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(57) Abstract: A hybrid Attenuated Total Retlection fiber optic probe
device having a radiation source; a detecting system; a core-only solid optic-
al tiber probe tip having an input end and an output end; an input hollow
fiber waveguide configured for association with the radiation source at a
first end and interconnection with the input end of the core-only solid optic-
al tiber probe tip at a second end; an output hollow fiber waveguide con-
figured for interconnection with the output end of the core-only solid optical
fiber probe tip at a first end and association with the detection system at a
second end; an inwardly tapered solid fiber input radiation collector element
configured at a tapered end for interconnection with the second end of the
output hollow fiber waveguide so as to receive radiation from the radiation
source; wherein an outside diameter of the core-only solid optical fiber
probe tip and an inside diameter of each one of the input hollow fiber wave -
guide and the output hollow tiber waveguide is such that the interconnection
between each one of the input hollow fiber waveguide and the output hollow
fiber waveguide and the core-only solid optical fiber probe tip is by means
of inserting the input end of the core-only solid optical tiber probe tip into
the second end of the input hollow fiber waveguide and inserting the output
end of the core-only solid optical fiber probe tip into the first end of the out-
put hollow fiber waveguide, such that the core-only solid optical fiber probe
tip is held in the input and output hollow fiber waveguides by means of fric-
tion, and wherein an outside diameter of a portion of the inwardly tapered
solid fiber input radiation collector element and an inside diameter of the
second end of the output hollow fiber waveguide is such that the tapered end
of the inwardly tapered solid fiber input radiation collector element is held
in the end of the second end of the output hollow fiber waveguide by means
of friction.



WO 2014/195949 A1 |IIWAT 00T A0 O E A A AR

Published:
—  with international search report (Art. 21(3))



WO 2014/195949 PCT/IL2014/050504

APPLICATION FOR PATENT

Title: Hybrid Fiber Optic Probe Device for Attenuated Total Reflection
Spectroscopic Applications in UV, Visible and IR Ranges.

FIELD AND BACKGROUND OF THE INVENTION

[0001] The present invention relates to fiber optic probes for use in
spectroscopic applications in general and, in particular, it concerns a hybrid
Attenuated Total Reflection (ATR) fiber optic probe device. Additionally, it
concerns a method for attaching a solid optical fiber core tip to hollow fiber
waveguides.

[0002] More specifically, the present invention relates to a probe device and
innovative accessories used in conjunction with a detecting system such as, but
not limited to, a spectrophotometer or a spectrometer. The probe device of the
present invention is especially well suited for use with Fourier Transform
spectrometers. The accessories utilize transmitting optical waveguides,
radiation sources, opto-mechanical components (reflectors, etc.) to enable
spectral analysis of samples remotely from the detector or measuring system
using Attenuated Total Reflectance (ATR).

[0003] It is an object of the invention to provide a hybrid fiber optic probe for
spectroscopic ATR applications that has high efficiency over a wide range of
wavelengths (UV, VIS, IR). In certain embodiments it can have a small
diameter and have high flexibility.

[0004] - Fiber optic probes for spectroscopic applications are well known and
have long been used to measure the properties of samples at different states.

[0005] In general, and especially in medical applications, such fiber optic probe
comprises a first fiber or a first bundle of fibers to guide radiation from the

proximal end of the probe to the distal end of the probe, and a second fiber or
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second bundle of fibers are used to guide radiation back to the proximal end of
the probe.

[0006] An optical element such as an Attenuated Total Reflectance (ATR) head
or tip is arranged at the distal end of the fiber probe. The optical element
generally is arranged and adapted in a way that it interacts with a sample, such
as biological tissue, for determining the spectroscopic properties (spectral
signatures) of the sample. In doing so, radiation emitted by the ATR element is
modified by the sample, reenters the ATR element and is reflected back into
the optical fiber or the bundle of the optical fibers. The reflected light
eventually is emitted from the proximal end of the fiber and can be received by
a detecting system such as a spectrometer based on diffraction grating, Fourier
Transform spectrometer / interferometer or spectral filter with a related photo-
element or array of detectors.

