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FLOW CELL MODULES AND LIQUID
SAMPLE ANALYZERS AND METHODS
INCLUDING SAME

RELATED APPLICATION(S)
[0001] N/A.

FIELD

[0002] The present technology relates to liquid sample ana-
lyzers and flow cell modules therefor.

BACKGROUND

[0003] Liquid sample analyzers of known design include a
flow cell, a light source for providing light to the flow cell, a
liquid sample source for flowing a liquid sample through the
flow cell, and a detector (e.g., a spectrometer) for receiving
light from the flow cell (e.g., light transmitted through or
emitted by the liquid sample in the flow cell).

SUMMARY

[0004] According to embodiments of the technology, a flow
cell for a fluorescence spectrometer includes a flow channel to
receive a flow of a liquid sample, an excitation light entrance
window to receive excitation light from a light source, and an
emission light exit window to transmit fluorescent emission
light from the liquid sample in the flow channel from the flow
cell. The excitation light entrance window and/or emission
light exit window includes a waveguide including: a
waveguide core formed of a core material; and a cladding
medium surrounding a portion of the waveguide core,
wherein the cladding medium has a refractive index less than
the refractive index of the core material. The waveguide
defines a portion of the flow channel.

[0005] The core material may be fused silica or quartz.
[0006] In some embodiments, the waveguide core defines
the portion of the flow channel and contacts the liquid sample
in the flow channel.

[0007] In some embodiments, the waveguide has total
internal reflection.

[0008] In some embodiments, the cladding medium is a
fluoropolymer.

[0009] In some embodiments, the cladding medium is an
adhesive.

[0010] In some embodiments, the cladding medium is air.
[0011] According to some embodiments, the flow cell

includes a flow cell body, and the cladding medium is inter-
posed between the flow cell body and the waveguide core. In
some embodiments, the flow cell body includes an integral
pocket, and the waveguide core and the pocket collectively
form a chamber containing the cladding medium. In some
embodiments, the cladding medium is an adhesive, and the
adhesive bonds the waveguide core to the flow cell body. In
some embodiments, the flow cell body is formed of fused
silica or quartz.

[0012] The flow cell may include a pad of light absorbing
material surrounding an end portion of the waveguide core
adjacent the flow channel.

[0013] In some embodiments, the emission light exit win-
dow is oriented at an angle of about 90 degrees with respect to
the excitation light entrance window.

[0014] According to some embodiments, the waveguide
extends from the flow cell to an optical device. In some
embodiments, the optical device is at least one of a light
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source, a monochromator, and a fluorescence detector. In
some embodiments, the waveguide is a flexible optical fiber.
In some embodiments, the excitation light entrance window
and/or emission light exit window includes an optical fiber
bundle including a plurality of flexible optical fibers.

[0015] According to embodiments of the technology, a flow
cell for a fluorescence spectrometer includes a flow cell body,
a flow channel to receive a flow of a liquid sample, an exci-
tation light entrance window to receive excitation light from
a light source, an emission light exit window to transmit
fluorescent emission light from the liquid sample in the flow
channel from the flow cell, and at least one mirror integral
with the flow cell body. The at least one mirror is positioned:
to reflect excitation light that has passed through the liquid
sample in the flow channel back into the liquid sample; and/or
to reflect emission light emitted from the liquid sample
toward the emission light exit window.

[0016] According to embodiments of the technology, a flow
cell for a fluorescence spectrometer includes a flow channel to
receive a flow of a liquid sample, an excitation light entrance
window to receive excitation light from a light source, and an
emission light exit window to transmit fluorescent emission
light from the liquid sample in the flow channel from the flow
cell. The emission light exit window is located less than 1.0
mm from the flow channel.

[0017] According to embodiments of the technology, a flow
cell for a fluorescence spectrometer includes a flow channel to
receive a flow of a liquid sample, an excitation light entrance
window to receive excitation light from a light source, and an
emission light exit window to transmit fluorescent emission
light from the liquid sample in the flow channel from the flow
cell. The excitation light entrance window is spaced a first
distance from the flow channel. The emission light exit win-
dow is spaced a second distance from the flow channel. The
second distance is less than the first distance.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018] FIG. 1 is a schematic view of a liquid sample ana-
lyzer according to embodiments of the technology.

[0019] FIG. 2 is an end view of an excitation monochroma-
tor forming a part of the liquid sample analyzer of FIG. 1.
[0020] FIG. 3 is an end view of an emission monochroma-
tor forming a part of the liquid sample analyzer of FIG. 1.
[0021] FIG. 4 is a perspective view of a flow cell module
forming a part of the liquid sample analyzer of FIG. 1.
[0022] FIG. 5 is an opposing perspective view of the flow
cell module of FIG. 4.

