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Patentanspriche

1. Verfahren zum Anbringen wenigstens sines
optischen Sendeelements {1}, mit dem Licht mindes-
iens siner vorgegehenen Wellenldnge in ein Messvo-
iumen (12) innarhalb eines manschiichen oder tieri-
schen Karpers einstrahibar ist, und wenigstans sines
optischen Detekiorelements (2), mit dem wenigstens
ein transmittierter, reflektierter, remittierter oder diffus
gestreuter Teil das in das Messvoluman (12) einge-
strahlten Lichts detektierbar ist, dadurch gekenn-
zeichnet, dass die Befestigung des wenigstens ei-
nen optischen Sendeslements (1) und des wenigs-
iens einen optischen Detektorglements (2} aus-
schiiefilich an einem oder mehreren mechanisch fes-
fen und ohne chirurgische Eingriffe zugangiichen
Kérperteilen srfolgt.

2. Verfahren nach Anspruch 1, dadurch gekenn-
zeichnst, dass das wenigstens eine optische Sende-
element {1} und das oplische Detekiorsisment (2) ne-
benginander an einem Fingernags! oder einem Full-
nagel {11) befestigt werden und dass die Einstrah-
iung des Lichts in ein Messvolumen {12) unter dem
Fingernagel oder Fulinagel (11) erfolgl.

3. Verfahren nach Anspruch 1,
dadurch gskennzeichnet, dass das wenigsiens eine
optische Sendeelement (1) und das oplische Detek-
forelernent (2) an einsm oder mehraren Zdhnen (8, 7)
derart befestigt werden,
dass das wenigstens sine optische Sendeelement
{1} palatinal und das wenigstens eine optische Detek-
torslement (2) labial cder das wenigstens eine opti-
sche Sendeelament (1) labial und das wenigsiens
eine optische Detekiorelement {2) palatinal angeord-
net werden und
dass ein zwischen dem wenigstens ginen optischen
Sendeslement (1) und dem weanigstens einen opti-
schen Detektorelement {2} befindliches Zahnfleisch
durchstrahlt wird.

4. Verfahren nach Anspruch 1, dadurch gekenn-
zeichnet, dass das wenigstens eine optische Sende-
element (1) an einem ersten Zahn (8) angebracht
wird und das wenigstens sine optische Detekiorele-
ment (2} an demselben Zahn (8} oder an einem zum
ersten Zahn (8) benachbarten zweiten Zahn {7} an-
gebracht wird und dass sin zwischen dem wenigs-
tens einen optischen Sendeelement (1) und dem we-
nigstens einen optischen Detekiorelement (2) befind-
liches Zahnfleisch durchstrahit wird.

5. Verfahren nach einem der Anspriicha 1 bis 4,
dadurch gekennzeichnet, dass eine Ansteuersinheit
{18) das wenigstens eine optische Sendeslement (1)
s0 ansteuert, dass dieses das Licht mindestens siner
vorgegebenen Wellenldnge in das Messvolumen (12)
einstrahit, dass ein Signal des wenigstens eingn op-
tischen Detakiorelements (2) an eine Verarbeitungs-
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(3) und/oder Ausweriesinheit (14) weitergeleitet wird
und dass ein verarbeiietes und/oder ausgewertetles
Signal an eine Speichereinhait (18) weitergeleiiet
und/oder an einer Anzeigeeinheit (19) angezeigt
wird.

6. Anordnung mit wenigstens sinem optischen
Sendselement (1), mit dem Licht mindestens einar
vorgehbaren Wellenlange in ein Messvolumsn (12)
innerhaib sines menschiichen coder terischen Kar-
pers einstrahlbar ist, mit wenigstens einem optischen
Detekiorelement (1), mit dem wenigstens ein frans-
mittierter, reflsktierter, remittierter oder diffus gestreu-
ter Teil des in das Massvolumen {(12) eingestrahlien
lichts detektierbar ist, mit einer Ansteuarsinheit (15)
zur Ansteuerung des wenigsiens einen optischen
Sendeelements (1), mit einer Verarbeitungs- {3)
und/oder Ausweriseinhsit (14) sowis mit einer Spai-
chereinheit {(18) und/oder einer Anzeigesinheit (19),
dadurch gekennzeichnet, dass die Anordnung we-
nigstens sin Befastigungsmittel (10) aufwelist, mit
dem das wenigsiens eine optische Sendeelemant {1}
und das wenigstens eine optische Detekiorelemant
(2) ausschiiefiiich an einem oder mehreren mecha-
nisch fesien und ohne chirurgischen Eingriif zugang-
lichen Karperteilen befestigbar ist.

7. Anordnung nach Anspruch 8, dadurch gakenn-
zeichnet, dass als Befestigungsmittel {18) eine Kiam-
mer vorgesehen ist, die an den einen oder die meh-
reren mechanisch festen und ohne chirurgischen
Eingriff zuganglichen Kérpertelle, insbesondere si-
nen Finger- oder Fussnagel (11) oder ain oder meh-
rere Zahne {8, 7}, angepasst ist.

8. Anordnung mit wenigstens einem optischen
Sendesisment (1), mit dem Licht mindestans siner
crgebharan Welienidnge in ein Massvolumen (12)
innerhaib eings menschiichen oder tierischen Kér-
pers einstrahlbar ist, mit wenigstens einem optischen
Destektorelement {2}, mit dem wenigstens ein trans-
mittierter, reflektierter, remittierier oder diffus gestreu-
ter Teil des in das Messvolumen {12) eingestrahiten
Lichts detektierbar ist, mit einer Ansteuereinheit (15}
zur Ansteuerung des wenigstens einen optischen
Sendesiements (1), mit einer Verarbeilungs- (3}
und/oder Auswerteeinheit (14) sowie mil einer Spei-
chereinheit (18) und/oder einer Anzeigeeinhait {18),
dadurch gekennzeichnet, dass das wenigstens eine
optische Sendeelement (1) und das wenigstens eine
optische Detekiorelemnent (2} ausschiiefliich an ai-
nera oder mehraren mechanisch festen und chne chi-
rurgischen Eingriff zuganglichen K&rperteilen befes-
tigt sind.

9. Anordnung nach Anspruch 8, dadurch gekenn-
zeichnet, dass das wenigstens eine optische Sende-
element (1) und das wenigsiens eine oplische Detek-
torelement (2) nebeneinander an einem Fingemage!
oder einem Fullnage! {11} befastigt sind.
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10, Anordnung nach Anspruch 8, dadurch ge-
kennzeichnet, dass das wenigstens sine optische
Sendeelement {1} und das wenigstens eine optische
Detekiorelement (2) an einem oder mehreren Za8h-
nen (6, 7) derart befestigt sind, dass das wenigstens
eine oplische Sendeelemant (1) palatinal und das
wenigstens eine optische Detektorelement (2) labial
oder das wenigstens eine optische Sendeelement (1)
iabial und das wenigstens eine optische Deteltorale-
ment (2) palatinal angeordnat ist und dass ain zwi-
schen dem wenigstens einen optischen Sendeele-
ment (1) und dem wenigstens einen optischen Detek-
forelement (2) bafindlicher Raum zumindest ieilweise
Zahnfleisch enthalt.

11. Anordnung nach Anspruch 8, dadurch ge-
kennzeichnel, dass das wenigstens sine optische
Sendeelement (1) an einam ersten Zahn (8) ange-
brachtist und das wenigstens eine optische Detekior-
element (2} an demselben Zahn (8) oder an einem
zum ersten Zahn (8} benachbarien zwsiten Zahn (7)
angaebracht ist und dass ein zwischen dem wenigs-
tens einen optischen Sendeelement (1) und dem we-
nigstens einen optischen Detekiorelement (2) befind-
licher Raum zumindest teilweise Zahnileisch enthalt.

Es folgen 5 Blatt Zeichnungen
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Fig. 3
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TITLE OF THE INVENTION
NEAR-INFRARED TRANSILLUMINATION FOR
THE IMAGING OF EARLY DENTAL DECAY

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims priority from U.S. provisional application serial
number 60/493,569 filed on August 8, 2003, the entirety of which is herein

incorporated by reference.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH
OR DEVELOPMENT
[0002] This invention was made with Government support under Grant No.
1-R01 DE14698 and Grant No. T32 DE07306-07 awarded by NIH/NICDR.

The Government has certain rights in this invention.

INCORPORATION-BY-REFERENCE OF MATERIAL
SUBMITTED ON A COMPACT DISC
[0003] . Not Applicable

BACKGROUND OF THE INVENTION

1. Field of the Invention

[0004] This invention pertains generally to detection of dental caries by
transillumination of a tooth, and more particularly to transillumination at
wavelengths that are not subject to scattering by sound tooth enamel and

identification of dental caries in interproximal sites between teeth.

2. Incorporation by Reference of Publications

[0005] The following publications are incorporated by reference herein in their
entirety:

[0006] J. D. B. Featherstone and D. Young, "The need for new caries

detection methods,” Lasers in Dentistry V, San Jose, CA, Proc. SPIE 3593,
134-140 (1999).

[0007] J. Peltola and J. Wolf, " Fiber optics transillumination in caries
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diagnosis,” Proc Finn Dent Soc, 77, 240-244 (1981).

[0008] J. Barenie, G. Leske, and L. W. Ripa, "The use of fiber optic
transillumination for the detection of proximal caries," Oral Surg, 36, 891-897
(1973).

[0009] R. D. Holt and M. R. Azeevedo, "Fiber optic transillumination and
radiographs in diagnosis of approximal caries in primary teeth," Community
Dent Health, 6, 239-247 (1989).

[0010] C. M. Mitropoulis, "The use of fiber optic transillumination in the
diagnosis of posterior approximal caries in clinical trials," Caries Res, 19, 379-
384, (1985).

[0011] A. Peers, F. J. Hill, C. M. Mitropoulos, and P. J. Holloway, "Validity and
reproducibility of clinical examination, fibre-optic transillumination, and bite-
wing radiology for the diaghosis of small approximal carious lesions.” Caries
Res., 27, 307-311 (1993).

[0012] C. M. Pine, "Fiber-Optic Transillumination (FOTI) in Caries Diagnosis,"
in Early Detection of Dental Caries, G. S. Stookey, ed., (Indiana Press,
Indianapolis, Ind. 1996).

[0013] J. Vaarkamp, J. J. t. Bosch, E. H. Verdonschot, and E. M. Bronkhorst,
"The real performance of bitewing radiography and fiber-optic fransillumination
for approximal caries diagnosis,” J Dent Res, 79, 1747-1751 (2000).

[0014] A. Schneiderman, M. Elbaum, T. Schultz, S. Keem, M. Greenebaum,
and J. Driller, "Assessment of Dental caries with Digital Imaging Fiber-Optic
Transillumination (DIFOTI):In vitro Study,” Caries Res., 31, 103-110 (1997).

[0015] D. Fried, J. D. B. Featherstone, R. E. Glena, and W. Seka, "The nature
of light scattering in dental enamel and dentin at visible and near-IR
wavelengths," Appl. Optics, 34, 1278-1285 (1995).

[0016] R. Jones and D. Fried, "Attenuation of 1310 and 1550-nm laser light
through dental enamel,” in Lasers in Dentistry VIill, San Jose, Proc. SPIE
4610, 187-190 (June 2002).

[0017] G. M. Hale and M. R. Querry, "Optical constants of water in the 200-nm
to 200-uym wavelength region.,” Appl. Optics, 12, 555-563 (1973).
[0018] D. Spitzer and J. J. ten Bosch, "The absorption and scattering of light in
2-
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bovine and human dental enamel,” Calcif. Tiss. Res., 17, 129-137 (1975).

[0019] S. Keem and M. Elbaum, "Wavelet representations for monitoring
changes in teeth imaged with digital imaging fiber-optic transillumination,”
IEEE Trans Med Imaging, 16, 653-63 (1997).

3. Incorporation by Reference of Patents

[0020] The following U.S. patents which describe transillumination techniques

and devices are incorporated by reference herein in their entirety:

[0021] U.S. No. 6,341,957
[0022] U.S. No. 6,243,601
[0023] U.S. No. 6,201,880
4. Description of Related Art
[0024] During the past century, the nature of dental decay or dental caries has

changed dramatically due to the addition of fluoride to the drinking water, the
widespread use of fluoride dentifrices and rinses, and improved dental
hygiene. Despite these advances, however, dental decay continues to be the
leading cause of tooth loss in the United States. By age 17, 80% of children
have experienced at least one cavity. In addition, two-thirds of adults in the
age range of 35 to 44 have lost at least one permanent tooth to caries. Older
adults suffer tooth loss due to the problem of root caries.

[0025] Today, almost all new decay occurs in the occlusal pits and fissures of
the posterior dentition and the interproximal contact sites between teeth.
These early carious lesions are often obscured or "hidden" in the complex and
convoluted topography of the pits and fissures or are concealed by debris that
frequently accumulates in those regions of the posterior teeth. Such decay,
particularly in the early stages, is difficult to detect using the dentist's existing
armamentarium of dental x-rays and the dental explorer (a metal mechanical
probe). Therefore, new imaging technologies are needed for the early
detection of such lesions.

[0026] Moreover, the treatment for early dental decay or caries is shifting away
from aggressive cavity preparations that attempt to completely remove
demineralized tooth structure toward non-surgical or minimally invasive

restorative techniques. In non-surgical therapy, a clinician prescribes

-3-
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antibacterial rinses, fluoride treatments, and dietary changes in attempt to
naturally remineralize the decay before it becomes irreversible. The success
of this type of therapy is contingent on early caries detection and also requires
imaging modalities that can safely and accurately monitor the success of such
treatment. Conventional x-rays do not precisely measure the lesion depth of
early dental decay, and due to ionizing radiation exposure are not indicated
for regular monitoring. These constraints and limitations are the impetus for
investigating optical imaging systems that could detect early dental decay,
while providing the biologically compatible wavelengths that facilitate frequent
screening.

Before the advent of x-rays, dentists used light for the detection of
caries lesions. In the past 30 years, the development of high intensity fiber-
optic illumination sources has resurrected this method for caries detection.
Previous groups pursuing visible light transillumination, have used or
proposed more advanced imaging techniques like temporal or coherence
gating and sophisticated image processing algorithms to enhance the imaging
and detection of dental decay.

Fiber-optic transillumination (FOT]I) is one technology being developed
for the detection of interproximal lesions. One digital-based system,
DIFOTITM (Digital Imaging Fiber-Optic Transillumination) from Electro-Optical
Sciences, Inc., that utilizes visible light, has recently received FDA approval.
During FOTI a carious lesion appears dark upon transillumination because of
decreased transmission due to increased séattering and absorption by the
lesion. However, the strong light scattering of sound dental enamel at visible
wavelengths, 400-nm to 700-nm, inhibits imaging through the tooth.

BRIEF SUMMARY OF THE INVENTION

The present invention is directed to the detection, diagnosis, and
imaging of carious dental tissue. The invention resolves changes in the state
of mineralization of dental hard tissues with sufficient depth resolution to be
useful for the clinical diagnosis and longitudinal monitoring of lesion
progression. One aspect of the invention is to provide system and method for

the detection, diagnosis, and imaging of early caries lesions and/or for the

-4~
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monitoring of lesion progression. Another aspect of the invention is to provide
a near-infrared transillumination system and method for the detection and
imaging of early interproximal caries lesions. A further aspect of the invention
is to provide a near-infrared transillumination system and method for the
detection of cracks and imaging the areas around composite restorations.

[0030] In one mode, near-IR light at 1310-nm is used for the detection and
imaging of interproximal caries lesions where a high contrast between sound
enamel and simulated lesions is exhibited. In addition, occlusal lesions, root

_caries, secondary decay around composite restorations, and cracks and
defects in the tooth enamel can be seen.

[0031] In accordance with one aspect of the invention, a method for detecting
tooth anomalies comprises transilluminating a tooth with light having a
wavelength in the range from approximately 795-nm to approximately 1600-
nm, and the step of imaging light passing through said tooth for determining
an anomaly or area of decay in said tooth. In accordance with other aspects
of the present invention, a tooth is transilluminated with near-infrared light at a
wavelength more preferably in the range from approximately 830-nm to
approximately 1550-nm, more preferably in the range from approximately
1285-nm to approximately 1335-nm, and more preferably at a wavelength of
approximately 1310-nm.

[0032] In another mode, the light is filtered to remove extraneous light. The
light may be polarized with one or more polarizing filters to remove light not
passing through said tooth. The polarizing filters are preferably crossed high-
extinction polarizing filters. The method may also comprise filtering said light
with a bandpass filter o remove light outside a specified bandwidth.

[0033] Generally, transilluminating a tooth comprises directing light from a
near-infrared light source at a surface of said tooth. The light source may be
a fiber-optic bundle coupled to a halogen lamp, a superluminescent laser
diode, or similar IR source.

[0034] In one mode of the invention, the light source may be manipulated
behind the tooth to direct said light at a lingual surface of the tooth.

Alternatively, the light source may be manipulated in front of said tooth to

-5-
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direct said light at a facial surface of the tooth.

[0035] In one embodiment, the step of imaging light passing through the tooth
comprises detecting intensity of light passing through the tooth at a plurality of
spatial positions, developing a spatial profile of the detected light intensity,

" using the spatial intensity profile to identify an area in said tooth exhibiting
intensity gradients, designating said area of said tooth exhibiting intensity
gradients as an area of tooth decay. In another embodiment, detected light
intensity is compared over at least a portion of said spatial positions for
determining an area of decay in said tooth and an area of the tooth exhibiting
a lower detected light intensity than an at least partially surrounding area is
designated as an area of tooth decay.

[0036] In one aspect of the invention, the step of detecting the intensity of light
passing through said tooth comprises directing a first detector at an aspect of
the tooth, such as a facial aspect of the tooth, an occlusal aspect of the tooth,
an opposite aspect of the tooth from the light source, or the same aspect of
the tooth as the light source.

[0037] According to another embodiment of the invention, a second detector a
second detector may at a different aspect of the tooth than the first detector.
For example, the second detector may be directed at an occlusal aspect of
the tooth while the first detector is directed at a facial aspect of the tooth. The
detector may comprise a focal plane array, near-infrared CCD camera, or the
like.

[0038] The method may be used to determine anomalies such as an area of
decay, a crack, a composite restoration, and dental caries in an occlusal site
or interproximal contact site between said tooth and an adjacent tooth of said
tooth.

[0039] According to another aspect of the invention, a system for detecting
tooth decay comprises a near-infrared light source emitting light having a
wavelength in the range from approximately 785-nm to approximately 1600-
nm wherein the light source is configured {o transilluminate a tooth, and
means for imaging light passing through said tooth and determining an area of

decay in said tooth. In accordance with other aspects of the present

-6-
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invention, a light source has a wavelength more preferably in the range from
approximately 830-nm to approximately 1550-nm, more preferably in the
range from approximately 1285-nm to approximately 1335-nm, and more
preferably at a wavelength of approximately 1310-nm. In one mode, the light
source comprises a polarized light source. In another mode, the light sdurce
comprises an unpolarized light source. In one embodiment, the light source
comprises a fiber-optic bundle coupled to a halogen lamp. In another
embodiment, the light source comprises a superluminescent diode (SLD). In
still another embodiment, the imaging means comprises a CCD camera. In
another embodiment, the imaging meané comprises a focal plane array
(FPA). ‘

[0040] According to yet another aspect of the invention, a system for detecting
a tooth anomaly comprises a near-infrared light source having a wavelength in
the range from approximately 795-nm to approximately 1600-nm, wherein the
light source is configured to transilluminate a tooth. The system further
includes an imaging device configured to detect intensity of light from said
light source passing through said tooth, whereby an anomaly in said tooth can
be determined from intensity of light detected by said imaging device.

