises
multiple cycles that are separate from each other but cross
each other at the gain medium; (€) the mask defines multiple
apertures, one for each cycle, that are arranged linearly on
the mask; (f) all the apertures have the same diameter; and
(g) the mask is sitnated far field relative to the gain medium.

Also according to a preferred embodiment, the laser
amplifier includes a gain-medium pump for energizing the
gain medium sufficiently to amplify the laser beam as the
laser beam passes throngh the gain medium. Preferably, the
gain-medium pump is a laser that operates to introduce a
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pumping laser beam into the gain medium sufficient to
energize the gain medium.

According to another aspect of the present invention, an
amplified laser is provided that includes, in addition to a
laser amplifier as briefly described above, (a) a source laser
that produces a source laser beam for injection into the ring
of the laser amplifier, a beam injector serving to introduce
the source beam into the ring, and a beam extractor serving
to direct an amplified laser beam from the ring.

According to another aspect of the present invention, a
method is provided for amplifying a laser beam. In the
method, a laser beam is introduced into a ring of a laser
amplifier that includes a gain medium. The introduced laser
beam is cycled in the ring; during each cycle, the laser beam
is focused to impinge upon and pass through a pumped
region in the gain medium so as to increase the energy of the
laser beam. After passing through the pumped region, the
laser beam is recollimated and bypassed around the gain
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medium to complete the cycle. Also, during each cycle, the -

laser beam is clipped, preferably by passing the laser beam
through an orifice defined by a mask disposed transversely
to the laser beam in the cycle.

Other aspects of the present invention will be apparent
from the following detailed description, drawings, and
claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic diagram showing a representative
preferred embodiment of a laser amplifier according to the
present invention, showing approximate paths traversed by
a laser beam in the amplifier.

FIG. 2A is a plan view of a mask usable in the laser
amplifier of FIG. 1; and FIG. 2B schematically depicts
representative changes to the transverse energy profile of a
cycle beam as the beam passes through an orifice defined by
the mask.

FIG. 3 schematically depicts “reflection spots” on a
curved mirror of the laser amplifier of FIG. 1, each reflection
spot produced by a separate cycle beam in the laser ampli-
fier.

FIG. 4 schematically depicts a laser amplifier according to
the Example Embodiment, together with peripheral compo-
nents and a tracing of the paths traversed by laser beams.

FIG. § is a plot of unamplified input and amplified output
spectra of the multipass laser amplifier of the Example
Embodiment.

FIG. 6 is an autocorrelation trace and best fit to a sech®
pulse shape of a 1.0 mJ pulse train produced by the Example
Embodiment. The trace corresponds to a pulse with a
FWHM pulse width of 21 fs.

DETAILED DESCRIPTION

According to the present invention, a laser amplifier is
provided that is capable, inter alia, of producing a substan-
tially improved increase (relative to prior-art systems) in
energy of a pulsed laser beam while maintaining an
extremely short (femtosecond) pulse duration and high
(kHz) repetition rate. Le., a laser amplifier according to the
present invention represents a significant increase in avail-
able peak powers because it combines, when used to amplify
a pulsed laser beam, both high pulse energy and short pulse
duration.

A laser amplifier according to the present invention is
particularly suitable for use in amplifying extremely short
(e.g., femtosecond-range) laser pulses. However, it can also
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be used for amplifying longer laser pulses as well as
continuous-wave (CW) laser beams. As used herein, the
general term “laser beam” shall be understood to be either a
pulsed beam or a CW beam, depending upon the particular
application of the laser amplifier. To “amplify” a laser beam
simply means to increase its intensity, i.e., to make it
“brighter.”

Arepresentative embodiment, not intended to be limiting,
of a laser amplifier according to the present invention is
depicted schematically in FIG. 1. The laser amplifier 10
comprises a first curved mirror 12, a second curved mirror
14, a unit of “gain medium” 16, at least one third mirror 18,
and a mask 20. Each of the curved mirrors has a focal point.
The gain medium 16 is disposed between the first and
second curved mirrors 12, 14 such that the focal points of the
curved mirrors 12, 14, coincide at the gain medium 16.

As can be seen in FIG. 1, a laser beam is reflected from
and focused by the first curved mitror 12 so as to pass
through the gain medium 16 to the second curved mirror 14
from which the laser beam is reflected and recollimated. The
third mirror 18 is disposed relative to the first and second
curved mirrors 12, 14 to reflect the laser beam, reflected
from the second curved mirror 14, in a manner completing
a “ring” 19 (as defined above). Le., the laser beam reflected
by the third mirror 18 bypasses the gain medium 16 and
returns to the first curved mirror 12 to complete each of
multiple “cycles” traversed by the laser beam in the ring 19.
For illustrative purposes only and not meant to be limiting,
FIG. 1 depicts a ring 19 composed of eight cycles. The
cycles can be regarded as belonging to the same ring even
though, as suggested by FIG. 1, the cycles do not completely
overlap. This is because each cycle is defined by the same
mitrors.

A source beam (“input beam”) 24 to be amplified is
introduced into the ring 19 using a “beam injector” which
can simply comprise one or more mirrors 22 disposed
relative to the ring so as to reflect the incoming source beam
from an extraneous source (particularly a laser) into the ring
19. FIG. 1, for example, shows the mirror 22 disposed so as
to reflect the incoming source beam 24 toward the first
curved mirror 12. The source beam 24 preferably has a
degree of collimation suitable for the particular amplifier
configuration, power, and size.

The focal lengths of the first and second curved mirrors
12, 14 are preferably the same, but can be different. When-
ever the focal lengths are the same, the gain medinm 16 is
situated equidistant from each of the first and second curved
mirrors 12, 14. Use of curved mirrors having unequal focal
Iengths may make it more difficult to have the beams in the
cycles comprising the ring 19 cross in a suitably small focal
region at the gain medium.

The third mirror 18 is preferably a flat mirror. Although
FIG. 1 shows only one mirror 18 used to complete the ring
19, it will be understood that more than one such mirror can
be used. With only one such mirror, the FIG. 1 embodiment
provides a ring 19 having a triangular profile, wherein the
laser beam propagating around the ring reflects from the
third mirror 18 at relatively large angles of incidence and
refiection. Under conditions in which it may be advantagous
toreduce the angles of incidence and reflection from mirrors
used to bypass the laser beam around the gain medium,
multiple flat mirrors can be used. For example, use of two
flat mirrors rather than the single mirror 18 would create a
ring having a square, rectangular, or trapezoidal profile.

The mirrors 12, 14, 18 can be made of any suitable
material, and persons of ordinary skill in the relevant art will
