[0023] FIG. 6 is an exploded, perspective view of the flow
cell module of FIG. 4.

[0024] FIG. 7 is a fragmentary, cross-sectional view of the
flow cell module of FIG. 4 taken along the line 7-7 of FIG. 5.
[0025] FIG. 8is a fragmentary, cross-sectional view of the
flow cell module of FIG. 4 taken along the line 8-8 of FIG. 7.
[0026] FIG. 9 is a fragmentary, cross-sectional view of the
flow cell module of FIG. 4 taken along the line 9-9 of FIG. 7.
[0027] FIG.10is a fragmentary, cross-sectional view ofthe
flow cell module of FIG. 4.

[0028] FIG. 11 is a fragmentary, perspective view of an
input cable forming a part of the flow cell module of FIG. 4.

[0029] FIG. 12 is a perspective view of the input cable of
FIG. 11.

[0030] FIG. 13 is a first end view of the input cable of FIG.
11.
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[0031] FIG.141isanopposing end view of the input cable of
FIG. 11.
[0032] FIG. 15 is a fragmentary, perspective view of an

output cable forming a part of the flow cell module of FIG. 4.

[0033] FIG. 16 is a perspective view of the output cable of
FIG. 15.

[0034] FIG.17is afirst end view of the output cable of FIG.
15.

[0035] FIG. 18 is an opposing end view of the output cable
of FIG. 15.

[0036] FIG. 19 is a perspective view of a flow cell forming

a part of the flow cell module of FIG. 4.

[0037] FIG. 20 is an exploded, perspective view of the flow
cell of FIG. 19.

[0038] FIG. 21 is a front view of the flow cell of FIG. 19.
[0039] FIG. 22 is a bottom view of the flow cell of FIG. 19.
[0040] FIG. 23 is a fragmentary, cross-sectional view of a
flow cell module according to further embodiments of the
technology.

[0041] FIG. 24 is a fragmentary, cross-sectional view of a
flow cell module according to further embodiments of the
technology.

[0042] FIG. 25 is a perspective view of a corner block
forming a part of the flow cell module of FIG. 24.

[0043] FIG. 26 is a fragmentary, cross-sectional view of a
flow cell module according to further embodiments of the
technology.

[0044] FIG. 27 is a fragmentary, cross-sectional view of a
flow cell module according to further embodiments of the
technology.

DETAILED DESCRIPTION

[0045] The present technology now will be described more
fully hereinafter with reference to the accompanying draw-
ings, in which illustrative embodiments of the technology are
shown. In the drawings, the relative sizes of regions or fea-
tures may be exaggerated for clarity. This technology may,
however, be embodied in many different forms and should not
be construed as limited to the embodiments set forth herein;
rather, these embodiments are provided so that this disclosure
will be thorough and complete, and will fully convey the
scope of the technology to those skilled in the art.

[0046] It will be understood that, although the terms first,
second, etc. may be used herein to describe various elements,
components, regions, layers and/or sections, these elements,
components, regions, layers and/or sections should not be
limited by these terms. These terms are only used to distin-
guish one element, component, region, layer or section from
another region, layer or section. Thus, a first element, com-
ponent, region, layer or section discussed below could be
termed a second element, component, region, layer or section
without departing from the teachings of the present technol-
ogy.

[0047] Spatially relative terms, such as “beneath”,
“below”, “lower”, “above”, “upper” and the like, may be used
herein for ease of description to describe one element or
feature’s relationship to another element(s) or feature(s) as
illustrated in the figures. It will be understood that the spa-
tially relative terms are intended to encompass different ori-
entations of the device in use or operation in addition to the
orientation depicted in the figures. For example, if the device
in the figures is turned over, elements described as “below” or
“beneath” other elements or features would then be oriented
“above” the other elements or features. Thus, the exemplary
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term “below” can encompass both an orientation of above and
below. The device may be otherwise oriented (rotated 90° or
at other orientations) and the spatially relative descriptors
used herein interpreted accordingly.

[0048] As used herein, the singular forms “a”, “an” and
“the” are intended to include the plural forms as well, unless
expressly stated otherwise. It will be further understood that
the terms “includes,” “comprises,” “including” and/or “com-
prising,” when used in this specification, specify the presence
of stated features, integers, steps, operations, elements, and/
or components, but do not preclude the presence or addition
of one or more other features, integers, steps, operations,
elements, components, and/or groups thereof. It will be
understood that when an element is referred to as being “con-
nected” or “coupled” to another element, it can be directly
connected or coupled to the other element or intervening
elements may be present. As used herein, the term “and/or”
includes any and all combinations of one or more of the
associated listed items.