[0041] Further aspects of the invention will be brought out in the following
portions of the specification, wherein the detailed description is for the
purpose of fully disclosing preferred embodiments of the invention without
placing limitations thereon.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWING(S)

[0042] The invention will be more fully understood by reference to the
following drawings which are for illustrative purposes only:

[0043] FIG. 1 is graph comparing the attenuation coefficient of dental enamel

and water as a function of wavelength.
[0044] FIG. 2 is a flowchart of an embodiment of a method for detecting dental
caries by near-infrared transillumination according to the present invention.
[0045] FI1G. 3 is a schematic diagram of a system for Near-Infrared
Transillumination of whole teeth and tooth sections according to the present

invention.

-7-
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[0046] FIG. 4 is a schematic diagram of another system for Near-Infrared
Transillumination of whole teeth and tooth sections according to the present
invention using two light sources.

[0047] FIGS. 5A-5D are views of a tooth with a simulated lesion. FIG. 5A is a
side view of a 3-mm thick tooth section with a simulated lesion. FIG. 5B
illustrates that the lesion cannot be seen using transillumination with visible
light and a CCD camera. FIG. 5C illustrates that the lesion is clearly visible
under NIR. FIG. 5D is an x-ray of the section using D-speed film indicates the
small contrast difference between the simulated lesion and sound enamel.

[0048] FIGS. 6A-6F are NIR transillumination images of tooth sections with
simulated lesions are shown for sample thicknesses of 2-mm, 3-mm, 4-mm, 5-
mm, 6-mm and 6.75-mm, respectively. The corresponding spatial line profiles
are shown on the inset in the lower right of each image, and the measured
lesion contrast is shown in the lower left. The left axis represents the pixel
intensity ranging from 0 to 4096, and the bottom axis the pixel position
through the lesion.

[0049] FIG. 7 is a graph showing the mean %s.d lesion contrast plotted versus
thickness of plano-parallel enamel samples, n=5.

[0050] FIG. 8 is an NIR image of a whole tooth sample. A natural carious
lesion and a composite restoration are seen on the left and right, respectively.
The tooth is slightly rotated to present different viewing angles. A crack is also
visible in the center of the tooth.

DETAILED DESCRIPTION OF THE INVENTION

[0051] Referring more specifically to the drawings, for illustrative purposes the
present invention is embodied in the system(s) and method(s) generally
shown in FIG. 2 through FIG. 8. It will be appreciated that the apparatus may
vary as to configuration and as to details of the parts, and that the method
may vary as to the specific steps and sequence, without departing from the
basic concepts as disclosed herein.

[0052] A principal limiting factor of light in the visible wavelength range from
approximately 400-nm to 700-nm being fransmitted through a tooth is light

scattering in sound enamel and dentin. The present invention overcomes that
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limiting factor by employing near-infrared (NIR) for transillumination of a tooth.
The magnitude of light scattering in dental enamel decreases as 1/4°, where
A is the wavelength, due to the size of the principal scatterers in the enamel.
The attenuation coefficients of dental enamel measured at 1310-nm and
1550-nm were 3.1 cm™ and 3.8 cm™, respectively. As shown in FIG. 1, the
magnitude of scattering at those wavelengths is more than a factor of 30 times
lower than in the visible range. This translates io a mean free path of 3.2 mm
for 1310-nm photons, indicating that enamel is transparent in the near-infraréd
(NIR). Atlonger wavelengths past 1550-nm, the attenuation coefficient is not
expected to decrease any further due to the increasing absorption coefficient
of water, 12% by volume, in dental enamel.

As indicated above, at shorter wavelengths the light is subject to
scattering. On the other hand, at longer wavelengths, absorption of water in
the tissue increases and thereby reduces the penetration of infrared light.

Note also that, during the caries process, micropores are formed in the
lesion due to partial dissolution of the individual mineral crystals. Such small
pores can behave as scattering centers smaller than the wavelength of the
light. Accordingly, there can be an increase in both the magnitude of light
scattering and the contribution of large angle scattering to the scattering
phase function in caries lesions due to the increased microporosity. Changes
in the optical constants and scattering phase function of enamel and dentin
result in more rapid depolarization of incident polarized light. Accordingly,
polarized light (e.g., via linear or circular polarization) will provide a greater
image contract than unpolarized light and can be exploited to aid in the near-
infrared optical detection of carious lesions.

The present invention is particularly useful in detecting occlusal caries
(biting surfaces) and interproximal caries or lesions located at interproximal
contact sites between adjacent teeth. The present invention is also useful in
detecting other anomalies such as root caries, cracks, and imaging around
composite restorations.

Referring to FIG. 2, an exemplary method for detecting tooth anomalies
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such as dental decay or caries according to the invention is illustrated. First, a
near-infrared light source is positioned adjacent to a tooth to be examined, as
shown at block 20. Next, the tooth is transilluminated with the near-infrared
light, as shown at block 22. The wavelength of the light is preferably in the
range from approximately 795-nm to approximately 1600-nm, more preferably
in the range from approximately 830-nm to approximately 1550-nm, more
preferably in the range from approximately 1285-nm to approximately 1335-
nm, and more preferably at a wavelength of approximately 1310-nm. Use of
near-infrared light in these ranges provides deeper depth resolution and
improved contrast between sound and carious enamel as compared to light at
other wavelengths.

Once the tooth is transilluminated, the intensity of the light passing
through the tooth at a plurality of spatial positions is detected, thereby forming
an image of the tooth structure, as shown at block 24. The detected light
intensity over at least a portion of the spatial positions is then compared so
that an area of tooth decay can be identified, as shown at block 26. This is
preferably accomplished by developing a spatial profile so that intensity
gradients can be seen. An area of the tooth that exhibits a lower detected
light intensity than an at least partially surrounding area is indicative of an area
of tooth decay. While contrast alone can be used as an indicator of tooth
decay, more preferably the existence of a defined boundary or edge between
areas exhibiting intensity gradients is a more accurate indicator. It will be
appreciated, of course, that a dentist or trained clinician will review and
evaluate the images to distinguish lesions from, for example, areas containing
fillings, composite restorations, or other non-dental caries areas that effect
intensity gradients in the image. Note that the incident light is preferably
linearly polarized and, preferably, only light in the orthogonal polarization state
is measured.

An exemplary NIR imaging device 30 is shown schematically in FIG 3.
Light 50 is emitted from a light source 32, through polarizer 38 and aperture
34 toward tooth or series of teeth 36. Light source 32 preferably comprises a
broadband light source, such as fiber-optic bundle coupled to a halogen lamp,

-10-
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or a superluminescent laser diode (SLD). It was found that the speckle of
conventional narrow bandwidth diode lasers such as a 50-mW 1310-nm
source, Model QLD-1300-50 (Qphotonics Inc., Chesapeake, VA) interfered
significantly with image resolution and were not optimal for the present
invention.

[0059] Crossed near-IR polarizers, 38, 40 are used to remove light that directly
illuminated the array without passing through the tooth. In a clinical situation,
the light passing between the teeth will saturate the image preventing
detection. Dental enamel is birefringent and, therefore, the polarization state
of the light passing through the tooth may be altered to reduce extinction.
Polarization gating using crossed high extinction polarizers 38, 40 removes
extraneous light that does not pass through the tooth and exploits the native
birefringence of the tooth enamel to rotate the plane of polarization so that
only light that passes through the tooth is measured. Caries lesions
depolarize light which provides better image contrast between sound and

carious tissue

[0060] Light passing through tooth 36 and polarizer 40 is further filtered with
bandpass filter 42 to remove all light outside the spectral region of interest.
[0061] The light is then focused with lens 44 and picked up with detector 46 to

acquire images of tooth or teeth 36. In a preferred embodiment, detector 46
comprises a near-infrared (NIR) InGaAs focal plane array (FPA).

[0062] The illuminating light intensity of light source 32, the diameter of
aperture 34, and the distance of the light source to tooth 36, may all be
adjusted to obtain the maximum contrast between the lesion and the
surrounding enamel without saturation of the InGaAs FPA around the lesion
area.

[0063] Alternatively, detector 46 may comprise a CCD camera with the IR filter
42 and a 70-nm bandpass filter centered at approximately 830-nm.
Alternatively, the bandpass filter may be removed. Imaging with a near-IR
CCD camera is less expensive with an InGaAs detector, but does not perform
as well as an InGaAs detector. As another alternative, transillumination can

also be conducted using a CCD camera with a near-infrared phosphor in the
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range of approximately 1000-nm to approximately 1600-nm.

In yet another alternative embodiment, image quality may be improved
by utilizing biocompatible index matching fluids and gels and/or solid materials
of high refractive index to reduce reflection, total internal reflection, and
refraction at the tooth entrance and exit surfaces. Such materials would be
placed on the end of the illumination source 32 and/or the detector 46 and
would make physical contact with the tooth surface

Now referring to Figure 4, an alternative embodiment of NIR imaging
device 60 is shown schematically for imaging tooth 36. This device 60 may be
used for the near-IR imaging of occlusal and pit and fissure lesions by placing
light source 62 on the facial aspect 68 or lingual aspect 70 of the tooth and
placing a second imaging source 66 above the occlusal surface 72 of the
tooth 36 in addition to the first imaging source 68 either the facial or lingual
aspects, 68, 70. Detection of light 50 along different axes may be achieved
with a combination of prisms, mirrors or optical fiber components. For
example, the imaging fiber optic bundle 62 could be fitted with a 90° prism
(not shown) and connected to a near-IR imaging camera. Alternatively, the
light source may also be placed in any combination of these viewing angles,
including having the light source and imager on the same aspect of the tooth.

EXAMPLE 1
(Sample Preparation)

Thirty plano-parallel sections of enamel of various thicknesses (2-mm,
3-mm, 4-mm, 5-mm, 6-mm, and 6.75-mm) were prepared from non-carious
human teeth. These sections were stored in a moist environment to preserve
tissue hydration with 0.1% thymol added to prevent bacterial growth. Uniform
scattering phantoms simulating dental decay were produced midway through
each section by drilling 1-mm diameter x 1.2-mm deep cavities in the proximal
region of each sample and filling the cavities with hydroxyapatite paste. A thin
layer of unfilled composite resin was applied to the outside of the filled cavity
to seal the hydroxyapatite within the prepared tooth cavity.

(NIR Imaging)
Both a 150-watt halogen lamp, Visar™ (Den-Mat, Santa Maria, CA),
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and a 1310-nm superluminescent diode (SLD) with an output power of 3.5
mW and a bandwidth of 25-30 nm, Model QSDM-1300-5 (Qphotonics Inc.,
Chesapeake, VA) were separately used as the illumination source.

[0068] Model K46-252 (Edmund Scientific, Barrington, NJ) crossed near-IR
polarizers were used to remove light that directly illuminated the array without
passing through the tooth. A 50-nm bandpass filter centered at 1310-nm
Model BP-1300-090B (Spectrogon US, Parsippany, NJ) was used to remove
all light outside the spectral region of interest.

[0069] A near-infrared (NIR) InGaAs focal plane array (FPA} having a
resolution of 318 x 252 pixels was used to acquire all of the images. The
particular FPA used was an Alpha NIRTM (Indigo Systems, Goleta, Ca) with
an Infinimite™ lens (Infinity, Boulder, Co).

[0070] The acquired 12-bit digital images were analyzed using IRVista™
software (Indigo Systems, Goleta, Ca).

[0071] The illuminating light intensity, source to sample distance, and the
aperture diameter were adjusted for each sample to obtain the maximum
contrast between the lesion and the surrounding enamel.

[0072] Although the 3.5-mW SLD source provided similar image quality to the
halogen lamp source, all the images illustrated herein were acquired using the
fiber-optic illuminator. Due to the natural tooth contours, the sides near the
simulated lesions in the tooth sections were masked with putty to ensure that
light traveled the full width of the sample. This masking is not applicable in a
clinical situation and was not necessary to acquire images of whole teeth.

[0073] In addition, good images of teeth were obtained using the 3.5 mW SLD
operating at 1310-nm. This is important because this illumination source is
very compact and can be easily placed in the oral cavity. Furthermore, the
SLD is much more compact than the illumination source used for DiIFOTI and
can be integrated into a small dental explorer and manipulated behind the
teeth for collection of images using the camera.

(Visible and X-ray Imaging)

[0074] A tooth section of minimal sample thickness, 3-mm, was chosen for

comparison of the NIR transillumination system with conventional visible light
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FOTI and x-ray transillumination. For visible light transillumination, the same
fiber-optic illuminator was used to illuminate the section and a color 1/3” CCD
camera with a resolution of 450 lines, Model DFK 5002/N, (Imaging Source,
Charlotte, NC) equipped with the same Infinimite™ lens recorded the
projection image. The corresponding x-ray image was acquired by placing the
section directly on Ultra-Speed™ D-speed film (Kodak, Rochester, NY) using
75 kVp, 15 mA, and 12 impulses.

(Image Analysis)

The coordinates of each simulated lesion were known prior to analyzing
the contrast of each lesion. The mean pixel intensity of the lesion and the
enamel above and below the lesion was measured using the IRvista™
software. Lesion contrast was calculated for each sample as follows:

Lesion Contrast (C) = (lg-IL)/ Ig,
where Ig is the mean intensity of the enamel bordering the lesion and |, is the
mean intensity of the lesion. Lesion contrast is defined as a ratio that will vary
from zero (0) to one (1). For each of the six sample thicknesses measured,
the mean lesion contrast was calculated and plotted versus sample thickness.

Although contrast is important, the boundary or edge between the
lesion and the sound tooth structure is central to detection of the lesion.
Therefore, the spatial intensity profile of a lesion with its surrounding enamel
was analyzed. An intensity profile was mapped from a (1) distinct line in six
sample images representing each thickness.

RESULTS

Visible light, NIR and X-ray images of a simulated lesion placed in one
of the 3-mm thick tooth sections are shown in FIG. 5A-5D. The lesion 80
cannot be seen using visible light transillumination, however the lesion is
clearly visible with high contrast using NIR light transillumination. A
radiographic image of the tooth section using D-speed film shows a low lesion
contrast, or a small contrast difference between the lesion and the
surrounding enamel.

The lesion contrast was calculated for all thirty of the enamel sections

under NIR illumination. Representative spatial intensity profiles from six of the
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samples of each thickness and the corresponding images are shown in FIG.
6A-6F. From these profiles, the edge or boundary between the sound enamel
and the lesion is clearly demarcated in all six of the sections. The image
contrast plotted vs. section thickness is shown in FIG. 7. A lesion contrast of
greater than 0.35 was seen in all the sections with the exception of the 6-mm
samples. A 0.35 lesion contrast is equivalent to a lesion intensity that is 65%
of the surrounding enamel.

For 6-mm samples, a mean Iesﬁon contrast of 0.16 was calculated. A
steep intensity gradient is visible between the surrounding enamel and the
lesion. This gradient is less pronounced for sections greater than 4-mm thick,
especially on the lower border of the lesion. A NIR image of a whole tooth
sample with a natural lesion 84, depicted in FIG. 8, illustrates that a natural
lesion 84 can be resolved with the same success as the simulated lesions
placed in plano-parallel sections. A composite filling 86 is also visible on the
opposite side of the tooth in FIG. 8, indicating that there is also high contrast
between composite filling materials and sound tooth structure.

DISCUSSION OF EXPERIMENTAL RESULTS

The high contrast and intensity profiles of the simulated lesions with the
surrounding enamel indicate the significant potential of NIR transillumination
for imaging dental caries. Since the clinical use of transillumination is to detect
interproximal lesions, it is important to note that forty of the sixty-four
interproximal surfaces in the mouth would require imaging through less than
5-mm of enamel. This study suggests that resolving caries lesions through 5-
mm of enamel is clinically feasible. This is further demonstrated by the NIR
imaging of whole teeth with natural decay.

During the transillumination of whole tooth samples, polarization gating
with crossed polarizers was critical for preventing the illuminating light from
saturating the InGaAs array near the area of the lesion "shadow". This
technique will also be important in a clinical setting where adjacent tooth
surfaces will reflect, but not depolarize the light, and could interfere with the
accuracy of the projection image.

During demineralization of enamel in the caries process, preferential
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dissolution of the mineral phase creates pores that highly scatter light. The
simulated lesions in our study are primarily made up of isotropic scatterers,
with scattering occurring at the grain boundaries in the hydroxyapatite powder.
Therefore, such simulated lesions may possibly overestimate the magnitude
of scattering in natural caries lesions; however, creating more accurate optical
simulated lesions requires an intimate understanding of the fundamental
optical properties of carious tissue that has yet to be determined.

[0083] It was found that 1310-nm is optimal for both high transmission through
sound dental enamel and for achieving high contrast between caries lesions
and sound enamel.

[0084] Simulated lesions composed of an unorganized paste of
hydroxyapatite, strongly scatter the 1310-nm light, which provides high
contrast with the transparent sound enamel. Optical transillumination is similar
to other projection imaging modalities like conventional x-rays, however the
image contrast arises from changes in tissue scattering as opposed to
variations in tissue density. Therefore, this method can be more sensitive
than x-rays for resolving early caries lesions. Clinicians are trained to
diagnose at the low lesion contrast depicted in the radiograph of FIG. 5D, but
the high contrast in the NIR image suggests that the simulated lesions are
more sensitive to optical detection. This is due to the fact that the simulated
lesions have only slightly lower density than the sound enamel but strongly
scatter NIR light.

[0085] In addition, favorable images to a depth of 4-mm to 5-mm were
obtained using a CCD camera with the IR filter removed operating at
approximately 830-nm.

[0086] As can be seen, therefore, there are several advantages between the
present invention and known systems that use DiFOTI or other FOTI
techniques. These include:

[0087] (@) Mumination

[0088] The DiFOTI system and other FOTI systems utilize an unfiltered fiber-
optic illuminator with most intensity in the visible range, as opposed to the

broadband near-IR illumination sources of the present invention. Tests
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revealed that narrow band sources such as conventional laser diodes
generate too much laser speckle for imaging. Successful results were
achieved with a fiber-optic illuminator having either a 50-nm bandpass filter
centered at 1310-nm or a 70-nm bandpass filter centered at 830-nm. Test
results were also favorable (speckle-free) with a low cost 3.5 mW, single
mode fiber pigtailed, superluminescent laser diode operating at 1310-nm with
a bandwidth of 25-nm to 30-nm.

[0089] (b) Image processing

[0090] DiFOTI utilizes proprietary image processing techniques to improve
image quality. Although imaging processing techniques may be used in
conjunction with the current invention, post imaging digital processing
methods is generally not required to improve performance.

[0091] (c) Performance

[0092] The images collected with FOTI and DiFOTI are not true projection or
transillumination images, since the penetration of visible light or the mean-free
path is less than 100-pm in enamel. The way these systems work is that light
migrates through the enamel of the tooth, backlighting the lesion for better
contrast. That means that these systems must have a direct line of sight to the
lesion surface. Therefore, they cannot be used to determine how far a lesion
has penetrated through the enamel since they can only view the lesion
surface.

[0093] The present invention acquires true projection images similar to x-rays
by imaging through the full thickness of the enamel. In those images, the
camera does not have a direct line of site to the lesion surface. This is
possible because of the increase in the mean free path of enamel, that is
optimum at 1310-nm - 3.3 mm.