[0007] The ATR crystals that are remotely linked to detecting system (e.g.,
FTIR spectrometers) by way of fiber optics are widely used in spectroscopic
applications. Single-fiber systems (systems using one input and one output
optical fiber) are commonly used and generally include complex coupling
means to transfer radiation from the optical fiber into the ATR crystal and back
again. _

[0008] ATR spectrometry is used extensively in clinical assays, medical
diagnostics, and lab testing.

[0009] Examples of such ATR fiber optic probes are disclosed in US Patents
No 5754722, 7956317, 6879741, 6563992, 4930863, 6841792, 5170056,
6970623, 5185834, 5070243.

[0010] The ATR technique makes use of the fact that, pursuant to Snell's Law,
when the beam of light impinges on the interface between the first and second
medium at or above a critical angle, defined as Ocrit = sin-1n2/nl (where nl, n2
are the refractive indexes of first and second medium respectively), there is no
refracted ray, i.e., the incident light is totally internally reflected, and an
evanescent wave is generated. "Evanescent" means "tending to vanish," which

is appropriate because the intensity of evanescent waves decays exponentially
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with distance from the interface at which they are formed. This distance is
typically in the 1-50 um range. As a result the intensity of the reflected light is
reduced at those wavelengths at which the surrounding medium absorbs.

[0011] In ATR spectrometry, a sample is measured by passing radiation
through an optical element (crystal), which can be mounted on a probe. The
radiation, which for example can be UV, Vis, or IR, is directed onto the optical
element at an angle of incidence such that all incident radiation undergoes total
internal reflection. When the radiation undergoes total internal reflection, an
electro-magnetic radiation field (evanescent wave) extends beyond the surface
of the optical element into the sample. The depth of penetration of the
evanescent wave is a function of the refractive index of the optical element
material, refractive index of the sample material, angle of incidence of the
radiation wavefront, and wavelength of the radiation. In regions of the
spectrum where the sample absorbs energy, the evanescent wave is attenuated
and the attenuated energy is passed back to the optical element. The radiation
then exits the optical element and impinges a detector through optical
waveguide/fiber. The detector records the attenuated radiation, which can then
be transformed to generate a spectrum, e.g., absorption spectra.

[0012] An ATR spectrum is generated by transmitting radiation, which can be
IR (from about ~0.75 um to ~0.1 mm), VIS (~0.35 um to ~0.75), or UV (from
~0.22 um to ~0.35 um), through an optical crystal (element) in contact with a
sample and then determining what portion of the incident radiation is
attenuated by the sample at a particular wavelength.

[0013] The spectrum of the transmission losses is the basis of attenuated total
reflectance (ATR) spectroscopy.

[0014] There is therefore a need for a hybrid Attenuated Total Reflection
(ATR) fiber optic probe device. Additionally, there is a need for a method for

attaching a solid optical fiber core tip to hollow fiber waveguides.
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SUMMARY OF THE INVENTION

[0015] The present invention is a hybrid Attenuated Total Reflection (ATR)
fiber optic probe device. Additionally, it includes a method for attaching a solid
optical fiber core tip to hollow fiber waveguides.

[0016] According to the teachings of the present invention there is provided, a
hybrid Attenuated Total Reflection fiber optic probe device comprising: (a) a
radiation source; a detecting system; a core-only solid optical fiber probe tip
having an input end and an output end; an input hollow fiber waveguide
configured for association with the radiation source at a first end and
interconnection with the input end of the core-only solid optical fiber probe tip
at a second end; an output hollow fiber waveguide configured for
interconnection with the output end of the core-only solid optical fiber probe
tip at a first end and association with the detection system at a second end; an
inwardly tapered solid fiber input radiation collector element configured at a
tapered end for interconnection with the second end of the outpﬁt hollow fiber
waveguide so as to receive radiation from the radiation source; wherein an
outside diameter of the core-only solid optical fiber probe tip and an inside
diameter of each one of the input hollow fiber waveguide and the output hollow
fiber waveguide is such that the interconnection between each one of the input
hollow fiber waveguide and the output hollow fiber waveguide and the core-
only solid optical fiber probe tip is by means of inserting the input end of the
core-only solid optical fiber probe tip into the second end of the input hollow
fiber waveguide and inserting the output end of the core-only solid optical fiber
probe tip into the first end of the output hollow fiber waveguide, such that the
core-only solid optical fiber probe tip is held in the input and output hollow
fiber waveguides by means of friction, and wherein an outside diameter of a
portion of the inwardly tapered solid fiber input radiation collector element and
an inside diameter of the second end of the output hollow fiber waveguide is

such that the tapered end of the inwardly tapered solid fiber input radiation
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collector element is held in the end of the second end of the output hollow fiber
waveguide by means of friction.