[0049] The term “monolithic” means an object that is a
single, unitary piece formed or composed of a material with-
out joints or seams.

[0050] With reference to FIGS. 1-22, a liquid sample ana-
lyzer 10 including a flow cell assembly or module 100 accord-
ing to embodiments of the technology is shown therein. The
liquid sample analyzer 10 further includes a remote radiation
or light source 20, a mirror 22, an excitation monochromator
24, an emission monochromator 34, a remote sensing device
or detector 30, a remote liquid sample source 36, a remote
liquid sample receiver 38, and liquid tubing 36A, 38A. Some
or all of these components may be housed in a cabinet, for
example. The flow cell module 100 includes a flow cell 150,
a fiber optic input cable 110, and a fiber optic output cable
120. The cables 110 and 120 provide direct fiber optic inter-
faces between the flow cell 150 and the monochromator 24
and between the flow cell 150 and the monochromator 34.
According to some embodiments, the liquid sample analyzer
10 is a fluorescence spectrometer.

[0051] Generally, the liquid sample analyzer 10 operates as
a liquid chromatograph that induces fluorescence in a liquid
sample and analyzes the emitted fluorescence. A liquid
sample is supplied to the flow cell 150 from the liquid sample
source 36 through the tubing 36A, and may be flowed through
the flow cell 150 and the tubing 38A to the liquid sample
receiver 38. Light generated by the light source 20 is directed
onto an entrance port or slit 24 A of the excitation monochro-
mator 24. The excitation monochromator 24 selects an exci-
tation wavelength and the incoming light of the selected
wavelength is transmitted to illuminate an exit port or slit 24B
of the excitation monochromator 24. The fiber optic input
cable 110 optically connects the exit slit 24B to the flow cell
150 and transmits excitation light of the selected wavelength
to the flow cell 150. The beam of excitation light transmitted
to the flow cell 150 bombards the liquid sample therein,
causing components of the liquid sample to correspondingly
emit light (fluoresce). The fluorescent light is collected by the
fiber optic output cable 120 and transmitted through the cable
120 to an entrance port or slit 34 A of the emission monochro-
mator 34. The emission monochromator 34 selects an emis-
sions wavelength and the incoming light of the selected wave-
length is transmitted to illuminate an exit port or slit 34B of
the emission monochromator 34. The sensing device 30 is
directly or indirectly optically connected to the exit slit 34B.
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[0052] The light from the excitation light source 20 thus
passes through the excitation monochromator 24 and strikes
the liquid sample. A proportion of the incident light is
absorbed by the sample, and some of the molecules of the
sample fluoresce. The fluorescent light is emitted in all direc-
tions and a portion thereof passes from the flow cell 150 and
through the emission monochromator 34 and reaches the
sensing device 30. The entrance end of the fiber optic output
cable 120 is located at 90 degrees relative to the incident
(excitation) light beam in order to minimize the risk of exci-
tation light reaching the sensing device 30.

[0053] The light source 20 can be any suitable source of
radiation or light for spectroscopic analysis. The light source
20 includes alamp contained in a housing. According to some
embodiments, the lamp is a Xenon lamp. In some embodi-
ments, the lamp is a Xenon lamp with a wattage in the range
of from about 10 to 150 watts. In some embodiments, the
lamp is pulsed at a frequency in the range of from about 20 to
1000 Hz with a pulse width in the range of from about 2 to 20
microseconds.

[0054] The mirror 22 can be any suitable radiation reflec-
tive mirror configured and positioned to direct light from the
light source 20 onto the entrance slit 24A of the monochro-
mator 24. According to some embodiments, the mirror 22
focuses the light from the light source 20 onto the entrance slit
24A. According to some embodiments, the mirror 22 is a
toroidal mirror. A baffle may be provided between the light
source 20 and the mirror 22 to reduce possible stray light.
[0055] The excitation monochromator 24 is used to select
the excitation wavelength used in the analysis method, pro-
cedure or session. The excitation monochromator 24 can be
any suitable monochromator configured to receive an input
light beam and transmit a selected band of wavelengths of
light from the wider range of wavelengths in the input light
beam. The input light beam from the mirror 22 is received
through the slit 24 A and the selected light is transmitted out
through the slit 24B.

[0056] An interface connector 25 is secured to the housing
of the monochromator 24 around the output slit 24B. The
connector 25 includes a socket 25A aligned with the slit 24B,
locator feature 25B (i.e., opposed flat side walls), and a reten-
tion screw 25C.

