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TECHNICAL FIELD OF THE INVENTION

The present inventionrelates generally to an apparatus and
method of non-destructive evaluation of materials, and more
particularly, to a detection laser within an ultrasonic laser
inspection system used to perform non-destructive evalua-
tions of materials.

BACKGROUND OF THE INVENTION

In recent years, the wuse of advanced composite structures
has experienced tremendous growth in the aerospace, auto-
motive, and many other commercial industries. While com-
posite materials offer significant improvements in perfor-
mance, they require strict quality control procedures in both
the manufacturing processes and after the materials are in
service in finished products. Specifically, non-destructive
evaluation (NDE) methods must assess the structural integ-
rity of composite materials. This assessment detects inclu-
sions, delaminations and porosities. Conventional NDE
methods are slow, labor-intensive, and costly. As a result,
testing procedures adversely increase the manufacturing
costs associated with composite structures.

Various methods and apparatuses have been proposed to
assess the structural inmtegrity of composite structures. One
solution uses an ultrasonic source to generate ultrasonic sur-
face displacements in & work piece which are then measured
and analyzed. Often, the external source of ultrasound is a
pulsed generation laser beam directed at the target. Laser light
from a separate detection laser is scattered by the surface the
work piece. The detection laser light is phase modulated by
the ultrasonic displacements. Notice that a modulation of
phase as a function of time corresponds also to a frequency
modulation and either type of modulation can be used to
describe the process depicted here. Collection optics then
collect the scattered laser energy. The collection optics are
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FIG 3 depicts a pulse detection |aser that uses a
conti nuous pre-anplifier to produce a pul sed detection
| aser beamin accordance with enbodi nents of the
present invention' FIG 4 depicts a fiber pulse
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intermediate power laser beam and amplifies the intermediate
power laser beam to produce a pulse detection laser beam.
One task of this pulse detection laser is to illuminate ultra-
sonic displacements. Light from the laser is scattered, col-
lected, and analyzed with an interferometer to demodulate the
ultrasonic displacements caused by the return echoes of the
ultrasound at the surface of the part.

This pulse detection laser can be constructed in many
ways. One approach is to use single-frequency non-planar
ring oscillator (NPRQ) as a master oscillator and then subse-
quent amplification by two or more laser amplifiers.

Previous solid-state detection lasers used either flash-lamp
pumped rod architectures or diode-pumped slab configura-
tions to amplify a low power master oscillator laser. These
configurations are generically referred to as master oscillator
power amplifier (MOPA) lasers. Flash-lamp pumped laser
can operate at approximately 100 Hz and diode-pumped slab
designs operate easily at 400 Hz, but could be extended to 1
kHz. A typical pulse profile would be to reach a peak power of
1000 W for of 50 us-100 us. The pulse rate of the laser is one
ofthe factors that limit the inspection throughput of the Lase-
rUT system.

Interferometric detection of ultrasonic displacements
requires a stable frequency detection laser beam. The
required frequency stability can be achieved with relatively
low power laser (i.e. a few mW to 1 W). However, laser-
ultrasonic imnspection typically requires around 500 to 1000
Watts peak powers. Those peak powers are achieved by
amplifying the low power single-frequency lasers. High peak
powers are achieved by using pulsed amplifiers that produce
the required peak powers for short durations (i.e. micro-
seconds (.mu.s)). Amplification of the low power single-fre-
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FIG 1 depicts the use of a detection laser in
accordance with enbodi nents of the present invention.
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The enbodi nent of the detection |aser 300 depicted in

FIG 3 may use a nmaster oscillator 302 that nmay be

fiber coupled to a diode punped fiber continuous

pre-anplifier 306 that operates continuously with
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FI G 7 depicts another enbodi mrent of a pul sed
detection | aser 700 which may be used as detection
| aser in accordance with enbodinents of the present
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anpllfles t he seed aser to produce an |nterned|ate
power | aser beam A pulsed anplifier optically coupled
to the continuous pre-anpliSfier receives the

i nternmedi ate power |aser beam and anplifies the

i nternmedi ate power | aser beamto produce a pul se
detection |l aser beam One task of this pul se detection
laser is to illum nate ultrasonic displacenents. Light
fromthe laser is scattered, collected, and anal yzed