[6017] According to the teachings of the present invention the interconnection
between the core-only solid optical fiber probe tip and the input and output
hollow fiber waveguides is a releasable interconnection.

[0018] According to the teachings of the present invention the interconnection
between the core-only solid optical fiber probe tip and the input and output
hollow fiber waveguides includes a layer of a noble metal on a surface area of
contact between the core-only solid optical fiber probe tip and the input and
output hollow fiber waveguides.

[0019] There is also provided according to the teaching of the present invention
an inwardly tapered solid fiber input radiation collector element for receiving
radiation from a radiation source and transmitting the radiation into a hollow
fiber waveguide, the inwardly tapered solid fiber input radiation collector
element comprising: an input face; an inwardly tapered section extending from
the input face to; a output connection section configured for interconnection
with the hollow fiber waveguide and having a substantially constant diameter
that is smaller than a diameter of the input face; wherein the diameter of the
connection section and an inside diameter of the hollow fiber waveguide is
such that the inwardly tapered solid fiber input radiation collector element is

held in the end of the hollow fiber waveguide by means of friction.

[0020] According to the teachings of the present invention the input face is flat.

[0021] According to the teachings of the present invention the input face is lens
shaped.

[0022] There is also provided according to the teaching of the present invention

a method for attaching a solid optical fiber element to a hollow fiber
waveguide, the method comprising: providing a solid optical fiber element
having at least one of an input end and an output end; providing at least one
hollow fiber waveguide configured for interconnection with one of the mnput
end and output end of the solid optical fiber element at an end; and  inserting

at least one of the input end and an output end at Jeast partially into the end of
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the hollow fiber waveguide; wherein an outside diameter of the solid optical
fiber element and an inside diameter of the hollow fiber waveguide is such that
the solid optical fiber element is held in the end of the hollow fiber waveguide
by means of friction.

[0023] According to the teachings of the present invention the solid optical
fiber element is implemented as a core-only solid optical fiber probe tip having
an input end and an output end, the at least one hollow fiber waveguide is
implemented as two hollow fiber waveguides configured as an input hollow
fiber waveguide and an output hollow fiber waveguide and the inserting
includes inserting the input end of the core-only solid optical fiber probe tip at
least partially into the input hollow fiber waveguide and inserting the output
end of the core-only solid optical fiber probe tip at least partially into the output
hollow fiber waveguide.

[0024] According to the teachings of the present invention the solid optical
fiber element is implemented as an inwardly tapered solid fiber input radiation
collector element having at least an output connection section.

[0025] According to the teachings of the present invention, there is also
provided coating a surface area of contact between the solid optical fiber
element and the at least one hollow fiber waveguide with a layer of a noble

metal.

BRIEF DESCRIPTION OF THE DRAWINGS

[0026] The invention is herein described, by way of example only, with
reference to the accompanying drawings, wherein:

[0027] FIG. 1 is a side section of a preferred embodiment of a hybnd
Attenuated Total Reflection (ATR) fiber optic probe device constructed and
operational according to the teaching of the present invention;

[0028] FIGs. 2A and 2B are top and side elevations, respectively, of the hollow
fiber waveguide of FIG. 1;
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[0029] FIG.3 is a side section of a first preferred embodiment of a radiation
source constructed and operational according to the teaching of the present
invention, shown here with an ellipsoidal reflector;

{0030} FIG.4 is a side section of a second preferred embodiment of a radiation
source constructed and operational according to the teaching of the present
invention;

[0031] FIG. 5 is a side section of a first preferred embodiment of an inwardly
tapered solid fiber input radiation collector element constructed and operational
according to the teaching of the present invention, shown here with a flat face;

[0032] FIG. 6 is a side section of a second preferred embodiment of an
inwardly tapered solid fiber input radiation collector element constructed and
operational according to the teaching of the present invention, shown here with
a lens face;

[0033] FIG. 7 is a block diagram representing a system for use with a hybrid
ATR fiber optic probe device of the present invention; and

[0034] FIG. 8 is a block diagram of a miniaturized probe system incorporating a

hybrid ATR fiber optic probe device of the present invention.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0035] The present invention is a hybrid Attenuated Total Reflection (ATR)
fiber optic probe device. Additionally, a method for attaching a solid optical
fiber core tip to hollow fiber waveguides

[0036] The principles and operation of a hybrid Attenuated Total Reflection
(ATR) fiber optic probe device and a method for attaching a solid optical fiber
core tip to hollow fiber waveguides according to the present invention may be
better understood with reference to the drawings and the accompanying
description.