[0057] The excitation monochromator 24 may accomplish
the wavelength selection using optical dispersion by a prism
or diffraction using a diffraction grating. In some embodi-
ments, the excitation monochromator 24 employs a concave
holographic diffraction grating. The input light is dispersed
by the prism or diffraction grating into a spectrum that illu-
minates the output slit 24B. The excitation monochromator
24 will typically include a motor (e.g., a stepper motor) or
other actuator operative to mechanical adjust or scan the
selected wavelength bands that are directed onto the output
slit 24B.

[0058] The output slit 24B has a length .1 and a width W1
(FIG. 2). In some embodiments, the length .1 is in the range
of from about 5 to 20 mm and the width W1 is in the range of
from about 0.5 to 5 mm. In some embodiments, the output slit
24B has a total area in the range of from about 2.5 to 100 mm?.
In some embodiments, the output slit 24B is substantially
rectangular.

[0059] The emission monochromator 34 is used to select
the emissions wavelength used in the analysis method, pro-
cedure or session. The emission monochromator 34 can be
any suitable monochromator configured to receive an input
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light beam and transmit a selected band of wavelengths of
light from the wider range of wavelengths in the input light
beam. The input light beam from the cable 120 is received
through the slit 34A and the selected light is transmitted out
from the emission monochromator 34 through the slit 34B.
[0060] An interface connector 35 is secured to the housing
of the monochromator 34 around the input slit 34A. The
connector 35 includes a socket 35A aligned with the slit 34 A,
locator features 35B, and a retention screw 35C.

[0061] The emission monochromator 34 may accomplish
the wavelength selection using optical dispersion by a prism
or diffraction using a diffraction grating. In some embodi-
ments, the emission monochromator 34 employs a concave
holographic diffraction grating. The input light is dispersed
by the prism or diffraction grating into a spectrum that illu-
minates the output slit 34B. The emission monochromator 34
will typically include a motor (e.g., a stepper motor) or other
actuator operative to mechanical adjust or scan the selected
wavelength bands that are directed onto the output slit 34B.
[0062] The input slit 34 A has a length [.2 and a width W2
(FIG. 3). In some embodiments, the length [.2 is in the range
of from about 5 to 20 mm and the width W2 is in the range of
from about 0.5 to 5 mm. In some embodiments, the input slit
34A has atotal area in the range of from about 2.5 to 100 mm?.
In some embodiments, the input slit 34A is substantially
rectangular.

[0063] The sensing device 30 may be any suitable sensing
device or detector for spectroscopic analysis. According to
some embodiments, the detector 30 is a spectrometer.
According to some embodiments, the detector 30 is a spec-
trometer including a photomultiplier tube or a photodiode
array (PDA). In some embodiments, a long pass filter is
interposed between the exit slit 34B and the input of the
detector 30.

[0064] The liquid sample source 36 may be any suitable
source including a supply of the sample to be analyzed. In
some embodiments, the liquid sample includes a sample com-
ponent or analyte of interest in a solvent. According to some
embodiments, the solvent is aqueous. The liquid sample
receiver 38 may be a waste receptacle or a down line process.
[0065] The flow cell module 100 includes a flow cell unit or
assembly 150, a connectorized radiation input or source opti-
cal fiber cable 110, a connectorized radiation output or detec-
tor optical fiber cable 120, a liquid sample feed capillary tube
36A, a liquid sample exit capillary tube 38A, and a flow cell
frame assembly 140.

[0066] The liquid sample source 36 and the liquid sample
receiver 38 are fluidly connected to the flow cell 150 by the
tubes 36 A and 38A, respectively. According to some embodi-
ments, at least one of the liquid sample source 36 and the
liquid sample receiver 38 is provided with a pump to generate
aforced flow of the liquid sample through the tubes 36 A, 38A
and the flow cell unit 150. According to some embodiments,
the tubes 36A, 38A are flexible. In some embodiments, the
tubes 36A, 38A are capillary tubes. In some embodiments,
the tubes 36 A, 38A are formed of fused silica or quartz.
[0067] With reference to FIGS. 11-14, the input cable 110
has an input end 110A and an output end 110B. The cable 110
includes a bundle 112 of a plurality of flexible optical fibers
113, a protective jacket 114, an input termination or connec-
tor 116, and an output termination or connector 118. The fiber
bundle 112 includes an input end section 112D, an output end
section 112E, and an intermediate or connecting section
112F. Each fiber 113 has an optical fiber end face 113 A on the
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cable end 110A and an optical fiber end face 113B on the
cable end 110B. The fiber end faces 113 A collectively form a
fiber bundle input end face 112A. The fiber end faces 113B
collectively form a fiber bundle output end face 112B. In
some embodiments, the cable 110 further includes a flexible
supporting fiber 113X that is not an optical fiber (e.g., a
polymer fiber such as aramid) to fill out the array geometry.