[0094] Although the description above contains many details, these should not
be construed as limiting the scope of the invention but as merely providing
illustrations of some of the presently preferred embodiments of this invention.
Therefore, it will be appreciated that the scope of the present invention fully
encompasses other embodiments which may become obvious to those skilled

in the art, and that the scope of the present invention is accordingly to be
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limited by nothing other than the appended claims, in which reference to an
element in the singular is not intended to mean "one and only one" unless
explicitly so stated, but rather "one or more." All structural, chemical, and
functionél equivalents to the elements of the above-described preferred
embodiment that are known to those of ordinary skill in the art are expressly
incorporated herein by reference and are intended to be encompassed by the
present claims. Moreover, it is not necessary for a device or method to
address each and every problem sought to be solved by the present invention,
for it to be encompassed by the present claims. Furthermore, no element,
component, or method step in the present disclosure is intended to be
dedicated to the public regardless of whether the element, component, or
method step is explicitly recited in the claims. No claim element herein is to
be construed under the provisions of 35 U.S.C. 112, sixth paragraph, unless

the element is expressly recited using the phrase "means for."
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CLAIMS

What is claimed is:

1. A method for detecting tooth anomalies, comprising:

transilluminating a tooth with light having a wavelength in the range from
approximately 795-nm to approximately 1600-nm; and

imaging light passing through said tooth for determining an anomaly in said
tooth.

2. A method as recited in claim 1, wherein said light has a wavelength in

the range from approximately 830-nm to approximately 1550-nm.

3. A method as recited in claim 1, wherein said light has a wavelength in
the range from approximately 1285-nm to approximately 1335-nm.

4. A method as recited in claim 1, wherein said light has a wavelength of

approximately 1310-nm.

5. A method as recited in claim 1, further comprising:

filtering said light to remove extraneous light.
6. A method as recited in claim 5, wherein filtering said light comprises
polarizing said light with one or more polarizing filters to remove light not passing

through said tooth.

7. A method as recited in claim 6, wherein said one or more polarizing

filters comprises crossed high-extinction polarizing filters.

8. A method as recited in claim 5, further comprising:
filtering said light with a bandpass filter to remove light outside a
specified bandwidth.

-10-
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9. A method as recited in claim 1, wherein transilluminating a tooth

comprises directing light from a near-infrared light source at a surface of said tooth.

10. A method as recited in claim 9, wherein the light source comprises a

fiber-optic bundle coupled to a halogen lamp.

11. A method as recited in claim 9, wherein the light source comprises a

superluminescent laser diode.

12. A method as recited in claim 9, wherein directing light from a light
source comprises manipulating the light source behind said tooth to direct said light
at a lingual surface of the tooth.

13. A method as recited in claim 10, wherein directing light from a light
source comprises manipulating the light source in front of said tooth to direct said

light at a facial surface of the tooth.

14. A method as in claim 1, wherein transilluminating a tooth comprises
simultaneously directing light from a near-infrared light source at a surface of a

plurality of teeth.

15. A method as recited in claim 9, wherein said step of imaging light
passing through said tooth, comprises:

detecting intensity of light passing through said tooth at a plurality of spatial
positions;

developing a spatial profile of said detected light intensity;

using said spatial intensity profile, identifying an area in said tooth exhibiting
intensity gradients; and

designating said area of said tooth exhibiting intensity gradients as an area of

tooth decay.

16. A method as recited in claim 15, wherein the step of detecting intensity
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of light passing through said tooth comprises directing a first detector at an aspect of
the tooth.

17. A method as in claim 16, wherein the first detector is directed at a facial

aspect of the tooth.

18. A method as in claim 16, wherein the first detector is directed at an

occlusal aspect of the tooth.

19. A method as in claim 18, wherein the first detector is directed at an

opposite aspect of the tooth from the light source.

20. A method as in claim 16, wherein the first detector is directed at the

same aspect of the tooth as the light source.

21. A method as in claim 16, further comprising directing a second detector
at a different aspect of the tooth than the first detector.

22. A method as in claim 21, wherein the second detector is directed at an
occlusal aspect of the tooth and the first detector is directed at a facial aspect of the

tooth.

23. A method as in claim 16, wherein the detector comprises a focal plane

array.

24. A method as in claim 16, wherein the detector comprises a near-

infrared CCD camera.

25. A method as in claim 24, wherein said light has a wavelength of 830-

nm.

26. A method as in claim 1, wherein imaging light passing through said
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tooth comprises determining an area of decay in said tooth.

27. A method as in claim 1, wherein imaging light passing through said

tooth comprises determining a crack in said tooth.

28. A method as in claim 1, wherein imaging light passing through said
tooth comprises determining an anomaly around a composite restoration in said
tooth.

29. A method as in claim 26, further comprising identifying dental caries in

an occlusal site of said tooth.

30. A method as in claim 26, further comprising identifying dental caries in

an interproximal contact site between said tooth and an adjacent tooth.

31. A method of detecting tooth decay, comprising:

transilluminating a tooth with a near-infrared light source having a wavelength
in the range from approximately 795-nm to approximately 1600-nm;

detecting intensity of light passing through said tooth at a plurality of spatial
positions;

comparing detected light intensity for at least a portion of said spatial
positions; and

designating an area of said tooth exhibiting a lower detected light intensity

than an at least partially surrounding area as an area of tooth decay.

32. A method of detecting tooth decay, comprising:

transilluminating a tooth with a near-infrared light source having a wavelength
in the range from approximately 795-nm to approximately 1600-nm;

detecting intensity of light passing through said tooth at a plurality of spatial
positions;

developing a spatial profile of said detected light intensity;

using said spatial intensity profile, identifying areas in said tooth exhibiting

22-
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intensity gradients; and
designating said area of said tooth exhibiting intensity gradients as an area of
tooth decay.

33. A method of detecting dental caries In Interproximal contact sites
between adjacent teeth, comprising:

positioning a near-infrared light source having a wavelength in the range from
approximately 795-nm to approximately 1600-nm adjacent to a tooth;

transilluminating said tooth with sald light source;
detecting intensity of light passing through said tooth at a plurality of spatial
positions; ’

developing a spatial profile of said detected light intensity:

using said spatial infensity profile, identifying areas in said tooth exhibiting
intensity gradients; and

designating said area of said tooth exhibiting Intensity gradients as an area of
tooth decay.

34. A method as in any one of claims 1, 31, 32, and 33, wherein said light
has a wavelength in the range from approximatefy 830-nm to approximately 1550-
nm,

35. A maeathod as in any one of claims 1, 31, 32, and 33, wherein said light
has a wavelength in the range from approximately 1285-nm to approximately 1335-
nm.

36. A metheod as In any one of claims 1, 31, 32, and 33, whereln said light
has a wavelength of approximately 1310-nm.

37. A method as in any one of claims 31, 32, and 33, further comprising:
filtering said light with one or more polarizing filters to romove extraneous light
not passing through sald tooth.
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38. A method as in any one of claims 31, 32, and 33, wherein
transilluminating a tooth comprises directing light from a near-infrared light source at
a surface of said tooth.

39. A method as recited in claim 38, wherein the light source comprises a
fiber-optic bundle coupled to a halogen lamp.

40. A method as recited in claim 38, wherein the light source comprises a

superluminescent laser diode.

41. A system for detecting tooth decay, comprising:

a near-infrared light source emitting light having a wavelength in the range
from approximately 795-nm to approximately 1600-nm;

said light source configured to transilluminate a tooth; and

means for imaging light passing through said tooth and determining an area of

decay in said tooth.

42. A system as recited in claim 41, wherein the means for imaging light

comprises a focal plane array.

43. A system as recited in claim 41, wherein the means for imaging light

comprises a near-infrared CCD camera.

44, A system for detecting a tooth anomaly, the system comprising:

a near-infrared light source having a wavelength in the range from
approximately 795-nm to approximately 1600-nm;

said light source configured to transilluminate a tooth; and

an imaging device configured to detect intensity of light from said light source
passing through said tooth;

whereby an anomaly in said tooth can be determined from intensity of light

detected by said imaging device.

24~
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45. A system as in either of claims 41 or 44, wherein said light has a
wavelength in the range from approximately 830-nm to approximately 1550-nm

46. A system as in either of claims 41 or 44, wherein said light has a
wavelength in the range from approximately 1285-nm to approximately 1335-nm.

47. A system as in either of claims 41 or 44, wherein said light has a

wavelength of approximately 1310-nm.

48. A system as in either of claims 41 or 44, further comprising:

one or more polarizing filters to remove light not passing through said tooth.

49. A system as recited in claim 48, wherein said one or more polarizing
filters comprises crossed high-extinction polarizing filters.

50. A system as in either of claims 41 or 44, further comprising:

a bandpass filter to remove light outside a specified bandwidth.

51. A system as in either of claims 41 or 44, wherein the light source
comprises a fiber-optic bundle coupled to a halogen lamp.

52. A system as in either of claims 41 or 44, wherein the light source

comprises a superluminescent laser diode.

53. A system as in either of claims 41 or 44, wherein the light source is
configured to be positioned behind said tooth to direct said light at a lingual surface
of the tooth.

54. A system as in either of claims 41 or 44, wherein the light source is

configured to be positioned in front of said tooth to direct said light at a facial surface
of the tooth.

25~
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55. A system as recited in claim 44, wherein the imaging device comprises

a first detector.

56. A system as recited in claim 55, wherein the first detector is configured

to be directed at a facial aspect of the tooth.

57. A system as in claim 55, wherein the first detector is directed at an

occlusal aspect of the tooth.

58. A system as in claim 55, wherein the first detector is directed at an
opposite aspect of the tooth from the light source.

59. A system as in claim 55, wherein the first detector is directed at the

same aspect of the tooth as the light source.

60. A system as in claim 59, wherein the imaging device further comprises

a second detector directed at a different aspect of the tooth than the first detector.
61. A system as in claim 59, wherein the second detector is directed at an
occlusal aspect of the tooth and the first detector is directed at a facial aspect of the

tooth.

62. A system as in claim 55, wherein the detector comprises a focal plane

array.

63. A system as in claim 55, wherein the detector comprises a near-

infrared CCD camera.

64. A system as in claim 63, wherein said light has a wavelength of 830-

nm.

65. A method as in claim 44, wherein imaging light passing through said

-26-
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tooth comprises determining an area of decay in said tooth.

66. A method as in claim 65, wherein said area of decay comprises decay

in an occlusal site of said tooth.

67. A method as in claim 65, wherein said area of decay comprises decay

in an interproximal contact site between said tooth and an adjacent tooth.

27-
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BROADBAND OR MID-INFRARED FIBER LIGHT SOURCES

"RELATED APPLICATION

This application claims priority to U.S. Provisional Patent Application Serial
No. 60/738,389, filed November 18, 2005, entitled “BROADBAND OR MID-
INFRARED FIBER LIGHT SOURCES.”

TECHNICAL FIELD OF THE INVENTION

This invention relates in general to broadband or mid-infrared light based
systems, and more particularly to a system and method for generating wavelengths
between approximately 0.4 to 5 microns or more based on fiber optic technologies or

10  optical waveguides.
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OVERVIEW
Broadband light sources, super-continuum sources, and Mid-Infrared Fiber
Light (MIRFIL) sources are described that generate wavelength in the mid-infrared
(mid-IR being wavelengths substantially between 2 to 5 microns) based on nonlinear
5  processes in optical fibers. Examples of nonlinear processes in optical fibers include
super-continuum (SC) generation, modulational instability (MI), cascaded Raman
wavelength shifting (CRWS), and four-wave mixing (4WM). Examples of optical
fibers include fused silica fibers, fluoride fibers, chalcogenide fibers, and tellurite
fibers.

10 Current techniques of generating mid-IR light include the use of optical
parametric oscillators (OPOs) or optical parametric amplifiers (OPAs). However,
OPOs and OPAs are generally expensive, complicated, and involve moving parts that
are prone to mis-alignment. Alternative techniques for generating mid-IR light
involve the use of quantum cascade lasers (QCL). However, QCL’s are generally

15 difficult to operate at wavelengths shorter than about 4.4 microns, they put out low
output powers, they have relatively low efficiency, and they often required pulsed
operation or cryogenic cooling.

A simpler technique for generating mid-IR light is to use laser diodes to pump
optical fibers. The MIRFIL can exemplary involve the generation of mid-IR light in

20  optical fibers by pumping with a variety of lasers including laser diodes, solid state
lasers, or cladding-pumped fiber lasers. In one embodiment, SC generation is
achieved to simultaneously generate a wide band of wavelengths, which can
advantageously be used to mimic the black body radiation of hot metal objects or to
perform spectral fingerprinting to identify one or more chemical species. The fiber

25  based MIRFIL can be lighter, more robust, more compact, simpler and less costly
than the OPA or OPO alternatives. Moreover, the MIRFIL can produce a single
spatial mode with minimal requirements for optical alignments. In a preferred
embodiment, nancsecond pulses are used to generate mid-IR light. In addition, the
MIRFIL approach leverages the enormous investment in telecommunications

30  technologies and the mature fiber platform.
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SUMMARY OF EXAMPLE EMBODIMENTS

One embodiment of a broadband light source comprises one or more laser

diodes capable of generating a pump signal with a wavelength shorter than 2.5
microns and a pulse width of at least 100 picoseconds. The one or more laser diodes
5  are coupled to one or more optical amplifiers, which are capable of amplifying the
pump signal to a peak power of at least 500W. A first fiber is further coupled to the
one or more optical amplifiers, wherein the pump signal wavelength falls in an
anomalous group-velocity dispersion regime of the first fiber, wherein the pump
signal is modulated using a modulational instability mechanism in the first fiber, and
10  wherein different intensities of the pump signal can cause relative motion between
different parts of the modulated pump signal produced through modulational
instability in the first fiber. A nonlinear element is coupled to the first fiber, and the
nonlinear element is capable of broadening the pump optical spectral width to at least
100nm through a nonlinear effect in the element.
15 In another embodiment, a mid-infrared light source comprises one or more
laser diodes comprising a wavelength and a pulse width of at least 100 picoseconds.
One or more optical amplifiers are coupled to the pump signal and are cépable of
amplifying the pump signal. Further, one or more fibers are coupled to the optical
amplifiers. In the fibers, the pump signal wavelength falls in the anomalous group-
20  velocity dispersion regime for at least a fraction of the one or more fibers, and the
pump signal is modulated using a modulational instability mechanism. A nonlinear
element is coupled to the one or more fibers and is capable of generating a super-
continuum with a substantially continuous spectrum from at least the pump signal
wavelength out to 2.6 microns or longer and wherein the nonlinear element introduces
25  less than 10 decibels of power loss at 2.6 microns.

A further embodiment involves a method of generating broadband light by
generating a pump signal, wherein the pump signal comprises a wavelength shorter
than 2.5 microns and a pulse width of at least 100 picoseconds. The method further
comprises the step of amplifying the pump signal to a peak power of at least 500W,

30 modulating at least a fraction of the pump signal using a modulational instability
mechanism, and broadening the pump optical spectral width to at least 100nm using a
nonlinear effect.

In yet another embodiment, a MIRFIL can use technologies that have been
developed for telecommunications. For example, the pump laser can be a laser diode

35  followed by multiple stages of optical amplifiers. The pump can use continuous wave
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(CW) or quasi-CW light, which may comprise pulses broader than approximately 100

picoseconds. In a preferred embodiment, the mid-IR light generation may occur in an

open loop of fiber, preferably a fiber that transmits light into the mid-IR.

Advantageously, only a short length of fiber can be used, such as less than about 100

5 meters, preferably less than about 20m, and even more preferably less than about

10m. With this configuration, wavelengths can be generated in the fiber beyond

approximately 1.8 microns, preferably beyond approximately 2.2 microns, and even

more preferably beyond 2.5 microns.

In a particular embodiment, a MIRFIL can use a laser diode driven pump laser

10  that outputs CW or quasi-CW pulses (greater than approximately 100 picoseconds)

followed by a series of fibers, wherein the first length of fiber can be made from fused

silica and can be used to break the CW or quasi-CW light into pulses based on the

modulational instability (MI) or parametric amplification effect, and tﬁen another

length of mid-IR fiber, such as ZBLAN, fluoride, tellurite, or a semiconductor

15 waveguide can be used to broaden the spectrum, through the nonlinearity in the

medium and a mechanism such as self-phase modulation. In a preferred embodiment,

some curvature in the temporal domain can help to generate the super-continuum by

causing relative motion between the MI generated pulses. Also, there can

advantageously be exchange of energy between MI generated pulses through the

20 Raman effect in the medium. The design of such a MIRFIL can be that the MI-

induced pulse break-up may occur primarily in the first section, and the nonlinear

spectrum generation may occur primarily in the second section. In a preferred

embodiment, the length of the fused silica fiber can be under 10 meters, and the
length of the mid-IR fiber can be less than 20 meters.

25 In another embodiment, super-continbum (SC) generation from the visible or

near-IR wavelength range can be accomplished using nanosecond pulse pumping.

The SC generation can exemplary be initiated using modulational instability (MI). In

a preferred embodiment, the seed for MI may arise from the amplified spontaneous

emission from the optical amplifiers or from a near-IR light source, such as a laser

30 diode. In a particular embodiment using fused silica fiber, the SC can cover the

wavelength range substantially between approximately 0.8 microns to approximately

2.8 microns. In another particular embodiment using ZBLAN fluoride fiber, the SC

can cover the wavelength range substantially between approximately 0.8 microns to

approximately 4.5 microns. With control of the fiber loss from the material or from

35 bend induced loss, as well with tailoring the composition of the fluoride fiber, the
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long wavelength edge of the SC may be pushed out to 5.3 microns or longer. In a
preferred embodiment, it may be valuable to add a wavelength conversion stage. In
addition, it may be advantageous to have a pulse compression stage following the MI
pulse break-up.

5 In yet another embodiment, wavelength conversion into the mid-IR
wavelength range can be achieved based on four-wave mixing (4WM) in fibers.
4WM usually requires phase matching, and a new window for phase matching
permits phase matching into the mid-IR. In a preferred embodiment, the phase
matching wavelengths can be tuned by adjusting the fiber dispersion profile and

10  tuning the seed wavelength in the near-IR. In a particular embodiment, a solid core or
photonic crystal fiber can be used with a tailored dispersion profile, a seed wavelength
from a laser diode or a tunable laser in the near-IR can be used to convert light from a
near-IR pump to the mid-IR wavelength range.

. In another embodiment, the power for the MIRFIL can be scaled up by using a

15  higher power pump laser, such as a cladding pumped fiber amplifier, a cladding
pumped fiber laser or a solid state diode-pumped light source. Based on the damage
threshold of the particular fiber employed, the core size of the fiber can also be
increased to increase the power throughput and output power.

The fiber based mid-IR light source may be an enabling technology for a

20  number of applications. For example, the broadband mid-IR light source may be
useful for infrared counter-measures for aircraft protection. Also, the SC light source
could be used in chemical sensing, for non-contact or remote sensing of firearms,
weapons, drugs. The SC source could also be used for industrial chemical sensing,
such as in advanced semiconductor process control, combustion monitoring, or

25  chemical plant process control. Other potential applications include bio-medical
imaging and ablation. Moreover, the broadband SC light source could
advantageously be used in an optical coherence tomography configuration for
semiconductor wafer imaging or defect location. In addition, the broadband light
source could be instrumental for applications in the last mile solution, such as fiber to

’30 the home, node, neighborhood; curb, premise, etc. More specifically, the broadband

' light source could enable wavelength division multiplexed or lambda passive optical
networks.