[0037] By way of introduction, it is an object of the present invention to
provide a convenient means for obtaining spectra from samples in a variety of

physical forms and states, using an assembly which comprises a hybrid fiber
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optic probe to transfer the radiation from a source to the sample and from the
sample to the detector.

[0038] The hybrid ATR fiber optic probe of the present invention is particularly
appropriate for faéilitating the determination of spectra (spectral signatures) in
biological tissues, solid materials, liquids, aqueous solutions, gels, mud,
creams, pastes, oils and suspensions, and the like and can be used in various
applications for determination of spectroscopic signatures including medical,
pharmaceutical and environmental such as, but not limited to, monitoring water
quality.

[0039] The spectral signature is obtained from the sample by means of
Attenuated Total Reflection (ATR), using interchangeable ATR heads/tips.

{0040] To create the ATR element, the cladding of the optical fiber is removed
and the core is placed in direct contact with the sample. When light experiences
total internal reflection at the core-sample interface, some of the energy of the
light waves in the core of the fiber penetrate info the sample for a very short
distance. The energy flow of this evanescent wave is parallel to the surface of
the core and in the same direction as the main flow of energy within the core;
therefore, any materials which absorb the particular wavelength of radiation
will take energy out of the evanescent wave.

[0041] The hybrid ATR probe is operative in the wide region of the
electromagnetic spectrum such as, but not limited to, UV, VIS and IR for in
situ sensing of the absorption of radiation in a sample.

[0042] With the proposed coupling arrangement the need to use large size
optical elements (like expensive Diamond ATR elements) is eliminated. As a
result, the probe diameter can be substantially reduced together with the price,
while the resulting probe will be more flexible and can be used, for example,
for endoscopy.

[0043] Referring now to the drawings, Figure 1 illustrates a preferred
embodiment of an ATR probe 2 having a core-only solid optical fiber probe tip
20 attached to an input hollow fiber waveguide 10 and an output hollow fiber

waveguide 12. It will be understood the radiation is introduced into and travels
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through the input hollow fiber waveguide 10, enters and travels through the
core-only solid optical fiber probe tip 20 and then enters and travels through the
output hollow fiber waveguide 12 Therefore, input hollow fiber waveguide 10
is configured with an input end 10a for receiving radiation and an output end
10b for interconnection with the input end 2@a of the core-only solid optical
fiber probe tip 20. Likewise, the core-only solid optical fiber probe tip 20 is
configured with an output end 20b for interconnection with the input end 12a
of output hotlow fiber waveguide 12, which also includes an output end 12b for
sending radiation to a detector system for interpretation of the output radiation.

[0044] As illustrated here, the ATR tip can be coupled to the hollow
waveguides 10 and 12 without the use of additional optics or mechanical
positioning devices.

[0045] As such, a distinguishing characteristic of the present invention from the
prior art will be understood such that an outside diameter of the core-only solid
optical fiber probe tip 20 and an inside diameter of each one of the input hollow
fiber waveguide 10 and the output hollow fiber waveguide 12 is such that the
interconnection between each one of the hollow fiber waveguides 10 and 12
and the core-only solid optical fiber probe tip 20 is by means of inserting the
input end of the core-only solid optical fiber probe tip 20a into the output end
10b of the input hollow fiber waveguide 10 and inserting the output end 20b of
the core-only solid optical fiber probe tip 20 into the input end 12a of the
output hollow fiber waveguide 12, such that the core-only solid optical fiber
probe tip 20 is held in the input and output hollow fiber waveguides 18 and 12
by means of friction. More specifically, the hollow waveguides may be
configured with an inside diameter of about 0.75-1.0 mm.