[0068] Each ofthe optical fibers 113 may be an optical fiber
including a solid glass core and a solid glass cladding and may
be covered in a protective coating (e.g., acrylate polymer or
polyimide). In some embodiments, the core and cladding
layers are selected to have a difference in refractive index that
provides total internal reflection (TIR) in the core. In some
embodiments, the fibers 113 each have a cross-sectional
diameter in the range of from about 150 to 300 micrometers.

[0069] According to some embodiments, the bundle 112
includes at least 75 optical fibers 113 extending fully and
continuously from end face 112A to end face 112B, in some
embodiments at least 85 such fibers 113, and in some embodi-
ments, from about 70 to 120 such fibers 113.

[0070] In some embodiments, the interior cross-section of
the jacket 114 is greater than the collective outer diameter of
the bundle 112 so that an excess volume or space is provided
in the jacket 114 for movement and flexing of the connecting
section 112F. In some embodiments, additional protective
tubing or layers may be provided about the bundle 112.

[0071] The input connector 116 has the form of a ferrule
and has a connector body 116A and an end face 116C. The
connector body 116 A is provided with locator features 116F
in the form of opposed flat sides. A passage extends through
the body 116A and terminates at an end slot 116D. The end
section 112D is secured in the passage by adhesive or potting
such that the fiber bundle end face 112A is exposed and lies
substantially flush with the end face 116C at the end slot
116D.

[0072] The output connector 118 likewise has the form of'a
ferrule and has a connector body 118 A, a connector extension
118B, and an extension end face 118C. A passage 118E
extends through the body 118A and extension 118B and
terminates at an end slot 118D. The end section 112E is
secured in the passage 118E by adhesive or potting 115 such
that the fiber bundle end face 112B lies flush with the exten-
sion end face 118C at the end slot 118D.

[0073] As discussed in more detail below, the fiber bundle
end section 112D and the fiber bundle end face 112A are
shaped and configured to define an array 111A of a first
prescribed or selected configuration. Similarly, the fiber
bundle end section 112E and the fiber bundle end face 112B
are shaped and configured to define an array 111B ofa second
prescribed or selected configuration. The intermediate fiber
bundle section 112F is further shaped and configured or per-
mitted to assume a configuration that may difter from those of
the sections 112D and 112E. For example, the section 112F
may assume a substantially round cross-sectional shape or
other shape generally conforming to the inner diameter of the
jacket 114.

[0074] According to some embodiments, the geometric
configuration and dimensions of the array 111A are different
than the geometric configuration and dimensions of the array
111B. According to some embodiments, the geometric con-
figuration and dimensions ofthe array 111A are different than
the geometric configuration and dimensions of the array
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111B while the number of fiber end faces 113A in the array
111A is the same as the number of fiber end faces 113B in the
array 111B.

[0075] The inputend face 112A has alength [.3 and a width
W3 (FIG. 13). In some embodiments, the length .3 is in the
range of from about 3 to 10 mm and the width W3 is in the
range of from about 0.5 to 2 mm. In some embodiments, the
input end face 112A has a total area in the range of from about
1.5 to 20 mm?®. In some embodiments, the input end face
112A is substantially rectangular.

[0076] The output end face 112B has a length [.4 and a
width W4 (FIG. 14). In some embodiments, the length 1.4 is
in the range of from about 3 to 10 mm and the width W4 is in
the range of from about 0.5 to 2 mm. In some embodiments,
the output end face 112B has a total area in the range of from
about 1.5 to 20 mm®. In some embodiments, the output end
face 112B is substantially rectangular.

[0077] Withreference to FIGS. 15-18, the output cable 120
has an input end 120A and an output end 120B. The cable 120
includes a bundle 122 of a plurality of flexible optical fibers
123, a protective jacket 124, an input termination or connec-
tor 126, and an output termination or connector 128. The fiber
bundle 122 includes a input end section 122D, an output end
section 122E, and an intermediate or connecting section
122F. Each fiber 123 has an optical fiber end face 123 A on the
cable end 120A and an optical fiber end face 123B on the
cable end 120B. The fiber end faces 123 A collectively form a
fiber bundle end face 122A. The fiber end faces 123B collec-
tively form a fiber bundle end face 122B. In some embodi-
ments, the cable 120 further includes a flexible supporting
fiber 123X that is not an optical fiber to fill out the array
geometry.

[0078] Each ofthe optical fibers 123 may be an optical fiber
including a solid glass core and a solid glass cladding and may
be covered in a protective coating (e.g., acrylate polymer or
polyimide). In some embodiments, the core and cladding
layers are selected to have a difference in refractive index that
provides total internal reflection (TIR). In some embodi-
ments, the fibers 123 each have a cross-sectional diameter in
the range of from about 150 to 250 micrometers.