Depending on the specific features implemented, particular embodiments of
the present invention may exhibit some, none, or all of the following technical

35 advantages. Various embodiments may be capable of covering other wavelength
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ranges or multiple wavelength ranges. For example; SC generation can cover the
visible wavelength range from approximately 0.4 microns to 0.6 microns by using a
dual pumping scheme. Some embodiments may be capable of generating bands of
wavelengths rather a continuous range of wavelengths, and the bands of wavelengths
5  may also be tunable or adjustable. ,

Other technical advantages will be readily apparent to one skilled in the art
from the following figures, description and claims. Moreover, while specific
advantages have been enumerated, various embodiments may include all, some or

none of the enumerated advantages.
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BRIEF DESCRIPTION OF THE FIGURES

To provide a more complete understanding of the present invention and

certain features and advantages, thereof, reference is made to the following
description taken in conjunction with the accompanying drawings in which:

5 Figure 1 illustrates a calculated group velocity dispersion for fused
silica fiber (top), fluoride fiber (second from top), sulfide fiber (third from top) and
selenide fiber (bottom).

Figure 2 illustrates different positions of the pump and zero dispersion
wavelength for (a) fused silica fiber; (b) fluoride fiber; and (c) chalcogenide fiber.

10 Figure 3 illustrates modulational instability in the time domain.

Figure 4 illustrates modulational instability in the frequency or
wavelength domain. _

Figure 5 illustrates simulations of pulse propagation in fiber.

Figure 6 illustrates simulations of pulse propagation in longer fiber

15  lengths.

Figure 7 illustrates the experimental set-up for a particular embodiment
of the pump laser.

Figure 8 illustrates a high power pump experimental configuration.

Figure 9 illustrates the spectrum from high nonlinearity fiber with a

20  zero dispersion wavelength of ~1544nm. (a) 3m length of non-dried fiber; (b) 5m
length of extra-dried fiber.

Figure 10 illustrates: (a) Spectrum as a function of high nonlinearity
fiber length following a ~2m length of SMF fiber. (b) Complete SC spectrum from
~2m SMF plus 15cm of high nonlinearity fiber.

25 Figure 11 illustrates: (a) Autocorrelation showing the pulse break-up
through modulational instability after 3m of SMF at 1kW peak power. (b) Spectrum
for same case with 1kW peak power.

_ Figure 12 illustrates the attenuation constant (dB/km) for different
ZBLAN fluoride fibers used in the experiments. (a) 1.25, (b) 1.75 and (c) 2.75

30  micron cut-off wavelength.

Figure 13 illustrates: (a) Comparison of fluoride super-continuum for
different fiber lengths following a ~2m length of SMF fused silica fiber; and (b)
Spectrum from ~5m length of the second fluoride fiber (Figure 12b) following ~2m
length of SMF fused silica fiber.
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Figure 14 illustrates: (a) the long wavelength side of the super-
continnum spectrum from different lengths of the third fluoride fiber (Figure 12c¢)
following an approximately 1m length of fused silica SMF fiber. The long
wavelength edge reaches to ~4.5-~4.6 microns; (b) Power evolution of the spectrum
from ~2m length of the third fluoride fiber (Figure 12¢) following an approximately
1m length of fused silica SMF fiber; and (c) overall calibrated spectrum from ~7m of

W

the third fluoride fiber (Figure 12¢) following an approximately 1m length of fused
silica SMF fiber.

Figure 15 illustrates the calculated modulational instability gain for

10 3.5kW at 1630nm and 0,1,2 and 3.5kW at 1635nm.

Figure 16 illustrates a generalized model for super-continuum
generation from quasi-CW or CW pumping. Note that some, all, or none of the
illustrated boxes may be involved in SC generation. Further, other boxes can also be
added within the scope of the disclosure.

15 Figure 17 illustrates cascaded Raman wavelength shifting data from (a)
WS#884 Corning fiber measured with an optical spectrum analyzer; (b) WS#884
Corning fiber at higher power and measured with a spectrometer.

Figure 18 illustrates the phase mismatch in a fluoride fiber with zero
dispersion wavelength near 1.7 microns.

20 Figure 19 illustrates an exemplary experimental configuration for
testing four-wave-mixing.

Figure 20 illustrates an exemplary spectral fingerprinting system block
diagram. Note that some, all, or none of the illustrated boxes may be involved in
spectral fingerprinting. Further, other boxes can also be added within the scope of the

25  disclosure.
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DETAILED DESCRIPTION OF EXAMPLE EMBODIMENTS
Mid-IR light can be generated based on super-continuum in fused silica fibers
and mid-IR fibers. Nonlinear waveguides other than fibers can also be used to
generate the super-continuum. In one embodiment, SC has been demonstrated
5  experimentally from ~0.8 to ~4.5 microns in ZBLAN fluoride fibers and from ~0.9 to
~2.8 microns in high-nonlinearity (HiNL) fused silica fiber. The SC originates for
laser diode pumping, and modulational instability (MI) initiated SC generation leads
to a significant simplification by reducing or eliminating the need for expensive,
complicated, mode-locked lasers. In another embodiment, three orders of cascaded
10  Raman wavelength shifting (CRWS) can be observed in sulfide-based chalcogenide
fibers below the damage threshold. In one particular embodiment, the pump source
comprises a laser diode followed by several stages of erbium-doped fiber amplifiers,
in some cases also including a mid-stage modulator. Since in this embodiment the SC
or CRWS occurs in meters to 10°s of meters of fiber, the entire mid-IR light source
15 can be compact, lightweight, inexpensive and rugged. Although particular
experimental conditions are described in the followiﬁg, other configurations, materials

and fiber types can be used within the scope of the invention.

Fiber Dispersion Can Determine SC vs. Cascaded Raman Shifting

To organize and explain the experimental results in various types of fibers

20 tested, a theoretical framework is first established. Various nonlinear processes are

observed in fibers, included CRWS and MI. In turn, MI can give rise to the

‘generation of broadband SC. Whether CRWS or SC occurs first in a fiber depends on

the wavelength of the pump or the shifted pump with respect to the zero dispersion

wavelength A,. When the pump is at a wavelength shorter than the zero dispersion

25  wavelength (so-called normal dispersion regime), then CRWS can be first observed.

When the pump is at a wavelength longer than the zero dispersion wavelength (so-

called anomalous dispersion regime), then MI and SC can be first observed. When

the pump lies in the normal dispersion regime, it can experience CRWS, but when the

cascaded Raman order shifis into the anomalous dispersion regime, then MI and SC

30 can occur. Thus, to understand the nonlinear spectrum generated in fibers, the
position of the zero dispersion wavelength can indicate the expected behavior.

In the Raman effect, a strong pump beam coupled into the fiber can shake the

glass matrix, which emits vibrational mode (so-called optical phonons), and then can

provide gain to longer wavelengths. The Raman effect can be self-phase matched,

35 and hence the process does not generally require tuning and it can be more-or-less
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independent of wavelength (the gain coefficient does scale inversely with wavelength,
however). One attribute of the Raman effect is that a number of optical phonons can
be emitted, or the wavelength can be shifted down through a cascaded Raman process
sequentially to longer and longer wavelengths. This emission of a plurality of

5  phonons to shift more than one Raman order is the CRWS phenomena that can be
observed in the normal dispersion regime.

Either pure continuous wave (CW) light or quasi-CW light, such as
nanosecond or longer pulses, are generally unstable when launched in the anomalous
dispersion regime. In particular, the interaction between the nonlinearity and

10  anomalous dispersion can break the quasi-CW inputs into a train of solitons in a
process called modulational instability. MI can be considered as a parametric four-
wave-mixing process in which the non-linearity explicitly enters the phase matching
condition. Note that MI for a single pump wavelength generally phase matches in the
anomalous dispersion regime. When MI occurs the peak powers reached in the fiber

15  can be much higher than the powers launched in the quasi-CW light, since the quasi-
CW background is usually compressed into short pulses. Further, a curvature in the
pulse in time or a range of intensities can lead to collision and energy exchange
between the MI-generated pulses, which can be advantageous for SC generation.

For pumping in the anomalous dispersion regime, the combined effects of MI

20  and stimulated Raman scattering can lead to SC generation. MI can cause the break-
up of the cw light into short temporal pulses such that those nonlinear phenomena that
normally occur for pulsed pumping conditions can also contribute to the SC
generation. In contrast, for normal dispersion pumping, CRWS generally occurs first
in the fiber, since MI does not generally phase match for a single pump wavelength,

25  As the higher Stokes orders fall into the anomalous-dispersion regime, MI can occur
and lead to SC generation.

Because of the relevance of the group velocity dispersion (GVD) for
determining the nonlinear behavior observed, a brief review is provided of fiber
dispersion. GVD arises because different frequencies of light travel at different

30  speeds in an optical fiber. The total GVD in the fiber is generally the sum of the

material dispersion and the waveguide dispersion D, , =D, +D,. The zero

dispersion wavelength of a fiber A, corresponds to the wavelength where the total

dispersion crosses through zero.

10
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The waveguide dispersion arises because the mode distribution between the
fiber’s core and cladding changes with wavelength. In a solid core fiber, the
waveguide dispersion is usually negative, and, therefore, can generally shift the zero
dispersion wavelength to longer wavelengths. It should be noted that in

5  microstructure fibers, the zero dispersion wavelength can be shified to any desired
wavelength. Therefore, microstructure fibers can be useful for matching the zero -
dispersion wavelength to the laser wavelength when the laser wavelength falls outside
of the usual telecommunications window between ~1.3 and ~1.6 microns.

The material dispersion curves for different fibers tested in the exemplary

10  experiments are illustrated in Figure 1. In particular, the curves are calculated from
published index-of-refraction for different glasses. The index is given analytically
and the dispersion, which is proportional to the second derivative of the index, is
calculated numerically. For fused silica fiber 110, the zero dispersion wavelength
can be close to 1300nm, corresponding to the material dispersion zero. Using

15  dispersion shifted fibers, the zero dispersion wavelength can be shifted to longer
wavelengths. For fluoride fibers 120, the zero dispersion wavelength can be
calculated to be approximately 1620nm. Note that the dispersion slope for the
fluoride fiber appears to be much flatter than for fused silica fiber. The calculated
dispersions for chalcogenide fibers, such as the sulfide fiber 130 and selenide fiber

20 140 show a zero dispersion wavelength beyond 5 microns.

Based on the theoretical discussion above and the exemplary use of a pump
wavelength near ~1553nm, the behavior for different fiber types illustrated in Fig. 1
can be predicted. In fused silica fiber, MlI-initiated SC generation is er;(pected (Fig.
2a). For the fluoride fiber, at first cascaded Raman wavelength shifting is expected

25 220, but after one or two Stokes orders SC should be generated (Fig. 2b). Finally, for
the chalcogenide fibers, CRWS is expected out to beyond 5 microns (Fig. 2¢).

Because of the relevance of modulational instability (MI), a brief review is
also provided next. MI can be a parametric four-wave-mixing process in which the
anomalous group velocity dispersion and nonlinearity generally work together to turn

30 CW or quasi-CW light into short pulses. MI can lead to a significant system
simplification in SC generation because the CW or quasi-CW light can evolve into
narrow and high peak power soliton pulses, thus reducing or limiting the need for
modelocked lasers for SC generation. As a simple illustration, Fig. 3 shows the time
domain evolution of quasi-CW pulses in the anomalous dispersion regime. Noise

35  perturbations (such as different longitudinal modes from the laser diode or the
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amplified spontaneous emission from the optical amplifiers) can cause temporal
perturbations to grow 310, leading to the formation of a train of soliton pulses 320
through MI. As an alternative technique, a seed laser at a wavelength separated from
the pump can be used to initiate MI. Then, the combined effect of MI and stimulated
5 Raman scattering (SRS) can lead to the red-shifted pulses to move with respect to the
blue-shifted pulses, causing a further increase in the peak intensity 340. If the
intensity is nearly flat, then a train of solitons could be generated, but these pulses
may not move with respect to each other. If the pulses have a non-uniform temporal
profile or if a intensity modulation is introduced on the pump light, then the non-

10 uniform pump intensity can lead to movement of the MI-generated pulses with respect
to each other. Then, energy exchange can occur between the pulses through the
Raman effect.

Figure 4 illustrates the spectral domain evolution corresponding to the time- -
domain description of Fig. 3. The original laser frequency is given by 410. MI can

15  lead to the generation of sidebands on the Stokes and anti-Stokes side of the original
laser frequency 420. Although only one set of sidebands are illustrated, in general
there can be several sideband frequencies generated approximately symmetrically
around the original laser beam. Then, when MI and SRS interact, SRS leads to a
transfer of energy from the short wavelength side to the long wavelength side 430.

20 The dynamics of the collision of soliton pulses can be quite complicated, and
it may be easier to illustrate through computer simulations. As an example, Figs. 5
and 6 show simulations of the break-up of quasi-CW pulses and then the onset of SC
generation. Figure 5 shows the initial break-up of the quasi-CW pulse 510 into
solitons 540, and then the shift in energy to the longer wavelength side through SRS

25  (left side 550 is time domain, right side 560 is frequency domain). Figure 6 shows the
time-domain collision process further down the fiber, as the onset of continuum
generation is seen on the computer. The red-shifted pulses 670 travel through the
blue-shifted pulses 680 because of the anomalous GVD, and then the red-shifted
pulses 670 can rob energy from the blué-shiﬁed pulses 680 through SRS (also

30 sometimes called the soliton self-frequency effect). As Figure 6 illustrates, relative
motion between pulses can lead to collision and the consequent exchange of energy
between pulses. Thus, a non-uniform temporal profile or an intensity modulation of
some sort may be required to cause high peak power pulses that lead to SC
generation. This complicated collision process can give rise to narrow, high peak

35  power pulses 670, 650, 660, which are responsible for the SC.
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The simulations of Figure 6 also show that asymmetric pulses 650,660 can
arise from the soliton collision process. The asymmetry in the resulting pulses can
also lead to an asymmetric spectrum. For instance, it is known that self-steepening of
pulses can lead to a larger frequency broadening on the blue-side of the spectrum (i.e.,

5  the short wavelength side of the spectrum). Moreover, asymmetric temporal profiles
of pulses lead to asymmetric spectral broadening through self-phase modulation. It
should also be noted that the four-photon process is in energy, rather than wavelength.
Thus, two pump photons can lead to the generation of Stokes and anti-Stokes photons.

Whether CRSW or MI is first seen in the fiber generally depends on the

10  threshold for the different nonlinearities. For instance, in fused silica fiber the MI
threshold can be ~5X less than the Raman threshold. There are generally two
components for the Kerr nonlinearity ny: ~4/5 of n; is electronic in nature
(instantaneous and arising from the UV resonances), while ~1/5 of n; is from Raman-
active vibrations (imaginary part of this is the Raman gain coefficient). Whereas MI

15  usually benefits from the full n,, CRWS usually only benefits from the Raman-active
vibrations. However, the Raman effect is generally self-phase matched, while MI
usually requires phase matching. Moreover, MI phase matches for a single pump
wavelength typically in the anomalous group velocity dispersion regime. Therefore,
in the normal dispersion regime CRWS usually has a lower threshold and MI does not

20 usuvally phase match for a single pump wavelength. On the other hand, in the
anomalous dispersion regime MI can have a lower threshold, and it can initiate the
pulse break-up that gives rise to SC generation through a combination of SRS, self-
phase modulation and other nonlinearities.

Although particular examples of physical phenomena have been described for

25 MI or CRWS and subsequent SC generation, other techniques are also possible for
MI, CRWS and SC. As one particular example, the use of multiple pump
wavelengths can lead to MI and SC even in the normal dispersion regime. As another
example, the pulse break-up through MI may not need to be as thorough as shown in
the simulations to lead to SC generation. Thus, many other combinations of physical

30  phenomena can lead to MI, SC and CRWS.

Pump Laser for Testing Nonlinear Shifting in Various Fibers

As one particular embodiment, experiments have been conducted on nonlinear
wavelength shifting in different fiber types, including fused silica (high-nonlinearity
fiber'— HiNL — as well as dispersion compensating fiber), chalcogenide fibers

35  (arsenic-tri-sulfide), and fluoride (heavy metal fluoride ZBLAN — ZrF4-BaF,-LaFs-
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AlF;-NaF). For the experimental embodiment, the pump set-up uses a pulsed laser
diode (~1.8nsec pulses near 1553nm) followed by several stages of erbium-doped
fiber amplifiers. Peak powers up to ~3kW can be generated by altering the duty cycle
of the laser diode from a few hundred kHz down to 5 kHz.

5 The experimental configuration for the pump laser used to test the different
fibers is shown in Fig. 7. Light originates from a distributed feedback (DFB) laser
diode 705 at 1553nm. This light is amplified in a low-noise pre-amplifier 710, which
comprises an erbium-doped fiber amplifier (EDFA). The light is boosted in a power
amplifier 740 at the last stage. In between, filters 720,735 and modulators 715 are

10  used to control the amplified spontaneous emission (ASE).

The set-up 700 emulates a Q-switched laser system. Although the laser diode
cannot easily be Q-switched, the EDFAs have a long upper state lifetime and store up
energy between pulses. Thus, a low duty cycle during which the laser diode is turned
on can lead to a larger energy per pulse. However, an ASE problem arises because

15 when the laser diode is off, the optical amplifier continues to be pumped and ASE is
emitted by the EDFAs. This ASE leads to inefficiency because it can deplete some of
the energy from the power amplifier, which ideally would store up more energy
before the next laser diode pulse passes.

To solve this problem, one solution that can be used is to block the ASE
20  during the times that the laser diode is off. As a starting point, the experimental
configuration of Fig. 7 can be used to reduce the ASE background. A fiber pigtailed
“modulator 715 can be placed between the pre-amplifier 710 and the power amplifier
730,740. The modulator window can be synchronized to the laser diode drive 760,
and the delay to the pre-amplifier EDFA can be compensated by using a variable

25  electrical delay line 755. The modulator 715 is placed initially at the mid-stage point
to optimize the noise figure of the overall amplifier. Also, a low-power EDFA 730 is
added after the modulator 715 to compensate for the modulator insertion loss. A
tunable spectral filter 735 is also used to limit the out-of-band ASE entering the power
amplifier 740. Finally, the ligﬁt is coupled to the high-power EDFA stage 740. As an

- 30 alternative, the modulator can be eliminated by using narrow-band, fiber grating
based filters to minimize the effect of the ASE. The temporal modulator is used in
this particular embodiment. However, there are many other embodiments and
methods of controlling the level of ASE from the amplifier. As another example,

narrow band filters or add/drop multiplexers could be used to control the ASE
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contribution. In other embodiments, the length of gain fiber and the direction and
number of pumps could be optimized to minimize the level of ASE.

A second problem that may arise in the last stage power amplifier is nonlinear

fiber effects, which then can limit the useable power from the pump system. The last

5 amplifier stage comprises as an example two WDM couplers (for coupling in and

removing any residual 980nm pump) surrounding a highly-doped, large core size,

single spatial mode EDFA gain fiber. The gain fiber is selected in this instance to

minimize the nonlinear limitations in the final amplifier stage. For example, the high

doping level means that a short fiber length can be used, and the large core size means

10  that the intensity is kept as low as consistent with a single spatial mode. In this
particular embodiment, the power amplifier uses a ~1.2m length of gain fiber, and a
forward pump is used in addition to a backward pump. With this set-up, the peak
power for SkHz repetition rate approaches ~2.5kW without any significant nonlinear
effect in the amplifier.

15 One aspect of using nanosecond pulses with peak powers up to ~2-3kW is that
the average power can be scaled up by increasing the repetition rate and using larger
lasers, such as cladding pumped fiber amplifiers or lasers. For example, average
powers in the range of kW to 15kW are available from commercially available
cladding-pumped fiber lasers. Moreover, fiber lasers can be modulated or Q-switched

20  or a modulator can be placed after the fiber laser to generate nanosecond pulises
relatively easily. Cladding pumped fiber lasers can operate at a number of
wavelengths. For instance, ytterbium-doped cladding pumped fiber lasers operate
near 1 micron, erbium-doped cladding pumped fiber lasers operate near 1.55 microns,
and thulium-doped cladding pumped fiber lasers operate near 2 microns.