What is clained is: 1. A nethod of inspecting an
article conprising: directing a generation | aser beam
to produce ultrasonic displacenents in a surface of
the article; generati ng a continuous seed | aser beam
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¢l antrdsowlbirgipgction system. Operations 900 began with the
generation of a seed detection laser in Step 902. This seed
detection laser beam may be a low power i.e. on the order of
25 mill-watt laser beam which may be amplified in stages.
This seed detection laser beam may be generated using a
NPRO or a single pumped single frequency fiber laser or other
means known to generate the seed detection laser. The seed
laser beam may then be amplified using one or more diode
pumped continuous pre-amplifiers in step 904. This results in
an intermediate laser beam having an intermediate power
level. The intermediate laser beam may then be amplified
using one or more diode pumped pulsed amplifies in step 906
to produce the pulsed detection laser. In the embodiment
previously depicted various combinations of diode pumped
fiber laser amplifiers were employed to increase the power of
the detection laser from a 25 milli-watts seed laser to 1,000 or
more watts. In step 908 the detection laser beam is delivered
to the target.

In operation the present invention allows laser ultrasomic
test equipment to be used in a wider range of environments
while testing more complex surfaces or surfaces within lim-
ited access areas. The embodiments of the present invention
may utilize fiber lasers to generate and deliver detection laser
beams and possibly generation laser beams to a remote target
to be tested. Doing so allows the overall size of a laser ultra-
sound system to be greatly reduced. For example, instead of a
large gantry based system, a much smaller robotic system
may be used to deliver generation and detection laser beams
to the surface of the target to be tested. This allows the laser
ultrasound inspection system offered by embodiments of the
present invention to be used to not only inspect individual
components but to assess the internal structure of integrated
components. Thus, not only can individual parts be inspected
by the laser ultrasound system offered by embodiments of the
present invention but assembled structures made ofindividual
parts may be inspected. This allows inspections to be made
after the integrated structure has been built to see if there are
any changes in the internal structure over the life of the
structure. Additionally embodiments of the present invention
may provide an entirely mobile system that uses fiber lasers to
detect ultrasonic displacements at a remote target in the field

° 10



the internedi ate power |aser beamis a continuous
wave. 5. The nmethod of claim1l, wherein: the pul se
rate of the detection | aser beamranges from about 50
m croseconds to about 100 m croseconds. 6. The

met hod of cl ai wherein the continuaus preanpl.ifier
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erent approaches. e most popular approach is cladding-
pumping where the pumping radiation is inserted in the clad-
ding of the fiber laser or amplifier. Cladding pumping can be
done either from the cladding end (end pumping) or the
cladding side (side-pumping). Side-pumping eliminates the
difficulties of end or coaxial pumping, where off-axis core
designs or twisted active and pump fiber designs. In addition,
a fused-fiber coupling eliminates the need for focusing optics
and alignment, and is more robust than other designs such as
end or V-groove pumping

By employing individual diodes and a cladding side-
pumping technology, the power can be scaled up by the intro-
duction of additional pump diodes with no adverse effect on
reliability. The lifetime of the individual diodes is orders of
magnitude larger that of diode bars. Additionally, single emit-
ters are independent from each other and when one emitter
fails, contrarily to diode bars it does not affect any other
emitter. Finally, in case of the failure of a single emitter, the
decrease in total output power of the fiber laser or amplifieris
very small because of the large number of diode emitters.

In summary, the present invention relate to an improved
laser for the optical detection ofultrasound. A pulse detection
laser is provided by embodiments of the present invention.
The pulse detection laser includes a single frequency oscilla-
tor, a continuous pre-amplifier, and a pulsed amplifier. The
single frequency oscillator generates a seed laser beam and is
optically coupled to the continuous preamplifier. The con-
tinuous pre-amplifier amplifies the seed laser to produce an
intermediate power laser beam. A pulsed amplifier optically
coupled to the continuous pre-amplifier receives the interme-
diate power laser beam and amplifies the intermediate power
laser beam to produce a pulse detection laser beam. One task
of this pulse detection laser is to illuminate ultrasonic dis-
placements. Light from the laser is scattered, collected, and
analyzed with an interferometer to demodulate the ultrasonic
displacements caused by the return echoes of the ultrasound
at the surface of the part.