[0046] It should be noted that such friction retention renders the interconnection
between the core-only solid optical fiber probe tip 20 and the input and output
hollow fiber waveguides 10 and 12 easily releasable, thereby enabling insertion
of a new core-only solid optical fiber probe tip 20 for each use.

[0047] It will be appreciated that the interconnection between the core-only

solid optical fiber probe tip 20 is held in the input and output hollow fiber
9
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waveguides 10 and 12 may be enhanced by the use of a coupling agent 30
which will transmit thermal IR radiation with high efficiency but avoid any
chemical reaction between the inner coating of the hollow fiber and the solid
optical fiber core components. To explain further, it is preferable that the
surface area of the solid optical fiber core 20 that comes in physical contact
with hollow fiber, and more specifically the inner coating of the hollow fiber
waveguide, may be coated with a thin layer such as, but not limited to, a few
microns of a coupling-coating layer of noble metal such as, but not limited to
gold (Au). Optionally, other coating materials such as, but not limited to,
graphene which will transmit thermal IR energy with maximal energy transfer
efficiency but will avoid chemical reaction between the inner coating of the
hollow fiber and solid optical fiber core during contact.

[0048] It will be further appreciated that the ATR tips 20 can be configured in a
variety of different forms or shapes such as, but not limited to, U-shaped (as
illustrated herein), loop, flat form, lens-like form, hexagon and triangle for
example.

[0049] A core-only silver halide solid fiber can be used as the ATR element.
The polycrystalline silver halide (e.g. AgCLBr;.,) fibers are among the most
useful ones for applications in the mid-IR. These fibers have a wide
transparency range (~2-20 um wavelength), they are non-toxic, flexible and
insoluble in water. Silver halide fibers have diameters in the range of 0.5 to 1
mm and length of several meters. It will be appreciated that the solid optical
fiber tip may be fabricated from substantially any suitable material such as, but
not limited to, zinc selenide and others.

[0050] Advances in polycrystalline silver halide optical fibers are enabling
clinical applications of FTIR for tissue analyses. They operate with low optical
losses (0.1-0.5 dB/m in the region of 10 um) and high flexibility (R-bending >
10-100 fiber diameters) in the spectral range of 3-20 um.

[0051] Two basic types of silver halide fiber probes are the most common, and

include a U-loop-tipped fiber and a diamond-tipped fiber.
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[0052] In the ATR configuration, the fiber tip is formed into a loop so that there
is no physical interruption of the light path between the light delivery (input)
and collection (output) fibers

[0053] To create the ATR core-only solid optical fiber probe tip 20, the
cladding of the solid optical fiber is removed such that the core may be placed
in direct contact with the sample when in use. When light experiences total
internal reflection at the core-sample interface, some of the energy of the light
waves in the core of the fiber penetrate into the sample for a very short
distance. The energy flow of this evanescent wave is parallel to the surface of
the core and in the same direction as the main flow of energy within the core.

[0054] Any materials which absorb the particular wavelength of radiation will
take energy out of the evanescent wave, thereby modifying the output radiation
of the ATR probe 2.

[0055] With the proposed coupling arrangement the need to use large size
optical elements (like expensive Diamond ATR elements) is eliminated. As a
result, the probe diameter can be substantially reduced together with the price,
while the resulting probe will be more flexible and can be used, for example,
for endoscopy.

[0056] It will be understood that the radiation source used with the ATR probe
2 of the present invention may be, but is not limited to, optical characterization
systems including one or more light sources, lasers and the like. It will be
further understood that detectors used with the ATR probe 2 of the present
invention may be, but are not limited to, spectrometer based on diffraction
grating, Fourier Transform spectrometer / interferometer or spectral filter with
a related photo-element or array of detectors.

[0057] In general, hollow waveguides, which are particularly useful for
transmitting electromagnetic radiation (in the UV, visible, and IR spectral
range), are made from glass or plastic tubes whose core consists of air. In some
of these waveguides the inner surface is coated with a metallic layer, which is

frequently coated with another layer of dielectric material.
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10058] Figures 2A and 2B illustrate a preferred configuration of the mput and
output hollow fiber waveguides 10 and 12 in which the silica tube base 30 has a
an acrylate outer coating 32, a silver film interior coating 34 that is in turn
coated by a silver iodide film 36 as the dielectric coating. It will be readily
understood that the core of hollow fiber waveguides, being hallow, are filled
with air.