[0079] According to some embodiments, the bundle 122
includes at least 50 optical fibers 123 extending fully and
continuously from end face 122A to end face 122B, in some
embodiments at least 80 such fibers 123, and in some embodi-
ments, from about 50 to 100 such fibers 123.

[0080] In some embodiments, the interior cross-section of
the jacket 124 is greater than the collective outer diameter of
the bundle 122 so that an excess volume or space is provided
in the jacket for movement and flexing of the connecting
section 122F. In some embodiments, additional protective
tubing or layers may be provided about the bundle 122.
[0081] The input connector 126 has the form of a ferrule
and has a connector body 126A, a connector extension 1268,
and an extension end face 1260. A passage 126F extends
through the body 126 A and extension 126B and terminates at
an end slot 126D. The fiber bundle end section 122D is
secured in the passage 126E by adhesive or potting 115 such
that the fiber bundle end face 122A is exposed and lies sub-
stantially flush with the extension end face 126C at the end
slot 126D.

[0082] The output connector 128 likewise has the form of'a
ferrule and has a connector body 128A and an end face 128C.
The connector body 128A is provided with locator features
128F in the form of opposed flat sides. A passage extends
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through the body 128A and terminates at an end slot 128D.
The fiber bundle end section 122F is secured in the passage by
adhesive or potting such that the fiber bundle end face 122B
lies flush with the extension end face 128C at the end slot
128D.

[0083] As discussed in more detail below, the fiber bundle
end section 122D and the fiber bundle end face 122A are
shaped and configured to define an array 121A of a first
prescribed or selected configuration. Similarly, the fiber
bundle end section 122E and the fiber bundle end face 122B
are shaped and configured to define an array 121B ofa second
prescribed or selected configuration. The intermediate fiber
bundle section 122F is further shaped and configured or per-
mitted to assume a configuration that may difter from those of
the sections 122D and 122E. For example, the section 122F
may assume a substantially round cross-sectional shape or
other shape generally conforming to the inner diameter of the
jacket 124.

[0084] According to some embodiments, the geometric
configuration and dimensions of the array 121A are different
than the geometric configuration and dimensions of the array
121B. According to some embodiments, the geometric con-
figuration and dimensions ofthe array 121A are different than
the geometric configuration and dimensions of the array
121B while the number of fiber end faces 123A in the array
121A is the same as the number of fiber end faces 123B in the
array 121B.

[0085] The inputend face 122A has a length L5 and a width
W5 (FIG. 17). In some embodiments, the length L5 is in the
range of from about 3 to 10 mm and the width W5 is in the
range of from about 0.5 to 2 mm. In some embodiments, the
input end face 122 A has a total area in the range of from about
1.5 to 20 mm?®. In some embodiments, the input end face
122A is substantially rectangular.

[0086] The output end face 122B has a length [.6 and a
width W6 (FIG. 18). In some embodiments, the length L6 is
in the range of from about 3 to 10 mm and the width W6 is in
the range of from about 0.5 to 2 mm. In some embodiments,
the output end face 122B has a total area in the range of from
about 1.5 to 20 mm?. In some embodiments, the output end
face 122B is substantially rectangular.

[0087] The flow cell 150 is seated in and supported by the
frame assembly 140. The frame assembly 140 includes a
frame body 142, opposed side plates 143, a clamp block 144,
an input side spacer 146 and an output side spacer 148. The
flow cell 150 is seated in the cavity defined by the components
142, 143 and captured therein by the clamp block 144, which
is adjustable by means of a bolt 136. A connector bore 142A
is defined in the frame body 142 to receive the connector 118.
A connector bore 142B is also defined in the frame body 142
to receive the connector 126 and extends at a 90 degree angle
to the connector bore 142A. The spacers 146 and 148 include
slots 146 A and 148A, respectively, that are aligned with the
bores 142A and 142B, respectively.

[0088] With reference to FIGS. 10 and 19-22, the flow cell
150 has a light input side 152A, a light output side 152B, a
liquid entrance end 152C, and a liquid exit end 152D. The
flow cell 150 includes four waveguide blocks 161, 162, 163,
164 and four corner blocks 165, 166, 167, 168 interposed
between the waveguide blocks 161-164. The side faces 169 of
the waveguide blocks 161-164 are bonded to the immediately
adjacent interfacing side surfaces of the corner blocks 165-
168. In some embodiments the side faces 169 are bonded to
the corner blocks 165-168 by contact bonding wherein the
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materials of the interfacing surfaces diffuse into one another.
Reflector or mirror layers 170, 172 cover the waveguide
blocks 163 and 164 on the sides of the flow cell 150 opposite
the sides 152A and 152B, respectively.