As one of average skill in the art will appreciate, the term
“substantially” or “‘approximately”, as may be used herein,
provides an industry-accepted tolerance to its corresponding
term. Such an industry-accepted tolerance ranges from less
than one percent to twenty percent and corresponds to, but is
not limited to, component values, integrated circuit process
variations, temperature variations, rise and fall times, and/or
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a processor that receives the information fromthe
optics to determ ne structural integrity of the
article. 13 8. The pul sed detection |aser of
claim7, wherein the conti nuous pre anmplifier
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aboBpbr ERAMM & pwalkauhe HBHIWA relationship is that signal 1 has
a greater magnitude than signal 2, a favorable comparison
may be achieved when the magnitude of signal 1 is greater
than that of signal 2 or when the magnitude of signal 2 is less
than that of signal 1.

Although the present invention has been described in
detail, it should be understood that various changes, substi-
tutions and alterations can be made hereto without departing
from the spirit and scope of the invention as defined by the
appended claims.
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14. The nmethod of claim1l, wherein the step of
generating the seed | aser beam conprises using a
master oscillator having conponents selected fromthe
list consisting of-Ytterbium doped fibers operable to
produQ,g rgdl altl on Al a wavel engt h of about 1000 =1,
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by t hé. Adasteultapgaind system, comprising:
a generation laser that directs a pulsed generation laser
beam to produce ultrasonic displacements in a surface of
an article;
a single frequency master oscillator for generating a con-

tinuous seed laser beam: .
a continuous pre-amplifier optically coupled to the single

frequency master oscillator via free space for amplifying
the seed laser beam to produce a continuous intermedi-

ate power laser beam: and
a pulsed amplifier optlcally coupled to the continuous pre-

amplifier via free space and without any intervening
optical devices, the pulsed amplifier amplifying the
intermediate power laser beam to produce a pulsed
detection laser beam directed against the ultrasonic dis-
placements in the surface of the article, which causes
scattering of the pulsed detection laser beam;
optics that collect information about the scattered pulsed
detection laser beam; and
a processor that receives the information from the optics to

determine structural integrity of the article.



,an optical processor to process the phase nodul at ed
light collected by the collection optics and produce
an out put signal; and a processor operable to process
the output signal to obtain data representative of the
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14. The method of claim 1, wherein the step of generating
the seed laser beam comprises using a master oscillator hav-
ing components selected from the list consisting of Ytterbium
doped fibers operable to produce radiation at a wavelength of
about 1000 nm, Erbium doped or co-doped fibers operable to
produce radiation at a wavelength of about 1550 nm, and fiber
lasers having side cladding pumping wherein pumping
diodes are coupled to active fiber through pumping fibers.

15. A composite inspection apparatus for measuring ultra-
sonic surface displacements on a surface of a remote target
comprising:
an ultrasound generation system operable to produce ultra-

sonic surface displacements in the remote target;

_a detection laser operable to illuminate ultrasonic surface
displacements on the surface of the remote target with a
pulsed detection laser beam, wherein the detection laser
comprises:

_a single frequency master oscillator operable to generate a
seed laser beam;

a continuous pre-amplifier optically coupled via free space
to the single frequency master oscillator, the continuous
pre-amplifier operable to amplify the seed laser beam to
produce a continuous intermediate power laser beam:;
and

a pulsed amphﬁer optically coupled to the continuous pre-
amplifier via free space without any intervening optical
devices, the pulsed amplifier operable to amplify the
intermediate power laser beam to produce the pulsed
detection laser beam:;

_a scanning assembly operable to create relative motion
between an illumination spot of the pulsed detection
laser beam and the surface of the remote target;

collection optics for collecting phase modulated light from
the pulsed detection laser beam either reflected scattered

by the remote target;



.an optical processor to process the phase modulated light
collected by the collection optics and produce an output
signal; and

a processor operable to process the output signal to obtain

data representative of the ultrasonic surface dlsplace—
ments on the surface of the remote target.

16. The method of claim 1, wherein the ratio of the power
between the seed laser beam and the intermediate power laser
beam is selected from the list consisting of about 200, 400,
2500, 4000, 5000, and 50,000.

17. The method of claim 1, wherein the ratio of the power
between the seed laser beam and the pulsed detection laser
beam is selected from the list consisting of about 20,000,
40,000, 250,000, and 500,000.

18. The method of claim 1, wherein the ratio of the power
between the intermediate power laser beam and the pulsed
detection laser beam is selected from the list consisting of
about 10, 50, and 200.