10059} As illustrated in Figures 3 and 4, in one embodiment of the present
invention, in order to increase the amount of input energy and to improve
signal-to-noise ratio within the ATR probe 2, the input end 10a of the input
hollow fiber waveguide 10 is connected to an inwardly tapered (horn-shaped)
solid fiber input collector element 100 by directly inserting the pigtail end 102
at the tapered end of the fiber into the input end 10a of the mput hollow fiber
waveguide 10. It will be understood that the pigtail end 162 of the tapered solid
fiber input collector element 100, may be coated with a coupling material
which will transmit thermal IR radiation with high efficiency but avoid any
chemical reaction between the inner coating of the hollow fiber and the pigtail
end 102 of the inwardly tapered (horn-shaped) solid fiber input collector
element 100.

[0060] As illustrated in Figure 3, the radiation source 120 may include an
ellipsoidal reflector 130 to further increase the radiation energy delivered into
the inwardly tapered solid fiber input collector element 180. Alternatively, as
seen in Figure 4, the radiation energy may be delivered directly into the
inwardly tapered solid fiber input collector element 100 from the radiation
source 120 without using the ellipsoidal reflector.

[0061] Figures 5 and 6 illustrate that the input face of inwardly tapered solid
fiber input collector element 100 can have different configurations such as, but
not limited to, flat 106£, spherical and rounded lens 106y for example.

[0062] Figure 7 illustrates a full system 200 for use with ATR probe 2, in which
the input hollow fiber waveguide 10 is connected to a radiation source 210 and

the output hollow fiber waveguide 12 is connecter to a detector 220.
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[0063] It will be readily appreciated that the system illustrated in the block
diagram of Figure 7 may be implemented for use with an endoscope.

[0064] The hybrid ATR probe is easily inserted in the working channel of the
endoscope during examination. In one embodiment, the configuration may
include the forceps are similar to those typically used by gastroenterologists.

[0065] During a traditional colonoscopy, endoscopic or laparoscopy procedures
the physician inserts an endoscope into the body orifice or abdominal incisions
and maneuvers the end of the scope to areas of interest. There is typically a
video camera on the end of the endoscope so that the physician can examine
tissue close to the end of the endoscope. Endoscopes have a “working”
channel, essentially a small hole which runs the length of the endoscope
through which a physician can insert various tools and/or biopsy forceps. Such
working channels may be internal or external working channels. It 1s within
this spare channel the ATR probe or ATR probe and forceps may be inserted.
The ATR probe can be installed in an endoscope such that the solid optical
fiber tip can be combined within the distal part of the endoscope next to the
camera while the hollow fibers wave guide are placed within or along the
endoscope.

[0066] Additionally, the ATR probe 2 may be associated with a tool for
dehydration and drying tissue. Further, a system for introducing cleaning fluid
may also be associated with the ATR probe for cleaning the core-only solid
optical fiber probe tip 20.

[0067] It will be understood that the dehydration tool may be part of the device
to which the ends of hollow fiber waveguide are connected. Such ATR probe
configuration can be used for in-vitro tissue diagnostics.

[0068] Figures 8 illustrates a portable miniaturized embodiment of a full system
300 for use with ATR probe 2, in which the input hollow fiber waveguide 19,
the output hollow fiber waveguide 12, radiation source 310 and connecter to a
detector 320 are deployed in a pen style housing. It will be appreciated that the
pen style housing may also include a means for transmitting data to a analyzing

system such as, but not limited to, a Fourier Transform spectrometer. Such data

13



WO 2014/195949 PCT/IL2014/050504

transfer may be by way of a cable connection or wirelessly using known
wireless communication protocals.