[0089] The outer end faces 161A-164A of the waveguide
blocks 161-164 form portions of the outer sides of the flow
cell 150. The inner end faces 161B-164B of the waveguide
blocks 161-164 abut at their corners to collective define and
form a liquid channel 154. The waveguide blocks 161, 162,
163, 164 serves as waveguides and define respective light
channels 174A, 174B, 174C, and 174D which extend from
their respective outer end faces 161A-164A and intersect at
the channel 154. The channel 154 has an entrance opening
154 A and an opposed exit opening 154B.

[0090] The light channels 174A, 174B, 174C, and 174D
have light channel axes A-A, B-B, C-C and D-D, respectively,
extending from their outer faces to the liquid channel 154.
The light channel axis A-A extends transversely to the light
channel axis B-B. In some embodiments and as shown, the
light channel axis A-A extends substantially perpendicularly
(i.e., at a substantially 90 degree angle) to the light channel
axis B-B. The light channel axis C-C extends collinearly with
the light channel axis A-A, and the light channel axis D-D
extends collinearly with the light channel axis B-B.

[0091] Tubebores 154C are defined in the ends 152C, 152D
to receive, position and securely connect the tubes 36A, 38A
in fluid communication with the openings 154A, 154B using
the fittings 133A and seals 133B.

[0092] The waveguide blocks 161-164 are formed of alight
transmissive or clear material. The waveguide blocks 161-
164 have a light transmissivity of at least 50 percent and, in
some embodiments, at least 90 percent. In some embodi-
ments, the waveguide blocks 161-164 are formed of quartz,
fused silica or SUPRASIL™ synthetic fused silica to serve as
optical waveguides or light pipes for the incident and emitted
light. In some embodiments, each of the waveguide blocks
161-164 is monolithic.

[0093] According to some embodiments, the side faces
161A-164A of the waveguide blocks 161-164 have an opti-
cally polished finish (with a surface roughness less than 1 nm)
to reduce light scattering. According to some embodiments,
the outer end faces 161 A-164 A and the inner end faces 161B-
164B have an optically polished finish (with a surface rough-
ness less than 5 nm) to reduce light scattering.

[0094] According to some embodiments, the corner blocks
165-168 are formed of a light absorbing material to reduce
scattered light in the flow cell 150. In some embodiments, the
corner blocks 165-168 are formed of blackened (e.g., carbon-
filled) quartz, fused silica or SUPRASIL™ synthetic fused
silica. In some embodiments, each of the corner blocks 165-
168 is monolithic.

[0095] Themirrorlayers 170, 172 are directly bonded to the
outer end faces 163 A, 164A of the waveguide blocks so that
the mirror layers 170, 172 are integral components of the flow
cell 150. The mirror layers 170, 172 may be formed of any
suitable material(s). In some embodiments, each mirror layer
170, 172 includes a metallic layer and, in some embodiments
includes an protective overcoat layer coating the metallic
layer on at least the side opposite the associated waveguide
block 163 or 164. In some embodiments, each mirror layer
170, 172 is a protected aluminum layer and, in some embodi-
ments, the overcoat layer is silicon dioxide. A protective
opaque layer (e.g., a black enamel) may be provided on the
outer surfaces of the mirror layers 170, 172. In some embodi-
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ments, each mirror layer 170, 172 has a thickness in the range
of from about 10 to 100 micrometers. The mirror layers 170,
172 may be applied to blocks 163A and 164A by vapor
deposition, for example.

[0096] The waveguide end face 161A forms a light input
port or excitation light entrance window of the flow cell 150
and has a length .7 and a width W7 (FIG. 21). In some
embodiments, the length 1.7 is in the range of from about 3 to
10 mm and the width W7 is in the range of from about 0.5 to
2 mm. In some embodiments, the end face 161A has a total
area in the range of from about 1.5 to 20 mm?. In some
embodiments, the end face 161A is substantially rectangular.

[0097] The waveguide end face 162A forms a light output
port or emission light exit window of the flow cell 150 and has
a length 1.8 and a width W8 (FIG. 22). In some embodiments,
the length L8 is in the range of from about 3 to 10 mm and the
width W8 is in the range of from about 0.5 to 2 mm. In some
embodiments, the end face 162A has a total area in the range
of from about 1.5 to 20 mm?. In some embodiments, the end
face 162A is substantially rectangular. In some embodiments,
the output end face 162 A has substantially the same size and
shape as the input end face 161A.