25  Alternatively, the laser could a solid state laser or a diode-pumped laser. Although a
few examples of high power lasers are mentioned above, many other lasers can be
used consistent with the scope of this disclosure.

In one particular embodiment, a high power pump can comprise a seed laser
diode that may be modulated followed by several stages of amplifiers that are single-

30 mode fibers or cladding pumped fiber amplifiers. For example, the first stage pre-
amplifier can be a single-mode fiber, such as an.erbium-doped fiber amplifier. Then,
the power amplifier can comprise one or more stages of cladding-pumped fiber
amplifiers. In a cladding pumped fiber amplifier, the pump propagates through a fiber
cross-sectional area that is typically larger then a signal cross-sectional area. A

35  cladding-pumped fiber amplifier may comprise a fiber with a core for a signal and the
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pump that zig-zags through the signal and provides gain. As one particular example,
the cladding-pumped fiber émpliﬁer may be a double clad fiber, with the signal
propagating through the core and the pump propagating through the inner cladding.
For high gain systems, the cladding-mode fiber amplifier may also be a large mode
5 area fiber, which generally means that the core is large enough to support several
modes. The cladding-pumped fiber amplifier can be doped with erbium or a
combination of erbium and ytterbium. Spectral and/or temporal filters may be
advantageously used between different amplifier stages to control the level of
amplifier spontaneous emission. Also, particularly in the last few stages of
10  amplification, it may be advantageous to counter-propagate the pump from the signal,
thereby reducing the nonlinear effects in the amplifier.

In one preferred embodiment, the pump laser 800 can be a modulated laser
diode 820 followed by a parametric amplifier 860. For example, Figure 8 illustrates a
cladding pumped optical parametric amplifier system 800 that can generate peak
15 powers in excess of 10kW with nanosecond pulses. The configuration comprises
laser diodes 810,820, cladding pumped ytterbium-doped fiber amplifiers 830, and an
optical parametric amplifier 860. The top arm 870 of Fig. 8 corresponds to the pump,
while the bottom arm 880 corresponds to the signal seed. In particular, a laser diode
810 (either Fabry-Perot or distributed Bragg reflector — DBR) launches the pump light
20 at approximately 1064nm. This is first passed through a pre-amplifier, which
comprises a single-mode fiber doped with ytterbium. Then, the output of the pre-
amplifier is sent to a power amplifier, which comprises é cladding-pumped, multi-
mode ytterbium-doped fiber amplifier 850. The power amplifier is purposely made
with a large core fiber so as to enable high power amplification (i.e., large gain

25  volume) while minimizing nonlinear effects (i.e., large effective area). ‘
The signal seed originates in the lower arm 880 from a 1550nm laser diode
820, such as a DBR, DFB or Fabry-Perot laser diode. The light from the seed laser
diode 820 is pre-amplified in a single-mode, EDFA 840 in this embodiment. Then,
the about 1550nm seed is boosted in a power amplifier, which in this preferred
30 embodiment is an optical parametric amplifier 860 (OPA). The OPA 860 comprises a
periodically-poled lithium niobate crystal in a preferred embodiment. The OPA
crystal can be in length between several millimeters to several centimeters. The pump
at 1064nm 850 and the seed at 1550nm 880 are made collinear through the OPA
crystal 860, and the 1550nm light is power amplified through the OPA process.
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Although one example of the OPA is discussed here, many other power boosting
methods can be used within the scope of this disclosure.

Another aspect of the laser is that it is relatively simple to modulate the mid-
IR light or the SC light. Rather than implementing a mid-IR modulator or a very

5  broadband modulator, the modulation can be done on the pump laser. For example,
the pump laser can be modulated directly (i.e., modulating the pump laser diodes or
the power supply) or externally modulated (i.e., place a modulator after the pump
laser). Then, in the SC generation process, the modulation is transferred to the entire
broadband spectrum. In other words, all of the optical processing can be performed at

10 the pump wavelength, and then the light can be shifted to other wavelengths in the last
step. This approach is particularly attractive when the pump laser is at a
telecommunications wavelength, since many modulator technologies are available for
telecom wavelengths.

The pump laser described above is just one embodiment of the pump laser, but

15 many other pump lasers can be used. For example, the pump laser can be a cladding-
pumped fiber amplifier or laser, a diode-pumped solid state laser, or either of the
lasers followed by a cascaded Raman wavelength shifter. The cascaded Raman
wavelength shifter may be an open loop piece of fiber, or cascaded resonators formed
by placing gratings on one or more ends of the fiber. Thus, many different

20  configurations for the pump laser can be used consistent with the SC or wavelength
conversion process.

To generate light in the mid-IR, one exemplary strategy is to test a number of
different kinds of fibers. The starting point may be to use fused silica (SiO;) fiber,
since it is of the highest quality and because it is the best characterized fiber. For

25  example, fused silica fiber is the basis of most fiber optics communications. In
addition, fused silica fiber has among the highest damage threshold (~50 MW/cm?),
which means that it can extend to the highest output powers. Moreover, the physics
of fused silica is well understood and the parameter values can be measured carefully,
permitting detailed understanding of the mechanisms behind SC generation and

30  wavelength conversion. Furthermore, the dispersion can be tailored in fused silica
fiber, different types of fibers can be spliced together to create a particular dispersion
profile, and more exotic fiber geometries, such as photoni;c crystal fibers or
microstructure fibers, can be implemented in fused silica.

Although fused silica is the starting point, the transmission of fused silica is

35  limited in the mid-IR. Therefore, with the understanding gained from fused silica, the
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next step in the strategy can be to use fibers that transmit in the mid-IR. One
attractive candidate for mid-IR transmission is ZBLAN fluoride fibers. These fibers
have been made single and multi-mode for over 25 years. They have been used
extensively in telecommunications, for example as praseodymium-doped fiber

5  amplifiers and erbium-doped fluoride fiber amplifiers. The fluoride fibers also have
relatively low loss and relatively high damage threshold (depending on the impurity
concentration, typically between ~10 to ~20 MW/cm?). Furthermore, by adjusting the
composition of the fluoride fibers, the low-loss transmission band can be extended out
to between ~4.5 microns and ~5.5 microns.

10 Beyond ZBLAN fluoride fibers, other fibers or waveguides could also be
candidates for mid-IR light generation. As one example, tellurite fibers (TeO;) can be
used as mid-IR fibers. Tellurite glass compositions show enhanced Raman scattering
behavior. By optimizing these oxide glass compositions with heavy-metal-oxides,
fiber can be made that have high nonlinearity with transparency in the mid-IR

15  wavelength range. Moreover, the tellurite fibers have been measured to have a
damage threshold of ~13GW/cm®. Other examples of mid-IR fibers include
chalcogenide fibers (telluride, sulfide, sclenide, as particular examples), sapphire
fibers, AgBrCl fibers, etc.

As another example, silicon or other semiconductor waveguides could be used

20  to generate mid-IR light. Silicon waveguides are expected to transmit light over the
entire mid-IR wavelength band. Also, by making curves or S-type (i.e., waveguide
going back and forth three times on a chip), relatively iong lengths (i.e., several or
tens of centimeters) of waveguide can be used. The use of silicon or other
semiconductor waveguides is particularly effective if a pre-stage of fused silica fiber

-25 is first used fo initiate the MI (discussed further Below}. In this case, the
semiconductor waveguide serves primarily as the transparent, nonlinear element to
lead to spectral broadening.

Although particular fiber types or waveguide structures have been described
for advantageously generating super-continuum, other materials, compositions and

30  guided wave structures can be used consistent with the disclosure.

SC out to mid-IR in Fused Silica Fiber

The exemplary experiments use different lengths of fused silica fiber, which

are a series of high-nonlinearity (HiNL) fibers made by Corning. The fibers have a
zero dispersion wavelength between ~1500nm and ~1950nm. Some of the fibers had

35  extra drying steps to remove to the extent possible the OH content, using steps that are
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commercially done for SMF-e Corning fiber. Lengths ranging from 1 to 13m provide
the broadest width of super-continuum in these particular experiments. Although
these particular lengths were used in the experiments, other lengths can be used within
the scope of the disclosure.

5 As an example of the SC spectrum from fused silica fiber, Figure 9a shows the
spectrum obtained 920 at ~2.4kW peak power in a 3 meter length of HiNL fiber. For
this particular fiber no additional drying steps were taken to reduce the OH content, so
a large OH absorption line may be expected around 2.7 microns. At this pump power,
the spectrum 920 is seen to stretch from ~0.85nm to ~2600nm (2.6 microns). The

10  features 925 around 1553nm are the residual pump from the laser diode, and the peaks
near 1530nm are due to the ASE from the EDFA’s. A fairly smooth spectrum 920 is
observed over the large spectral range. One reason for the edge of the spectrum
around ~2600nm might be that the edge of the water absorption line is responsible for
the cut-off. Another reason might be that at these long wavelengths the modes are

15  weakly guided, and, hence, they are much more susceptible to bend induced loss.

To reduce the effects of bend-induced loss, the fiber can be laid out loosely.
To reduce the effects of water absorption, the fibers can be dried using techniques
used in commercial fibers, such as Corning’s SMF-28e fiber or Lucent’s (now OFS
Fitel’s) All-Wave fiber. To test this hypothesis, a new batch of HiNL fibers were

20 made that were treated using the extra drying steps. As an example, Figure 9b
illustrates the SC spectrum from 5 meter length of extra-dried, HiNL fiber with zero
dispersion wavelength around 1544nm. The spectra 930, 940, 950 are shown as a
function of different pump powers, and the spectrum is observed to reach out to
~2700 or ~2800nm. Therefore, the extra drying steps to enable the expansion to the

25  longer wavelength side by about 100 to 200nm. The HiNL fibers ‘used in these
experiments have a nonlinearity about 9 times larger than standard SMF-28 fused
silica fiber.

The edge of the SC spectrum could potentially be due to the vibrational
absorption in the fused silica glass. If the edge of the spectrum is limited by the fiber

30  loss, then it would be consistent that the spectrum might extend to longer wavelengths
if the fiber length were to be reduced. However, sufficient fiber length is required to
generate the full spectrum as well. In other words, there is a minimum length
required to generate the spectrum, but then further propagation in the lossy fiber only

reduces the long wavelength edge of the spectrum.

19

| PR2025-01250 Page 00593



WO 2007/061732 PCT/US2006/044451

To understand this fiber loss limited spectrum further, a series of experiments
were conducted at a pump peak power of ~3kW. First, an ~2m of standard single-
mode fiber (SMF-28) is used to cause the nanosecond pulses to break up through MI.
In fact, at these power levels SC can be already generated in the SMF fiber, with a

5  reach out to ~2500nm. Then, the output of the SMF fiber is coupled to different
lengths of HiNL fiber with a zero dispersion wavelength near 1544nm. The data 1000
is illustrated in Figure 10a. The fiber length is varied from 20m 1020 to 10m 1030 to
5m 1040 to Im and shorter 1050. As the fiber length is reduced, the long wavelength
edge of the SC appears to push out to longer wavelengths. The levels of the SC are

10  also plotted correctly relative to each other. In other words, as the fiber length is
reduced, not only does the long wavelength edge appear to push out, but also the level
of the SC can increase. The broadest spectrum is reached with about 15cm of HiNL
fiber, where the spectrum reaches beyond ~2800nm. The total spectrum 1010 from
the ~2m of SMF plus 15cm of HiNL is plotted in Figure 10b.

15 The spectra of Figure 10 illustrates why others performing SC experiments
may not have reached out as far in wavelength as the experiments described. Since the
SC generation appears to be loss limited at the long wavelength side, the fiber length
should be long enough to generate the spectrum through nonlinear effects, but not
Ionger than that. In other words, optimizing the length of the fiber can be a procedure

20  that can help to generate spectra as far as possible on the long wavelength side.

The data of Figure 10 also suggests a strategy or recipe for generating the SC.
First, a pre-stage of standard single mode fiber (SMF) can be used to break-up the
pulses through modulational instability. Although SMF is used in this example, the
fiber can be any number of fibers that exhibit MI, such as fibers who fall into the

25 anomalous dispersion regime at the pump wavelength. To illustrate the pulse break-
up, Figure 11a shows the autocorrelation 1100 of the pulse at the output of a 3m
length of SMF for 1kW peak power, and Figure 11b shows the spectrum 1110 at the
output of the same fiber. As can be seen, wavelength sidebands are generated by MI,
which causes the pulse to have undulations with pulse widths down into the sub-

30 picosecond range. Different power levels can experience break-up in different fiber
lengths. For instance, if the peak power is closer to ~3kW, then the optimal length for
pulse break-up is closer to ~Im of SMF. Thus, in the pre-stage fiber it is desired to
have a break-up of the CW or quasi-CW pulses into shorter pulses through MI, but
not the complete generation of the SC spectrum. In other words, the pre-stage fiber

35 and the MI phenomena serve to emulate the picosecond or femtosecond pulses that
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are normally used to generate SC, but the natural physics of the fiber can accomplish
the pulses without the need for expensive and complicated modelocking schemes.
The second step of the strategy or recipe can be to use a nonlinear element
with at least partial transparency over the wavelength range of interest to broaden out
5  the spectrum and to smoothen the spectrum into a SC. As one example, the dominant
mechanism in the second stage can be self-phase modulation, where the nonlinearity
for the high peak power pulses leads to spectral broadening. In addition, the Raman
effect can also be effective in transferring energy from the short wavelength side to
the long wavelength side, or more generally from shorter wavelengths to longer
10  wavelengths. In the case of fused silica fiber, the second stage can be a relatively
short length of HiNL fiber, as shown in Figure 10. Alternately, the fiber can be a
ZBLAN or fluoride fiber that can permit generation of light further out to closer to
~4.5 microns. Other examples of nonlinear elements that can be used in the second
stage include chalcogenide fibers, silicon waveguides, tellurite fibers, and other
15  semiconductor waveguides. Alternatively, hollow core fibers can be used, where a
nonlinear material, such as CS; or nonlinear gasses, can be used to fill the hollow
core.
Although a two stage strategy or recipe is given as an example, more steps can
be used to optimize the SC generation. For example, the first stage can be a set of
20  fibers spliced or coupled together to achieve a particular dispersion profile. In one .
preferred embodiment, the fibers can be coupled to achieve a dispersion decreasing or
dispersion increasing profile. Moreover, a number of stages of the nonlinear element
can be used. In one preferred embodiment, the transparency region can be expanded
in subsequent stages. In another embodiment, single mode as well as multimode
25  fibers can be used in combination to obtain a high output power from the SC
generation.
Although these experiments suggest that fused silica can generate SC out to
~2.8 microns, the composition of fused silica can be altered to potentially achieve a
wider wavelength range. As one particular example, fibers could be made from
30 synthetic fused silica. For synthetic fused silica, there is a drop in transmission
between ~2.6 to ~2.8 microns, which is probably due to the water absorption (OH
absorption). The transmission through this wavelength range could be increased by
using extra drying steps to minimize the OH content. Note, however, that there can
be a transmission window between approximately 3 and 4 microns. Thus, with an

35  appropriate fused silica composition, it may be possible to generate SC out to ~3.6 to
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~4 microns. This is just one example of varying the composition, but other
compositions of fused silica could also be advantageous for SC generation into the
mid-IR.
SC Generation in Fluoride Fibers

5 For mid-IR generation, fibers that have lower loss than fused silica include
chalcogenide fibers, tellurite fibers, and fluoride fibers. One of the more mature of
the fluoride fibers is the heavy metal fluoride ZBLAN (ZrF;-BaF;-LaFi-AlF3-NaF).
One advantage of the fluoride fiber is that the loss coefficient can be more than two
orders-of-magnitude lower than chalcogenide fibers over the wavelength range
10  between ~2-5 um. The Raman gain coefficient can be about ~2-3x larger than in
fused silica fiber. Moreover, the peak of the Raman gain falls at ~600 cm’, and
' fluoride fibers tend to be more mature technology with higher laser damage thresholds
and no evidence of photo-darkening. For example, Alcatel and others made erbium-
doped amplifiers and praesodynium doped amplifiers based on ZBLAN fiber in the

15 1980°s and 1990’s.

Three lengths of ZBLAN fluoride fiber were obtained for exemplary
experiments of SC generation. The first fiber is 45m long with a core diameter of
~5.7 microns and a cladding diameter of 125 microns and a cut-off wavelength of
~1.25 microns. The second fiber is a 85m length of fiber with a core diameter of ~6.5

20  microns and a cut-off wavelength at ~1.75 microns. A third fiber is ~20m long with a
core diameter of ~7 microns, a cladding diameter of 125 microns, and a cut-off
wavelength of ~2.75 microns (the longer cut-off is achieved by using a higher
numerical aperture of ~0.3). For all these fibers the loss between 1.25 and 2.7
microns can be less than 10dB/km (0.01dB/m). There is a loss peak around 1 micron

25  and another loss peak centered around 2.9 microns, and at these peaks the loss is
between 30-50dB/km. For the third fiber, the attenuation out to 4 microns is
measured to be under 1dB/m, and the attenuation beyond 4 microns is 1 dB/m at 4.3
microns, 2.25 dB/m at 4.5 microns, and 8 dB/m at 4.8 microns. Based on the
experience from fused silica fiber, SC generation should advantageously have a long

30 wavelength edge out to where the fiber has a loss of ~1 dB/m to ~2 dB/m. Therefore,
the SC generation may be able to reach out to ~4.5 to ~4.6 microns in the ZBLAN
fibers.

The loss spectra measured over a limited wavelength range is shown in Figure
12 for the three fibers measured to date. As the cut-off wavelength increases, the loss

35  at the longer wavelengths appears to decrease. This may indicate that the loss at the
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longer wavelength arises at least in part from bend induced loss. The rule-of-thumb
for bend induced loss is that the fiber can be well guided at least up to a wavelength
that is ~1.5 times the cut-off wavelength. Based on this rule, the first fiber 1210
should have minimal bend induced loss up to at least 1.9 microns, the second fiber
5 1220 should have minimal bend induced loss up to at least 2.63 microns, and the
third fiber 1230 should have minimal bend induced loss up to at least 4.2 microns.

As the pump power is increased in the fluoride fiber, Raman wavelength
shifting is first observed experimentally. Then, SC generation occurs after the Raman
order crosses to the long wavelength side of the zero dispersion wavelength. For the

10 85m length of fluoride fiber of Fig. 12b, the SC spectrum with an input peak pump
power of ~2.5kW stretches from ~850nm to ~3600nm, and over the mid-IR region the
spectral density ranges from -18dBm/nm to -30dBm/nm. As another example, in 40m
of the first fiber of Figure 12a, the spectrum is found to reach only out to ~3050nm.
The peak power launched in this case was ~3.5kW. The magnitude of the long

15 wavelength edge of the spectrum does appear to be correlated with the shorter cut-off
wavelength in this fiber. In other words, the longer the cut-off wavelength, the further
that the long wavelength side of the SC spectrum extends out to.

One main difference between the fused silica SC and the fluoride SC is the
wavelength range expected. Whereas the glass transmission in fused silica would

20  appear to limit the SC range to below 3 microns, because of the low loss in the
fluoride fibers out to approximately 5 microns, the SC can continue to wavelengths
longer than 3 microns. Moreover, since the dispersion slope is less in the fluoride
fibers compared to fused silica (Fig. 1), the MI bandwidth for phase matching can be
much larger, giving rise possibly to broader bandwidth SC generation.