[0069] It will be appreciated that the above descriptions are intended only to
serve as examples and that many other embodiments are possible within the

spirit and the scope of the present invention.
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WHAT IS CLAIMED IS:

1. A hybrid Attenuated Total Reflection fiber optic probe device

comprising:

(a)  aradiation source;

(b)  adetecting system;

(c)  a core-only solid optical fiber probe tip having an input end and
an output end;

(d)  an input hollow fiber waveguide configured for association with
said radiation source at a first end and interconnection with said
input end of said core-only solid optical fiber probe tip at a
second end;

(e)  an output hollow fiber waveguide configured for interconnection
with said output end of said core-only solid optical fiber probe tip
at a first end and association with said detection system at a
second end;

(f)  an inwardly tapered solid fiber input radiation collector element
configured at a tapered end for interconnection with said second
end of said output hollow fiber waveguide so as to receive
radiation from said radiation source;

wherein an outside diameter of said core-only solid optical fiber probe tip and
an inside diameter of each one of said input hollow fiber waveguide and said
output hollow fiber waveguide is such that said interconnection between each
one of said input hollow fiber waveguide and said output hollow fiber
waveguide and said core-only solid optical fiber probe tip is by means of
inserting said input end of said core-only solid optical fiber probe tip into said
second end of said input hollow fiber waveguide and inserting said oufput end
of said core-only solid optical fiber probe tip into said first end of said output
hollow fiber waveguide, such that said core-only solid optical fiber probe tip 1s
held in said input and output hollow fiber waveguides by means of friction, and
wherein an outside diameter of a portion of said inwardly tapered solid fiber
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input radiation collector element and an inside diameter of said second end of
said output hollow fiber waveguide is such that said tapered end of said
inwardly tapered solid fiber input radiation collector element is held in said end-

of said second end of said output hollow fiber waveguide by means of friction.

2. The hybrid Attenuated Total Reflection fiber optic probe device of
claim 1, wherein said interconnection between said core-only solid optical fiber
probe tip and said input and output hollow fiber waveguides is a releasable

interconnection.

3. The hybrid Attenuated Total Reflection fiber optic probe device of
claim 1, wherein said interconnection between said core-only solid optical fiber
probe tip and said input and output hollow fiber waveguides includes a
coupling agent on a surface area of contact between said core-only solid optical

fiber probe tip and said input and output hollow fiber waveguides.

4. The hybrid Attenuated Total Reflection fiber optic probe device of
claim 3, wherein said coupling agent being a layer of one of: a noble metal and

graphene.

5. An inwardly tapered solid fiber input radiation collector element for
receiving radiation from a radiation source and transmitting the radiation into a
hollow fiber waveguide, the inwardly tapered solid fiber input radiation
collector element comprising:

(a)  aninput face;

(b)  aninwardly tapered section extending from said input face to;

(c)  a output connection section configured for interconnection with

the hollow fiber waveguide and having a substantially constant

diameter that is smaller than a diameter of said input face;
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wherein said diameter of said connection section and an inside diameter of the
hollow fiber waveguide is such that said inwardly tapered solid fiber input
radiation collector element is held in the end of the hollow fiber waveguide by

means of friction.

6. The inwardly tapered solid fiber input radiation collector element of

claim 3, wherein said input face is flat.

7. The inwardly tapered solid fiber input radiation collector element of

claim 3, wherein said input face is lens shaped.

8. A method for attaching a solid optical fiber element to a hollow fiber

waveguide, the method comprising:

(a)  providing a solid optical fiber element having at least one of an
input end and an output end;

(p)  providing at least one hollow fiber waveguide configured for
interconnection with one of said input end and output end of said
solid optical fiber element at an end; and

(c)  inserting at least one of said input end and an output end at least
partially into said end of said hollow fiber waveguide;

wherein an outside diameter of said solid optical fiber element and an inside
diameter of said hollow fiber waveguide is such that said solid optical fiber

element is held in said end of said hollow fiber waveguide by means of friction.

9. The method of claim 8, wherein said solid optical fiber element is
implemented as a core-only solid optical fiber probe tip having an input end
and an output end, said at least one hollow fiber waveguide is implemented as
two hollow fiber waveguides configured as an input hollow fiber waveguide
and an output hollow fiber waveguide and said inserting includes inserting said

input end of said core-only solid optical fiber probe tip at least partially into
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said input hollow fiber waveguide and inserting said output end of said core-

only solid optical fiber probe tip at least partially into said output hollow fiber

waveguide.

10. The method of claim 8, wherein said solid optical fiber element is
implemented as an inwardly tapered solid fiber input radiation collector

element having at least an output connection section.

11. The method of claim 8, further including coating a surface area of
contact between said solid optical fiber element and said at least one hollow

fiber waveguide with a coupling agent.

12. The method of claim 11, wherein said coupling agent is implemented

as a layer of one of: a noble metal and graphene.
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