25 The hypothesis is that the sharp wavelength edge observed in the exemplary
ZBLAN fluoride fiber SC experiments arise from fiber bend induced losses. i.e., As
the wavelength increases, the mode diameter increases and more of the mode
penetrates into the cladding and is weakly guided. Several data points support the
hypothesis of the spectral edge arising from the bend induced loss in the fiber. First,

30  when the fluoride fiber was wound on a ~8inch spool, the edge of the spectrum
reached to ~3400nm. When the same fiber was loosely laid in a drum, the spectral
edge shifted toward longer wavelengths out to ~3600nm. Second, the bend induced
loss is measured at 3.3 microns. For a bend diameter of 50, 100 and 200mm, the

percent loss at 3.3 microns is 85%, 3% and 1%, respectively. Therefore, the SC in the
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ZBLAN fluoride fiber should cover a wider range of the mid-IR when the bend
induced is better controlled.

Using a Fused Silica Pre-stage before the Fluoride Fiber
By using an appropriate length of fused silica pre-stage before the fluoride

5  fiber, the length of fluoride fiber can be reduced and the spectral extent can be
optimized. As an example, consider the second fluoride fiber (specifications in Fig.
12b). In the above described experiment, an approximately 85m length of fiber was
used to generate a spectrum out to ~3500nm. The same fiber is tested by first using
an approximately 2m length of standard single-mode fused silica fiber (SMF). The

10  output from the ~2m of SMF is then butt-coupled or mechanically spliced to the
fluoride fiber of Figure 12b. In Figure 13a the long wavelength side of the spectrum
is illustrated for different lengths of the fluoride fiber at approximately 3k W of peak
power. For a ~1.8m length of fluoride fiber, the spectrum 1310 reaches out to
approximately 3100nm, meaning that this fiber length is too short for the full spectral

15  extent generation. On the other hand, at a ~6m length of fluoride fiber, the spectrum
1310 reaches beyond the spectral range reached in ~72m of the same fiber 1320.
Therefore, for the particular circumstances of this experiment, the optimum length of
the fluoride fiber is probably greater than 6m, but shorter than 72m.

The spectrum 1340 corresponding to using 5m of the fluoride fiber from Fig.

20 12b after ~2m of SMF pre-stage fiber is illustrated in Figure 13b. The peak pump
power in this case is ~3kW, and the spectrum 1340 is seen to cover the range from
~800nm to ~3600nm. The short wavelength side of the spectrum is collected using an
optical spectrum analyzer, the long wavelength side is collected using a grating
spectrometer. The gap in the middle is due to filters use to insure that only the first

25  order light of the grating is collected, and the higher orders from shorter wavelengths
is blocked. Thus, with the appropriate pre-stage used to break up the pulses through
MI, the fiber length required can reduce from greater than 70m down to less than
10m.

The third fluoride fiber (characteristics in Fig. 12¢) has a cut-off wavelength

30 of ~2.75 microns, which would mean that the bend induced loss should be well
controlled to beyond ~4.2 microns. To optimize the long wavelength edge from this
fiber, the pre-stage fiber of SMF fused silica was first optimized in length. For
example, at a peak pump power of ~2.5-3kW, it was found that approximately 1m of
SMF fiber with a zero dispersion wavelength around 1.3 microns gave the broadest

35 spectrum. In other words, at this power level the pre-stage SMF fiber helps to break
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the pulses up through the MI mechanism. Then, the pre-stage SMF fiber is butt
coupled or mechanically spliced to short lengths of the third fluoride fiber.

Figure 14a illustrates the long wavelength side of the SC spectrum from
approximately 1m of SMF fiber pre-stage followed by different lengths between

5  approximately 2 and 7m of the third fluoride fiber (Fig. 12c). For the 2 meter of
fluoride fiber, the spectrum 1410 covers the wavelength range from the near-IR out to
~4.2 microns. However, at the pump power used of ~2.5kW peak, the spectrum in
this short length starts to drop off at around 3 microns, suggesting that the fiber length
may be too short for the full spectral generation at this power level. When a ~4.5

10 meter length of the same fiber is used, the spectrum 1430 reaches out to ~4.4 to ~4.5
microns. When the length is further increased to ~7m, the edge moves out slightly to
approximately ~4.5 to ~4.6 microns, but also the spectrum 1440 becomes more
square-like (i.e., higher spectral density further out in wavelength). Thus, for the
particular pre-stage SMF fiber and the pump power level, the optimal length for the
15  third fluoride fiber would appear to be 4.5 meters or longer.

Figure 14b illustrates the experimentally obtained power evolution of the
spectrum from ~2m of the third fluoride fiber following an approximately 1m length
of SMF fiber pre-stage. As the power increases, the spectrum 1450, 1460, 1470, 1480
is observed to increase in spectral density and also shift out to slightly longer

20  wavelengths. As the plot shows, the spectrum is fairly well evolved by ~2kW of peak
pump power, in this particular example.

The complete calibrated spectrum 1490 from ~7m of the third fluoride fiber
following ~Im of SMF pre-stage is shown in Figure 14c. The long wavelength edge
of the spectrum extends out beyond ~4600nm, and the short wavelength edge of the

25  spectrum extends beyond ~800nm. The complete spectrum 1490 is obtained by
connecting the spectrum from an optical spectrum analyzer below ~1750nm with the
longer wavelength data from the spectrometer followed by a cooled InSb detector.
The data from the OSA. is calibrated to obtain the spectral density in dBm/nm. The
narrow peak near 1553nm corresponds to the residual pump, and the peak near 980nm

30 s the residual forward pump from the power EDFA stage. Furthermore, the bump

" near 980nm corresponds to the ASE from the EDFA in the vicinity of the pump. The
peak power from the pump is approximately ~4kW, and the overall spectrum is seen
to be quite smooth. The fiber output from the SC fiber yields an average power of

~20mW for this particular experiment. From the spectrum and the measured output

25

| PR2025-01250 Page 00599



WO 2007/061732 PCT/US2006/044451

power, the conversion efficiency of the pump light to the SC spectrum is
approximately 50% or better.

One significant feature of the SC can be a high spectral density over a wide
wavelength range. For example, the spectrum 1490 in Figures 14c shows that over a

5  large part of the spectrum the average spectral density is between -25 and -18dBm/nm
(note that 1dBm=1mW). However, this is the average spectral density for a very low
duty cycle pulse. For instance, with the ~2nsec pulses and SkHz repetition rate used
in these experiments, the duty cycle is 1:100,000. Therefore, during the time that the
pulses are on, the actual peak spectral density is more like +25 to +32dBm/nm. Thus,

10 for a 10nm bandwidth that might be used in spectral fingerprinting, the peak power is
greater than 3W. For a 100nm bandwidth that may be seen by one of the detectors in
a heat sinking missile (e.g., as in typical in infrared counter measures), the peak power
is greater than 30W . The pulsed mode used in the current experiments can be useful
for lock-in or phase locked techniques that use detection systems such as box-car

15  averagers, such as might be used in spectral fingerprinting. In other words, to avoid
collecting noise during the off-state of the light, the detection system can
advantageously only measure or record data during the on-state of the MIRFIL. In
comparison to a broadband lamp, the average spectral density in the SC is about 3 x
10° brighter than a lamp and the peak spectral density in the SC is about 3 x 10°

20  brighter than a lamp. Thus, such a broadband mid-IR source can enable white light
interferometry measurements with very high sensitivity.

Another feature of the SC 1490 is the remarkably smooth spectrum ‘over a
wide spectral range. Because of the relatively stable pump laser input to the SC fiber,
it is believed that shot-to-shot the spectrum is the same. In fact, this is a valuable

25  attribute for spectroscopy. However, during the pump pulse, the less than 2nsec pulse
probably has a range of intensities. The different values of the intensity may in turn
be responsible for different parts of the spectrum. As a consequence of averaging
over all the values of the intensities, the resulting spectrum may be quite smooth.
This hypothesis also suggests a method of tailoring or adjusting the spectral shape of

30 the SC. One way would be to use wavelength filters, such as gain equalizers or
dynamic gain equalizers. However, another technique could be to modulate the time
domain of the pump pulse, and then this temporal modulation could translate on to the
spectrum as different parts of the pulse contribute to different parts of the spectrum.

There can be a number of techniques used to expand the long wavelength edge

35  of the SC generation in optical fibers. In one embodiment, the composition of the
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fluoride glass can be changed to permit transmission out to longer wavelengths. The
fibers described thus far are zirconium fluoride glass, with a exemplary composition
for the ZBLAN of (mole%): ZrF4 (57), BaF; (34), LaFs (5), AlF3 (4). For the
ZBLAN or more generally the zirconium fluoride fibers, the transmission edge of 1
5 dB/m at 4.3 microns is fairly common, and it the IR edge does not shift very easily.
On the other hand, fluoride glass fiber that does not contain zirconium fluoride fiber
or other short-IR-edged compounds may enable transmission to longer wavelengths.
By changing the composition, the long wavelength edge can be found to extend
beyond ~5.4 microns. Therefore, if tﬁe SC generation were implemented in such a
10 fiber, the edge of the SC might be expected to reach beyond 5 microns. For long
wavelength performance, the cut-off wavelength for the fiber should probably be
beyond 2 microns, preferably beyond 2.5 or 3 microns, to control the bend induced
loss at the longer wévelengths‘ The core size can also be advantageously relatively
small (e.g., less than a core diameter of 12 microns, more preferably less than 10
15  microns) to reduce the power requirements for the SC generation. However, larger
core sizes may also be used to increase the overall output péwer from the SC
spectrum.

Other embodiments of fluoride fiber can also be used to extend the long
wavelength edge or to optimize the shape of the SC spectrum. In one embodiment,
20  the pump wavelength could be made closer to the zero dispersion wavelength of the
fiber, or a cascaded Raman shifted order of the pump could fall closer to the zero
dispersion wavelength of the fiber. In a preferred embodiment, the pump or the
shifted pump wavelength would fall slightly to the long wavelength side of the zero
dispersion wavelength. This would lead to MI with a broad gain spectral width. In
25  another embodiment, a hybrid configuration of different t:iuoride fibers could be used
to effectively taper the core size of the chain, either downward or upward. In yet
another embodiment the wavelength dependence of the core and cladding material
can be selected so that the numerical aperture (NA) increases with increasing
wavelength. For a step-index fiber, the NA = sqrt (n;? — n,?), where n; is the index of
30  the core and n; is the index of the cladding. Therefore, if the difference between the
two indices of refraction increases with increasing wavelength, then the NA will
increase. As the NA is increased, the waveguide will be better guiding and the effect

of bend induced loss will be lowered.
As an alternative, fibers made from different materials can also' be used to

35 increase the wavelength extent of the SC. Another option for mid-IR fibers are
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tellurite (TeO,) glass fibers. Recently, there has been growing interest in the TeOs-

based glasses because of their strong nonlinear properties and capacity for doping

with high concentrations of rare-earth elements. Hence, these glasses can be

appropriate for a wide range of devices including lasers, amplifiers, and mid-IR

5 wavelength converters. Several preliminary studies have been reported in the

literature regarding the glass properties. For example, depending on the doping

details, the Raman gain coefficient can range from 30 times larger than fused silica to

45 to 95 times larger than fused silica. In addition, the Raman gain band in the TeO;

glasses can be up to a factor of two wider in bandwidth than fused silica. Moreover,

10  the damage threshold for the TeO, glasses is measured to be approximately 15-20

GW/cm?, which is about a factor of two or three smaller than fused silica at 50

GW/em?®. For the tellurite fibers the nonlinearity can be strongly dependent on the

material composition, and the zero dispersion wavelength can also vary with material

composition. In addition, the tellurite fibers may transmit light at least out to 4

15 microns, and even out to 5 microns in bulk glass. According to some reports, at 4

microns the theoretical background loss (i.e., material loss) can be somewhere above

10 dB/m. The minimum loss in tellurite fiber would be around 3 microns, and the

value of the loss should be between 5 — 10 dB/m in the fiber at 3 microns. In yet

other embodiments, materials made in waveguides may be advantageous for mid-IR

20  light generation. For example, if the pulse break-up first occurs in fused silica fiber,

then the nonlinear spectral broadening for SC generation can occur in silicon or other
semiconductor waveguides.

Given that only certain range of fiber parameters are available in the fluoride

fibers and that step-index fiber can only provide limited control over the dispersion

25  profile, an additional degree of freedom for the mid-IR fibers may be helpful. The

use of two pump wavelengths may provide this optimization option. With the two

pump case, MI can occur with either pump in the anomalous or normal dispersion

regime. Thus, whereas for the single pump case MI phase matches when the pump is

in the anomalous dispersion regime, the addition of a second pump relaxes this

30 constraint. As an example, Figure 15 illustrates the use to two pump wavelengths

falling in the anomalous dispersion regime in the ZBLAN fluoride fiber. In

particular, the zero dispersion wavelength from material dispersion is at 1628nm, and

pumps at 1630 and 1635nm are assumed. The pump at 1630nm is assumed to be

3.5kW peak power, and the pump at 1635nm is varied at 0 1510, 1kW 1520, 2kW

35 1530 and 3.5kW 1540. As the second pump is increased, the gain bandwidth
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stretches from 3.7 microns to 4.2 microns, 4.9 microns and approximately 6 microns.

These two pump wavelengths can be implemented directly with EDFA amplification

(using co-called L-band amplifiers), or they can be generated near 1530nm, and then

one Raman wavelength shift can be used to transfer the energy closer to 1630nm. In

5  another embodiment, an additional degree of freedom can be obtained in fluoride

fibers by using microstructure fiber geometries, which are also often called photonic

crystal fibers.

Another aspect of the MIRFIL is that the average power can be increased to

>500mW from the current ~20mW average power. For the higher powers, one

10 change could be to use a higher power pump laser. Examples of higher power pump

lasers include solid-state lasers, diode-pumped laser systems including solid state

lasers, cladding pumped fiber amplifiers and lasers, and optical parametric oscillators

or amplifiers. To improve the efficiency and power, longer wavelength (~2 microns)

and higher power solid state lasers or cladding pumped fiber amplifiers or lasers can

15  also be used. For instance, holmium or thulium lasers provide light near 2 microns in

wavelength. As the powers are increased, another change can be to use larger core

size fibers, so that the intensities can remain below the damage threshold while the

overall output power can be increased. For example, different core sizes of fluoride

fibers are already commercially available. In addition, the HIiNL fused silica fibers

20  could possible be pulled to larger sizes, although care will be needed not to change the
zero dispersion wavelength in these fibers.

Although a number of embodiments of using fluoride fibers to generate SC

into the mid-IR are described, other configurations and fiber types can also be used to

alter the shape of the SC spectrum or to extend the wavelength range of the SC

25  generation.

Generalization of SC or Wavelength Conversion and Using Semiconductor

Waveguides

The results in the fused silica and fluoride fibers suggest a more general model

of optimizing SC generation or wavelength conversion (further discussed in a few

30  sections below). One example of the generalized model is illustrated in Figure 16.
The light originates from a pump laser 1610, which can a laser diode followed by
EDFA'’s, cladding pumped fiber amplifiers or lasers, diode-pumped solid state lasers,
diode-pumped fiber lasers, or any number of light sources in the near-IR wavelength
range. It may be desirable to include a wavelength shifter 1640 (dotted line boxes

35  correspond to different optional elements in the optimized set-up). As an illustration,
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the wavelength shifter 1640 might be a Raman wavelength shifter, a cascaded Raman
oscillator, an optical parametric oscillator or an optical parametric amplifier. In
addition, it may advantageous to introduce light from a seed laser 1650, which can be
a laser diode, a tunable laser diode, a fiber laser, a solid state laser, or another super-
5 continuum source. In the case of the experiments to date, the seed light may be
arising from the ASE from the optical amplifiers. However, if the optical amplifier is
not used, then it may be advantageous to introduce a seed laser light to lower the
threshold or control the wavelength of the modulational instability in the next stage.

The first stage may be used to cause break-up 1620 of the CW or quasi-CW

10  light into pulses or solitons through the MI effect. The first stage 1620 can
advantageously be implemented in optical fibers, and for a single pump wavelength
the MI phase matches in the anomalous group velocity dispersion regime. If the
pulses are nano-second (i.e., longer than approximately 100psec, or even longer than
about 30psec) or quasi-CW light, there may be enough intensity modulation to cause

15  collisions between different soliton pulses. Otherwise, in a preferred embodiment an
intensity modulator can be used to create a distribution of intensities, which in turn
can lead to a collision between soliton pulses. The intensity modulation may also
help to create a smooth spectrum, due to the distribution of pump intensities.

In some cases, it may be further advantageous to have a mid-stage 1660 after

20  the Ml-initiated pulse break-up stage. This mid-stage, for example, can have a pulse
sharpener 1660, which helps to compress the soliton pulses and/or create more
modulation sidebands in the frequency domain. Examples of the mid-stage include
optical fibers, dispersion decreasing fibers, tapered fibers, grating compressors, or
other examples of pulse compressors, whether they are implemented in optical fibers

25  or bulk optics. This mid-stage can additionally help by increasing the peak intensity
of the pulses. As such, the mid-stage can also include optical amplifiers.

The second stage can then include a nonlinear element for SC generation 1630
or wavelength conversion 1670. The non-linear element can help to generate SC or
new wavelengths based on four-wave mixing processes. For SC generation, the

30 nonlinearity in the second stage can give rise to spectral broadening through self-
phase or cross-phase modulation. Although the nonlinear properties of this second
stage is one of the important parameters, it may also be desirable to have some
dispersion to cause pulse walk-off or pulse motion. Such pulse motion may help to
smoothen the spectrum or create even higher peak intensities., It may also be

35 advantageous for the second stage to be at least partially transparent over the
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wavelength of interest. For example, for mid-IR conversion, it may be advantageous

for the second stage to be transparent over much of the mid-IR wavelength range.

Examples of the second stage include different optical fibers, including HiNL,

ZBLAN, fluoride, tellurite, chalcogenide, or even semiconductor doped glasses or
5  waveguides.

Although most of the experiments presented have used mid-IR fibers or fused
silica fibers, in the more generalized model other elements such as semiconductor
waveguides or nonlinear crystal material could be used in the second stage. As one
particular example, a silicon waveguide could be used as the second stage. The

10 nonlinearity in silicon is about four-orders-of-magnitude higher than in silica fiber.
The band gap in silicon is around 1.1 microns, so silicon is transparent (at least in a
linear sense) for wavelengths longer than 1.1 microns and throughout the mid-IR
wavelength range. Therefore, it is advantageous to have a pump wavelength below
the band gap of silicon. However, for a pump wavelength between approximately 1.1

15 and22 microﬁs, the pump will experience two-photon absorption (TPA). In turn, the
carriers generated through TPA can induce free-carrier absorption.

One method to overcome the TPA-induced free carrier absorption is to embed
the silicon waveguide in a P-I-N diode configuration, particularly with the PIN diode
reverse biased. As an illustration, the waveguide may fall in the I (infrinsic) region,

20  and the electric field from the reverse biased diode can help to quickly sweep out the
electrons and holes created by the TPA effect. Although this technique reduces the
free carrier absorption, it does not prevent the TPA effect. Furthermore, the silicon
waveguide in a PIN diode can be enhanced in a number of ways For instance, the
length of the waveguide can be extended by using multiple zig-zags, such as in a S-

25  configuration. Moreover, the pump light can be multiple passed by placing coatings
on the semiconductor wafer or mirrors around the wafer. In a preferred embodiment,
one side of the chip may be coated for high reflectivity, while the other side can be
anti-reflection coated or dichroic coated. Another advantageous configuration can
meodulate the applied voltage to the PIN diode to control the loss in the waveguide.

30 As an example, this modulation could control the long wavelength edge of the SC
spectrum or could be used to put codes onto the SC spectrum.

The silicon PIN waveguide is just one example of the nonlinear element 1630
or 1670 that could be used for SC generation. There are many other semiconductor
or other materials that could alternatively be used. For instance, a waveguide can be

35 made in a wide-gap semiconductor, where the band gap is at shorter wavelength than
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the TPA edge. This would avoid the TPA problem, thereby removing the necessity of
using a PIN for carrier sweep-out. Alternately, a more atomic-like material can be
used, such as quantum dots, so the material does not have a conduction band and the
associated TPA problems. Moreover, other nonlinear crystals could be used, such as
5  lithium niobate or periodically-poled lithium niobate. Furthermore, different fiber
configurations could be used. For example, a hollow core fiber or capillary could be
used that is filled with a nonlinear liquid, such as CS,. Other fiber types could also be
used, such as tellurites, chalcogenides, or photonic crystal fibers.
Cascaded Raman Wavelength Shifting in Chalcogenide Fibers
10 Chalcogenide fibers represent another alternative of fiber types for mid-IR
light generation. Examples of chalcogenide fibers include sulfide (typically
transmitting out to approximately 6 microns), selenide (typically transmitting out to
approximately 9 microns) and telluride (typically transmitting out to 11 microns).
Technical feasibility has been demonstrated for cascaded Raman wavelength shifting
15  in chalcogenide fibers. In a particular embodiment, samples of arsenic-tri-sulfide
fibers were obtained. The testing started with a 20m length of fiber number WS-884,
which has a slight selenide doping, a core size of approximately 6.5 microns, and a
numerical aperture of ~0.22. For example, Figure 17 shows the spectral output from
about 12m of the WS#884 fiber for different input peak powers. The second cascaded
20  Raman order can be observed at ~200W peak power input to the chalcogenide fiber.
Also, this second cascade order can be repeatable, and it grows to a noticeable
strength by ~235W peak input power 1710 (this is power incident on the fiber, not
necessarily the fiber coupled into the fiber).
To generate and measure the spectrum beyond the second Raman cascade
25  order 1770, the light from the mid-IR fiber can preferably be sent to an optical
spectrometer that is optimized for the near to mid-IR. In particular, a 0.3m
spectrometer is used that has a grating with 300 grooves/mm. The numerical aperture
for the fiber output is optimized to couple into the spectrometer using lenses that are
transmitting in the mid-IR, such as calcium fluoride lenses. The detector used is a
30 modified InGaAs detector, which has high sensitivity out to 2.6 microns. To
minimized the effect of the water absorption line around 1.9 microns, a dry nitrogen
as is used to purge the interior of the spectrometer.
Figure 17b illustrates the spectrum 1740 at the output of fiber WS#884
measured using the optical spectrometer. With the extended range of the

35  spectrometer and the nitrogen purge, the third Raman cascade order 1780 can be
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observed. The pump power incident on the sulfide fiber is now raised to
approximately 350W. As the pump power is raised, the third order 1780 cascaded
Raman wavelength shift grows. It should be noted that the actual third order shift is
probably higher in magnitude, since the path from the fiber to the spectrometer is not
5  purged and there may still be residual moisture in the spectrometer chamber. Further
orders of cascaded Raman wavelength shifting may be limited by damage at the input
to the fiber as the pump power is raised.

The results from the chalcogenide fibers could be improved using a number of
techniques. Different fiber sizes will be tested to see if the fiber core is more uniform
10 or continuous in the larger core size fibers. Gallium on the two ends of fiber can be
used to test for the guiding properties of the lowest order mode in different fiber
lengths. The ends of the sulfide fiber may also be encapsulated to remove heat and,

thereby, to increase the damage threshold.
As another alternative, selenide fibers could be used, which are interesting
15  because they should have an order of magnitude larger Raman gain coefficient
compared to the fibers tested. One question is the value of the damage threshold
power for the selenide fibers. If the damage threshold is the same in the selenide
fibers as the sulfide fibers that have been tested, then a significant improvement in
CRWS might be expected. However, the index-of-refraction variation with
20  temperature On/8T can be positive in the chalcogenide fibers, and the value can be an
order of magnitude larger in the selenide fibers compared to sulfide fibers. Therefore,
one concern may be that catastrophic self-focusing might occur in the selenide fibers
due to thermal effects from light absorption. In addition, the selenide fibers have a
bandgap of ~750nm, which is closer to the pump wavelength than the sulfide fibers
25  (band gap around ~520nm). Thus, a second concern arises from photo-darkening
effects arising from two-photon absorption. To overcome photo-darkening concerns,
it might be worth trying a hybrid approach, where light is first shifted in fused silica
out to ~2-2.8 microns, and then the light is coupled into the chalcogenide fibers for
further shifting. An alternative approach will be to pump the chalcogenide fibers with
30  thulium lasers (either fiber based or solid state lasers), so the shifting starts from
around 2 microns. Although particular schemes are described for CRWS in
chalcogenide fibers, a myriad of other techniques and materials can be used for

generating light using CRWS into the mid-infrared.
Wavelength Conversion Based on Four-Wave Mixing
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There are applications, such as spectral fingerprinting, where SC generation
can be very valuable. Also, SC could benefit infrared counter-measures (IRCM),
because it becomes virtually undefeatable because the broad spectrum mimics the
black body radiation from hot metal objects. However, there are many cases where

5  only a narrow band of frequencies in the mid-IR may be desired. For example, laser
ablation typically only uses a band of frequencies, and IRCM traditionally uses three
frequency windows in the mid-IR. For these cases where only a few mid-IR
wavelengths are required, SC can be inefficient, since the energy may be spread over
a wide spectral range. Wavelength conversion of the pump wavelength to a set of

10 frequencies in the mid-IR would be significantly more efficient.

Because of the similarity of the experimental set-up and the same underlying
physics at work, one question is when does SC generation occur and when does
wavelength conversion occur. The MI process can be used to convert the CW or
quasi-CW (e.g., nanosecond pulses) to short pulses required for many of the nonlinear

15 phenomena, thereby reducing or eliminating the need for modelocked lasers. Also,
for the single pump wavelength case MI phase matches in the anomalous group-
velocity dispersion regime. Therefore, the first step for either SC or wavelength
conversion can be to propagate the light in a length of anomalous dispersion fiber
(i.e., soliton regime of the fiber). The main difference in outcome may depend on

20  how long the pulses are permitted to propagate in the soliton regime of the fiber.

To distinguish SC generation from the wavelength conversion processes, it is
worth first examining the onset of the SC generation process. As an example, Figures
5 and 6 show simulations of the break-up of quasi-CW pulses through MI and then
the onset of SC generation. Figure 5 shows the initial break-up of the quasi-CW pulse

25  into solitons, and then the Raman effect shift in energy to the longer wavelength side
(left side is time and right side is frequency domain). Thus, the broad quasi-CW
input is broken into a train of solitons.

Figure 6 shows one example of the time-domain collision process further
down the fiber, as the onset of SC generation can be seen on the computer. The red-

30  shifted pulses travel through the blue-shified pulses because of the anomalous
dispersion, and then the red-shifted pulses rob energy from the blue-shified pulses
through the Raman effect. This complicated collision process may give rise to
narrow, high peak power pulses, which can lead to SC generation. The generation of
the large super-pulses in Fig. 6 may be advantageous for achieving the exiremely high

35 intensities and the run-away effect that give rise to SC generation. Note that the
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coliision of the pulses occurs because self-phase modulation leads to the initial red-
shifting of the leading edge of the pulse (i.e., the part of the pulse that occurs earlier in
time). Then in the anomalous dispersion regime the red-shifted pulses travel slower,
causing the pulses in the leading edge of the pulses to pass through the pulses in the

5 trailing edge of the pulse (Fig. 6). As the red-shifted pulses travel through the other
soliton pulses, through the Raman process the red-shified pulses grow in energy and
further narrow.

In order to observe wavelength conversion through four-wave-mixing (4WM),
the MI break-up of the pulses as seen in Fig. 5 can be advantageous, but the super-

10  pulse creation process of Fig. 6 that leads to SC generation should preferably be
avoided. As a specific example, the purpose of the ~0.5m length of standard SMF
fiber (fiber that can be in the soliton regime or anomalous dispersion regime) in the
experiments is to convert the ~1.8nsec pulses from the laser into the short soliton
pulses. This length may be intentionally kept short to avoid the collision phenomena

15 ofFig. 6.

Depending on the wavelength conversion mechanism, different strategies can
be used to avoid the collision and super-pulse creation of Fig. 6 in the second stage of
fiber. As an example, to observe wavelength conversion through 4WM, the second
stage fiber is selected to operate in the normal dispersion regime. Since the red-

20  shifted pulses travel faster than the blue-shifted pulses in the normal dispersion
regime, the collision and super-pulse formation of Fig. 6 are avoided. For single
pump wavelength seeded MI, anomalous dispersion is required for phase matching.
Therefore, by using normal dispersion in the second stage, the run-away effect of MI
can be avoided, and 4WM can phase match to provide the wavelength conversiof.

25 Four-wave mixing is a four-photon process where two pump photons combine
to produce a Stokes wavelength (longer wavelength) and an anti-Stokes wavelength.
One aspect of 4WM is that phase matching is required between the four waves. For

instance, the wave vector mismatch is given by

npa)p n.w n w

Nk=2k,~k,~k,=2 e e
C C C
30 and the conversion efficiency is given by
__(_J =
ﬂ.awu -—(?‘PL)z AkL 2.
2
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Normally, high efficiency for the 4WM process can be obtained near the zero
dispersion wavelength. However, a new regime of phase matching can be
advantageously used that enables mid-IR light generation, since this new regime is
distant from the zero dispersion wavelength. As one example, the 4WM wave vector

5 mismatch 1800 is calculated and plotted in Figure 18. Assuming a zero dispersion
wavelength near 1.7 microns for the fluoride fiber, the wave vector mismatch can be
small close to zero dispersion, such as for wavelengths around 1.6 to 1.8 microns.
However, there turns out to be another zero crossing in this case around 1.02 microns.
The 4WM efficiency turns out to be large above 1.5 microns, but also large in the

10 vicinity of 1.02 microns. Although this second window generally is found to be
narrower bandwidth, it can give rise to wavelength conversion into the mid-IR. For
instance, for a pump wavelength of 1553nm and the anti-Stokes wavelength of
1020nm, the Stokes light generated would be in the vicinity of 3.36 microns.

As the zero dispersion wavelength and the dispersion profile of the fiber is

15  changed, the position for this mid-IR light wavelength conversion can change. For
instance, the following table shows different examples of the calculated and measured
4WM peak for different fibers measured.

Ag (um) Theoretical Experimental
Peak (um) Peak (um)
1.56 1.37 1.40 (> 1.75)
1.57* 1.25 1.23 (> 2.11)
1.61* 112 117 (> 2.31)
1.70# 1.01 1.02 (> 3.25)

Experimental confirmation can also seen of this new regime of phase

20  matching for 4WM in different fused silica and fluoride fibers. As a particular
example, the experimental set-up for testing 4WM wavelength conversion is
illustrated in Figure 19. The pump 1910 is similar to that of the SC experiments.
However, at the output of the power amplifier is a WDM 1930 or power dividing
coupler to inject a seed wavelength 1920, and this is followed exemplary by an

25  approximately 0.5 meter length of SMF fiber 1940 (this fiber, in many cases, can just
be the fiber pigtails of the coupler). This pre-stage fiber may serve to break up the
pulses through MI, but the length is maintained short enough to attempt to avoid SC
generation. Then, the output of the SMF pre-stage fiber is coupled to various fibers

1950, which are preferably in the normal dispersion regime for the pump wavelength.

30 In a preferred embodiment, a seed laser diode would be placed at the anti-Stokes

36

| PR2025-01250 Page 00610



WO 2007/061732 PCT/US2006/044451

wavelength, and the Stokes wavelength would be generated through the 4WM
process.
The data above suggests a procedure for wavelength conversion of light into
the mid-IR wavelength range, particularly when there is a target wavelength desired
5  for a particular application. First, the dispersion of the fiber can be tailed to phase
match at a target wavelength. The fiber dispersion can be tailored by changing the
zero dispersion wavelength, adjusting the dispersion slope, or perhaps by using more
exotic fibers such as micro-structure fibers that can have more than one zero
dispersion wavelength. Then, if the pump is for example within the
10 telecommunications band, then tune the wavelength of the pump laser to obtain the
correct target wavelength. The pump laser could be a tunable laser, or the pump laser
could be laser diodes of different wavelengths, for example laser diodes that are on
the ITU wavelength grid. With the appropriate adjustment of the phase matching
condition, then introduce a seed laser at the anti-Stokes wavelength. Since the anti-
15  Stokes wavelength falls in the near-IR wavelength range, one example of a seed laser
would be laser diodes. With the introduction of the anti-Stokes wavelength, mid-IR
light on the Stokes side should result, so long as the fiber can transmit light at the
particular mid-IR wavelength. Thus, as an example light out to ~2.7 microns might
be generated in fused silica fiber, light out to ~4.4 micron might be generated in
20 ZBLAN fluoride fiber, and light out to ~5.5 microns might be generated in the
extended band fluoride fiber. In a preferred embodiment, a fused silica fiber pre-stage
can be used to generate pulses through MI, and then the wavelength conversion would
be in fiber where the pump wavelength falls in the normal dispersion regime.
Although one particular method of wavelength converting light into the mid-infrared
25  regime is suggested, numerous other techniques can be used within the scope of the
present disclosure.
Applications of MIRFIL Sources
Several differentiators for the MIRFIL fiber-based sources include:
s Maturity of underlying technology
30 - s For SC, emulate black body radiation or attractive source for spectral
fingerprinting or last mile solutions in telecommunications
¢ For wavelength conversion, simple tuning over wide Wavelength range

o Excellent beam quality (M? < 1.4, as an example)
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e Advantages of fibers, such as compact, robust, lightweight, and no moving

parts
e Potential room temperature operation with flexible repetition rate from
CW to MHz or higher
5 e Power scalable to ~10W or more by using larger core size fibers and
higher pump powers.

On this last point, the scalability of the power by pumping with a cladding
pumped fiber laser can be quite attractive. As an example, in the last several years the
CW power from cladding pumped fiber lasers has increased from 10’s of Watts to a
10 time-average power of 15kW in 2005. Moreover, pumping with a cladding pumped
fiber laser could enable an all-fiber integrated MIRFIL. The SC generation or
wavelength conversion fibers (whether one, two or more stages) could be coupled to
this pump unit using either fusion splicing, mechanical splicing, or free space or bulk
optical coupling. Then, the resuiting unit could be an all-fiber, high power MIRFIL.
15 As mentioned before, cladding pumped fiber lasers can operate at exemplary
wavelengths near 1 microns, 1.55 microns or 2 microns, depending on the dopants in
the fiber. Although a particular monolithically integrated MIRFIL is illustrated, many
other configurations and pumping techniques can be used within the scope of the
present disclosure.
20 The MIRFIL may be used for applications where light in the mid-IR
wavelength range (exemplary 2 to 5 microns) is advantageous. For example, the mid-
IR is known as the spectral fingerprint region, because many chemicals have their
rotational and vibrational resonances at least in part in the mid-IR wavelength range.
Also, the mid-IR can be important for heat sensing, since black body radiation from
25  “hot objects,” such as plumes or hot metal, falls at least in part in the mid-IR.
Moreover, for applications in the life sciences, laser ablation near 3.6 or 6.45 microns
could be advantageous, since the protein and amide group absorption can exceed the
water absorption. Also, mid-IR light near the peak of the water absorption could lead
to high-resolution photo-acoustic imaging, which can be important for applications
30 such as laser keratectomy. These are exemplary applications of mid-infrared light
sources, but many other applications fall within the scope of the present disclosure.
The early adaptors of the MIRFIL laser technology may be in military related
markets for chemical sensing and infrared counter-measures IRCM). However, there
are also commercial markets for the same kind of MIRFIL laser units. For example, a

35  similar laser that is used for chemical sensing can be used in the commercial sector
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for industrial chemical plant control, advanced semiconductor processing, combustion
monitoring and bio-medical diagnostics. Similarly, a similar laser that is used for

IRCM can be used in the commercial sector for bio-medical laser ablation.
The first application to use the MIRFIL may be chemical sensing systems
5 products. In particular, the wavelengths of IR absorption bands are characteristic of
specific types of chemical bonds and every molecule has a unique IR spectrum
(fingerprint). IR spectroscopy finds its greatest utility for identification of organic
and organo-metallic molecules. There are three IR spectroscopy technologies
employed in point detectors: Fourier transform IR (FTIR) spectroscopy, photo-

10 acoustic infrared spectroscopy, and filter based IR spectroscopy.

The SC broadband source could be particularly useful for spectral
fingerprinting. In several chemical sensing detection systems, a narrow line width,
tunable laser may be used to perform spectral fingerprinting. Instead of this approach,
the SC based spectral fingerprinting can be much more like white light spectroscopy.

15  In other words, the SC may permit simultaneous monitoring over a wide spectral
range. In one embodiment, the spectra at several wavelengths can be used to
advantageously identify a chemical species. In another embodiment for absorption or
reflection spectroscopy, several wavelengths of the absorption or reflection can be
measured either simultaneously or in some time sequential fashion. Then, the relative

20 magnitudes at different wavelengths or a particular spectral pattern of absorption or
reflection can be pattern matched to identify the chemical of interest. Such a
technique has the potential of having high selectivity, since the monitoring can be
accomplished over a wider spectral range and since the spectral pattern matching can
compare a number of features.

25 An-exemplary system 2000 for performing spectral fingerprinting or using the
SC light source is illustrated in Figure 20. The chemical sensing systems can include
a light source 2010, such as the MIRFIL light source, filters, and a lens system to
transmit through a sample or sample volume 2030. There may be a reference path
2020 for calibrating the system. In another embodiment, the reference path may

30  substantially coincide with the sample path 2030, but the two can be time multiplexed
— i.e., the reference signal may be at a different time than the sample signal. The
sample path 2030 can collect the light in transmission or reflection, depending on
whether the detector is integrated with the light source or in a different location. The
light detection system 2040 collects at least a fraction of the light, and data collection

35 and analysis computer software 2050 may be coupled to the detector and receiver
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(i.e., electronics behind the detector). As an example, the light detection system 2040
can include a grating and a linear array of mid-IR semiconductor detectors or multi-
spectral detectors. Alternately, the detection system 2040 can be a moving grating
and slit or a MEMS-based grating followed by a detector. In a preferred embodiment,
5  when a particular wavelength range is being detected, narrow-band detectors or filters
followed by detectors could be used to select only the wavelength of interest and
reject the noise and signals at other wavelengths. One advantage of the system 2000
of Figure 20 is that it may lead to non-contact, remote detection of chemical species.
In such a system, some of the important issues are the sensitivity and selectivity or
10 interference between the signatures of different chemicals.

Systems such as 2000 can be used for chemical sensing for military
applications as well as industrial plant monitoring systems. For example, chemical
sensing can be used to detect chemical warfare agents, which are chemical substances
that are intended for use in warfare or terrorist activities to harm people through their

15 physiological effects. The most common chemical agents include nerve agents,
blister agents and arsenical vesicants. Moreover, chemical sensing can be used for
weapons detection, since residue from gun power can be sensed using remote or non-
contact optical spectroscopy techniques. In addition, toxic industrial materials are
chemicals other than chemical warfare agents that have harmful effects on humans.

20 These are used in a variety of settings such as manufacturing facilities, maintenance
areas, and general storage areas. '

In one embodiment, the spectral fingerprinting system can be used for firearms
detection. For example, firearms detection can be implemented by searching for the
composition of gun powder. One chief ingredient in smokeless gun powder is nitro-

25  cellulose, which has clear spectral features centered around 2.86 microns and 3.45
microns. Although there are also lines at 6 microns on beyond, many chemicals have
a lot of lines in that wavelength range, so it may be difficult to separate one chemical
from another. Beyond nitro-cellulose, there are also a number of additives in

smokeless gun powder, an example of which is provided in the table below.

Component Function Typisal chemicals

ticizer O matal Dibaty! Phihalate
propelianta and explosive
imixiures
Primer Intiate the propettent in Lead azide
ammunition Lead aiyphnate
Tetracene
Barium nltrale
Steontium nétrate
Trganiz Di i

m;numxm ¢wing | Ethyl Centralite

30 Fropehan netge fapd combustion
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Diphenyl amine, which is used extensively as a stabilizer, shows clear spectral
signatures centered around 2.94, 3.33 and 3.85 microns. Dibutyl phthalate, which is
used as a plasticizer, shows an absorption peak around 3.4 to 3.55 microns. Lead
azide, which is used as a primer, has a peak absorption around 4.8 microns. Other

5  examples of primers include tetracene (broad absorption between approximately 2.8
and 4 microns), barium nitrate (absorption peaks near 2.94 and 4.2 microns), and
strontium nitrate (absorption peaks around 2.94 and 4.15 microns). Thus, many of the
components of smokeless gun powder have signatures in the mid-IR between 2 to 5
microns.

10 In another embodiment, the spectral fingerprinting system can be used for IED
(improvised explosives detection) or weapons detection. Many of the explosives have
modified benzene rings, and the benzene rings have a resonance around 3.2 microns.
Although there are a lot of absorption lines from 6-10 microns and in the terahertz
region, it may be difficult to sort out one chemical from another (i.e., there may be too

15 much interference, leading to poor selectivity). Cleaner, more discrete, signatures are
seen in the mid-IR, so although the level of absorption may not be as great, the
selectivity may be better. Examples of explosives and their approximate mid-IR lines
include the following:

PETN (pentaerythritol tetranitrate) 2.67,3.57, 4.25 microns

20 RDX (cyclotrimethylenetrinitramine) 2.9, 3.23 microns

TNT 2.9, 3.23 microns

Tetryl (2,4,6-Trinitrophenylmethylnitroamine) 2.9, 3.23 microns

HMX 2.9, 3.3 microns

Ammonium nitrate broad centered 3.23, narrow 4.1 microns
25 There are other applications in chemical sensing for the spectral fingerprinting

system as well. For example, the system can be used for drug detection or chemical
weapons agent detection. As an illustration, drugs such as cocaine,
methamphetamine, MDMA (ecstasy) and heroin have distinct optical spectral
signatlires in the wavelength range from 2-5 microns. In one embodiment, the use of
30 a broadband source covering a large fraction of the mid-IR between 2 to 5 microns
can be used to advantageously detect various drugs. Moreover, many of the chemical
weapons agents, such as sarin, cyclosarin, soman, tabun, sulfur mustard, nitrogen
ndustard, VX and lewisite, have absorption features in the 3 to 4 micron window,

particularly centered around 3.3 microns. Thus, non-contact, remote detection of
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drugs, weapons, firearms, and chemical agents could advantageously be implemented
with a spectral fingerprinting system utilizing the SC source.
Beyond chemical sensing, another application for the high power version of
the MIRFIL in military and homeland security might be in IRCM, particularly for the
5 commercial air fleet. For instance, much of the black body radiation falls in the
wavelength range covered by the SC sources described between ~1 microns and ~4.5
microns. In one embodiment, the SC spectrum could be carved or shaped using
spectral filters to resemble the spectrum for hot metal or plume.
Other chemical sensing applications for the SC source or wavelength
10 conversion source include semiconductor process control, combustion monitoring and
industrial chemical. For example, the chemicals in the semiconductor growth
chamber can be monitored to provide a real time feedback signal to an advanced
process control engine. By using the SC, a number of chemical species can even be
monitored simultaneously. Examples of chemicals that are relevant for
15  semiconductor processing include monitoring HCI and HBr for plasma etching or
monitoring CxFy for gate etching. Alternatively, the chemicals in combustion
chamber can be monitored using spectral fingerprinting. Most api)lications relevant to
gas dynamic and combustion flows are based on absorption by low-molecular weight
molecules with well resolved transitions — such as O,, H,O, CO, CO,, NO, NO,, OH,
20 NHs, HF, H,S, CHy, as particular examples. Because of current limitations arising
from a lack of convenient mid-infrared sources, the absorption measurements today
for chemical sensing may be performed on overtone and combinational vibrational
absorption bands, which typicaily fall in the near IR where laser diodes are available.
However, typical line strengths of these transitions are two or three orders-of-
25  magnitude below the fundamental vibrational transitions in the mid-IR. Therefore, by
' using SC in the mid-IR wavelength range, a much stronger signal can potentially be
obtained by operating at the fundamental wavelength of the transitions.
Another application for the MIRFIL based on SC generation or wavelength
conversion is in bio-medjcal ablation or imaging. As an example, the protein
30  absorption dominates over water absorption between ~3.6 microns and ~4 microns
and again near 6.1 microns and 6.45 microns. By using laser ablation in one of these
windows, the protein can be denatured (for example, by relying on the amino acid
absorption) before boiling the water, thereby resulting in less collateral damage. One
example of the value of avoiding the collateral damage could be in cosmetic surgery.

35 For instance, cosmetic surgery is often used to remove wrinkles or unwanted skin or
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tissue, but discoloration or scars from heating might be undesirable. By denaturing
the protein with minimum collateral damage, the unwanted skin or tissue or wrinkles
could be removed without scaring or skin discoloration. To achieve the wavelength
range of interest, SC generation or wavelength conversion could be used based on
5 4WM. This is one example of a mid-infrared light source for biomedical applications,
but many other configurations can be used within the scope of the present disclosure.

The above example uses mid-IR light in applications at wavelengths where the
protein absorption exceeds the water absorption. However, there are several instances
where the optimal use of the mid-IR light can be at wavelengths where the water

10 absorption dominates. In a particular embodiment, the mid-IR light can be used at a
wavelength of strong water absorption, such as close to 2.9-3.1 microns, so that a
short ulfrasonic or acoustic wave can be launched for high-resolution ultrasound
imaging. The wavelength of strong water can be selected to minimize the absorption
length of the mici-IR light in the water. In a preferred embodiment, the pulse width of

15  the mid-IR light is under 100nsec, under 10nsec or under 2nsec. These wavelengths
and pulse widths are exemplary, but many other ranges of values can be used.

For the short pulses and absorption lengths, the resulting wave then acts as an
acoustic impulse. As an example, one particular embodiment where the acoustic
impulses can be beneficial is in precise cornea thickness measurements (pachymetry)

20  made during planning for laser keratectomy. Precise thickness measurements can be
obtained with high-frequency ultrasound. The use of optical pulses at wavelengths of
high water absorption to create the acoustic pulses lends itself to a non-contact
procedure for ultrasonic measurements. On benefit of using an all-optical method to
generate the acoustic wave can be that it enables simple integration with laser ablation

25  systems. Thus, measurements and laser ablation can be done in one procedure
sequentially without need for moving instruments or patients. More generally, laser-
induced ultrasonics operating near the water absorption lines can be used to map out
many different materials and biological systems. For these types of application, it
could be more advantageous to wavelength conversion based on 4WM, so only a

30 narrow band of wavelengths near the water absorption are generated, rather than the
entire SC spectrum. '

Another potential application for the SC generation can be to use the MIRFIL
in Optical Coherence Tomography (OCT) systems used in bio-medical imaging and
diagnostics. Over the past two decades, OCT has been established as a diagnostic

35  technique for minimally invasive, high-resolution, cross-sectional imaging in a variety
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ol medical fields. The OCT system comprises a broadband, low-coherence light

source, a fiber-based Michelson interferometer, a sample scanning and positioning

stage, and a detector followed by electronics. OCT is analogous to conventional

ultrasonic pulse-echo imaging, except that it does not require direct contact with the

5  tissue that is being investigated and it measures echo delay and the intensity of the

back-reflected infrared light rather than acoustic waves from internal tissue structures.

The light source used in OCT helps to determine the instrument properties in terms of

the spectral bandwidth (axial resolution), center wavelength (penetration depth),

power density (data acquisition time), cost and size. The SC light source that

10 provides broad bandwidth without using a modelocked laser could lead to micron
level resolution for OCT systems without using an expensive light source.

OCT is usually used for biological systems. However, the SC light source
could also be advantageously be used with OCT for sub-surface defect detection in
semiconductors, ceramics, or other solid state materials. As an illustration, OCT

15  could be used to inspect silicon wafers before they are processed. This could permit
sorting of the wafers (i.e., charge a premium for better wafers) and avoiding the cost
of processing poor quality wafers. Alternately, OCT could be used to inspect multi-
layered structures. By using SC light beyond 1.1 microns, which falls below the
bandgap of silicon, the light can penetrate into the chip or wafer. Also, by using

20  longer wavelengths, the scattering loss is reduced. Furthermore, because of the
broadband spectrum, the depth resolution of OCT can be at the sub-micron level.
Thus, sub-micron to several micron sized defects could be inspected using the SC-
light source based OCT.

Typical OCT systems operate point-by-point, which may be too slow for some

25 of the wafer or chip inspection applications. The speed is limited both because
imaging is done point-by-point, as well as because one arm of the OCT is moved to
achieve the depth resolution. As an alternative, methods used in spectral domain
OCT can be used to avoid moving one arm of the interferometer, and by using a line
scan the point-by-point scanning could be avoided. As an example, the light from the

30  output of the SC source could be stretched onto é line using a cylindrical lens or an
appropriate optical lensing system. The resulting line of light could be split using a
beam splitter to a reference arm with a reference mirror or sample and the sample
arm. The sample can be located in the sample arm, and the sample can be moved
below the light to scan line by line. The return beams from the reference arm and

35 sample arm can be recombined at the beam splitter, and an imaging lens can then be
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used to image it into a spectrometer. In one particular embodiment, the spectrometer
could be dispersive optics, such as a grating or a lens, which could take each point of
light and spread it into a spectrum to be detected by a detector array. By processing
the multi-spectral data from each spatial point, the location of the reflection from the

5  sample can be detected. Thus, instead of using a movement of the reference arm, the
Fourier transform of the interference data may be processed to obtain the height of the
reflection.

Yet another application of the SC source is in the so-called “last mile solution”
in telecomimunications. The last mile solution includes the technologies related to

10  fiber-to-the-X (FTTx), where X can exemplary be home, node, neighborhood, curb, or
premise. As one example, the SC source can be an enabling technology for
wavelength division multiplexed passive optical networks (lambda-PONS). In a
lambda-PONS based FTTx system, each location can receive one or more
wavelengths. A challenge for lambda-PONS is the multi-wavelength light source,

15  which may reside at the central office or other telecommunications location. The SC
source can advantageously provide a potentially low-cost solution for the multi-
wavelength light source.

In one particular embodiment, the SC source can be coupled to one or more
modulators and a wavelength division multiplexer to implement the FTTx multi-

20 wavelength light source. As an example, the SC source could advantageously emit
wavelengths covering the low loss window in optical fibers, advantageously between
1250nm and 1750nm. For this example, the entire SC source could be implemented
in fused silica fiber. Then, the output from the SC source can be separated into
multiple wavelength channels, using, for example, a wavelength division multiplexer.

25 Each wavelength can then be modulated using -a modulator. The modulated
wavelength signals can then be combined and coupled to the output fiber for
propagation over the FTTx system. In addition, in the FTTx system the power
splitters may be replaced with wavelength division multiplexers. Examples of
wavelength division multiplexers include arrayed waveguide gratings, waveguide

30 - grating routers, dielectric coated beam splitters, and bulk optical gratings.

In another embodiment, the FTTx multi-wavelength light source could
comprise a SC source coupled to a dispersive pulse stretcher, one or more high-speed
modulators, and a wavelength division multiplexer to separate the wavelengths.
Advantageously, the SC source could advantageously emit wavelengths covering the

35 low loss window in optical fibers, particularly between 1250nm and 1750nm. The
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dispersive pulse stretcher can then broaden the SC pulse, spreading the wavelengths

so the channels occupy different time slots. The one or more high speed modulators

can be used to time sequentially encode the different channels, and then the

wavelength division multiplexer is used to separate the wavelength channels in the
5 FTTx system.

Although the present invention has been described in several embodiments, a
myriad of changes, variations, alterations, transformations, and modifications may be
suggested to one skilled in the art, and it is intended that the present invention
encompass such changes, variations, alterations, transformations, and modifications as

10  falling within the spirit and scope of the appended claims.
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WHAT IS CLAIMED IS:

1. A broadband light source comprising:

one or more laser diodes capable of generating a pump signal comprising a
wavelength shorter than 2.5 microns, a pulse width of at least 100 picoseconds and a
5  pump optical spectral width;
one or more optical amplifiers coupled to the pump signal and capable of
amplifying the pump signal to a peak power of at least 500W;
a first fiber coupled to the one or more optical amplifiers, the first fiber
comprising an anomalous group-velocity dispersion regime and a modulational
10  instability mechanism that modulates the pump signal, wherein the pump signal
wavelength resides in the anomalous group-velocity dispersion regime of the first
fiber, and wherein different intensities in the pump signal can cause relative motion
between different parts of the modulated pump signal produced through modulational
instability in the first fiber; and
15 a nonlinear element coupled to the first fiber capable of broadening the pump
optical spectral width to at least 100nm through a nonlinear effect in the nonlinear

element.

2, The broadband light source of Claim 1, wherein the one or more

20  optical amplifiers are selected from the group consisting of a rare-earth doped fiber
amplifier, a thulium-doped fiber amplifier, an erbium-doped fiber amplifier, a
semiconductor optical amplifier, a Raman amplifier, and a cladding pumped fiber

amplifier.

25 3. The broadband light source of Claim 1, wherein the first fiber is
selected from the group consisting of a fused silica fiber, a standard single-mode
fiber, a high-nonlinearity fiber, a dispersion-shifted fiber, a non-zero dispersion

shifted fiber, a microstructure fiber and a dispersion compensating fiber.

30 4. The broadband light source of Claim 1, wherein the nonlinear element
is selected from the group consisting of a high-nonlinearity fiber, a dispersion-
compensating fiber, a ZBLAN fiber, a fluoride fiber, a tellurite fiber, a chalcogenide
fiber, a semiconductor waveguide, a PIN silicon waveguide, a photonic crystal fiber,
and a hollow core fiber filled with a nonlinear liquid or gas.

35
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5. The broadband light source of Claim 1, wherein the nonlinear element

comprises a length 15 meters or less.

6. The broadband light source of Claim 1, wherein the nonlinear effect of
5 the nonlinear element is selected from the group consisting of self-phase modulation,

self-steepening, a Raman effect, four-wave mixing, and cross-phase modulation.

7. The broadband light source of Claim 1, further comprising one or more
optical filters coupled to the one or more optical amplifiers to control a Jevel of
10  amplified spontaneous emission, wherein the one or more optical filters are selected

from the group consisting of spectral filters and temporal filters.

8. The broadband light source of Claim 1, wherein at least a portion of

the one or more optical amplifiers comprises a cladding-pumped fiber amplifier

15 pumped by a plurality of multi-mode pump lasers comprising at least a second
wavelength, wherein the second wavelength is substantially different than the pump

signal wavelength.

9. The broadband light source of Claim 1, wherein a long wavelength
20 edge of the pump optical spectral width after ther nonlinear element is at substantially

2.6 microns or longer.

10. The broadband light source of Claim 1, wherein a center wavelength
for the pump optical spectral width after the nonlinear element is capable of being
25  adjusted by a device selected from the group counsisting of dispersion management in

the nonlinear element and a seed laser.

11. The broadband light source of Claim 1, wherein the light source is
used in a last mile telecommunications system by coupling the light source to one or

30  modulators and a wavelength separator.
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12. A mid-infrared light source comprising:
one or more laser diodes capable of generating a pump signal comprising at
least one wavelength and a pulse width of at least 100 picoseconds;
one or more optical amplifiers coupled to the pump signal and capable of
5  amplifying the pump signal;
one or more fibers coupled to the one or more optical amplifiers, at least one
of the one or more fibers comprising an anomalous group-velocity dispersion regime
and a modulational instability mechanism that modulates the at least one wavelength
of the pump signal in at least a potion of the at least one of the one or more fibers,
10  wherein the at least one wavelength of the pump signal resides in the anomalous
group-velocity dispersion regime for at least a fraction of the at least one of the one or
more fibers; and
a nonlinear element coupled to the one or more fibers capable of generating a
super-continuum with a substantially continuous spectrum from at least the at least
15  one wavelength of the pump signal to 2.6 microns or longer and wherein the nonlinear

element introduces less than 10 decibels of power loss at 2.6 microns.

13. The light source of Claim 12, wherein at least a portion of the one or
more amplifiers is a rare-earth doped fiber amplifier, wherein at least a portion of the
20  one or more fibers is fused silica fiber, and wherein at least a portion of the nonlinear
element is a light guide selected from the group consisting of a high-nonlinearity
fiber, a dispersion-compensating fiber, a ZBLAN fiber, a fluoride fiber, a tellurite
fiber, a chalcogenide fiber, a semiconductor waveguide, a PIN silicon waveguide, a
photonic crystal fiber, and a hollow core fiber filled with a nonlinear liquid or gas.
25 '

14.  The light source of Claim 12, wherein the super-continuum is used to
emulated at least in part a black body radiation from a heated object or in a spectral
fingerprinting system, where the substantially continuous spectrum is used to monitor
substantially simultaneously a number of absorption lines and wherein a chemical

30  species is identified by a pattern of absorption lines.
15. The light source of Claim 14, wherein a signal-to-noise ratio is
increased by selectively rejecting noise during times when the super-continuum is not

emitted using a technique selected from the group consisting of a time modulation

35  technique and a time gated detection technique.
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16.  The light source of Claim 12, wherein at least a part of the one or more
optical amplifiers is a cladding-pumped fiber amplifier pumped by a plurality of
multi-mode pump lasers comprising at least a second wavelength different than the at

5  least one wavelength of the pump signal.

S0
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17. A method of generating broadband light comprising the steps of?

generating a pump signal, wherein the pump signal comprises at least one
wavelength shorter than 2.5 microns, a pulse width of at least 100 picoseconds and a

S pump optical spectral width;

amplifying the pump signal to a peak power of at least 500 watts;

modulating at least a fraction of the pump signal using a modulational
instability mechanism, wherein different intensities in the pump signal leads to
relative motion between different portions of the pump signal; and

10 broadening the pump optical spectral width to at least 100nm using a nonlinear

effect.

18. The method of Claim 17, wherein the pump signal is amplified in a
cladding pumped fiber amplifier pumped by a plurality of multi-mode pump lasers
15  comprising at least a second wavelength different than the at least one wavelength of

the pump signal.

19. The method of Claim 17, wherein the broadband light is used for
emulating black body radiation, identifying particular chemical species, transmitting
20  in a last mile telecommunications system, or ablating proteins or tissue in biological

systems.

20. The method of Claim 17, wherein a power associated with the at least
100nm pump optical spectral width can be increased by increasing a pulse repetition

25  rate of the pump signal.
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