[0098] With reference to FIG. 10, the waveguide block 161,
and thereby the entrance light channel 174A, have a length
L9. The waveguide block 162, and thereby the emission exit
light channel 174B, have a length [.10. The waveguide block
163, and thereby the light channel 174C, have a length L11.
The waveguide block 164, and thereby the light channel
174D, have a length [.12. Each waveguide block 161-164
may have substantially the same thickness T1. The corner
blocks 165-168 have thicknesses corresponding to the
lengths of the waveguide blocks 161-164.

[0099] According to some embodiments, the length .10 of
the emission light channel 174B is less than 1.1 mm and, in
some embodiments, less than 1.0 mm. In some embodiments,
the length 110 is in the range of from about 0.9 to 1.1 mm.

[0100] According to some embodiments, the length .10 of
the emission light channel 174B is less than the length [.9 of
the entrance light channel 174A. In some embodiments, the
length .10 is at least 1 mm less than the length [.9 and, in
some embodiments, is between about 0.5 and 2 mm less than
the length [.9. According to some embodiments, the length
L10 of the emission light channel 174B is also less than the
lengths [.11 and [.12 of the auxiliary light channels 174C,
174D.

[0101] The flow cell module 100 may be assembled as
follows. The side plates 143 are bolted to the frame body 142.
The cable output connector 118 is inserted into the connector
bore 142A and secured by a set screw 134. The cable input
connector 126 is inserted into the connector bore 142B and
secured by a set screw 134. The spacer 146 is installed on the
cable output connector 118 and the spacer 148 is installed on
the cable output connector 126 as shown in FIG. 7.

[0102] The flow cell 150 is clamped in place between the
clamp block 144 and the spacers 146, 148. The output fiber
bundle end face 112B is thereby aligned with and placed and
retained in tight, intimate contact or abutment with the
waveguide outer end face 161A. Similarly, the input fiber
bundle end face 122A is thereby aligned with and placed in
intimate contact or abutment with the waveguide outer end
face 162A. As discussed herein, the fiber bundle end face
112B is shaped to fit or match the waveguide outer end face
161A (i.e., the excitation light entrance window) and the fiber
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bundle end face 122 A is shaped to fit or match the waveguide
outer end face 162A (i.e., the emission light exit window).
[0103] The tubes 36A and 38A may be installed in the tube
bores 154C using the fittings 133 A and seals 133B.

[0104] The analyzer 10 can be assembled as follows. The
input connector 116 of the cable 110 is inserted into the socket
25A the output interface connector 25 of the excitation mono-
chromator 24 and thereby mated with the output slit 24B. The
set screw 25C or other securing mechanism is used secure the
input connector 116. The locator features 116F of the cable
connector 116 seat in the locator feature 25B of the connector
25 to prevent relative rotation. In this manner, the end face
112A is positioned and retained in alignment with and close
proximity to the output slit 24B. As discussed below, the fiber
bundle end face 112A is shaped to fit the output slit 24B.
[0105] The output connector 128 of the cable 120 is
inserted into the input socket 35A of the connector 35 of the
emission monochromator 34 and thereby mated with the
input slit 34A. The retention screw 35C is used secure the
output connector 128. The locator features 128F of the cable
connector 128 seat in the locator feature 35B of the connector
35 to prevent relative rotation. In this manner, the end face
122B is positioned and retained in alignment with and close
proximity to the input slit 34A. As discussed below, the fiber
bundle end face 122B is shaped to fit the input slit 34A.
[0106] The feed tube 36 A and the exit tube 38A are fluidly
connected to the liquid source 36 and the liquid receiver 38,
respectively.

[0107] The input port of the sensing device 30 is optically
coupled to the output slit 34B of the emission monochromator
34.

[0108] The light source 20, the mirror 22 and the excitation
monochromator 24 are relatively positioned such that the
mirror 22 reflects (and, in some embodiments, focuses) light
from the light source 20 onto the entrance slit 24A.

[0109] In use, a flow of the liquid sample is pumped or
otherwise driven from the liquid sample source 36, through
the feed tube 36, through the flow cell 150 (more particularly
through the bore 154 from the entrance opening 154A to the
exit opening 154B), through the exit tube 38, and to the liquid
sample receiver 38. The liquid sample flows in contact with
the waveguide block end faces 161B-164B.

[0110] Simultaneously, a beam X1 of optical energy emit-
ted from the lamp of the source 20 is reflected off a mirror 22
and through the monochromator input slit 24A. A light beam
of' the selected frequency band is directed through the output
slit 24B into the optical fiber cable 110 through the fiber
bundle input end face 112A, and through the optical fibers
113 to the fiber bundle output end face 112B. The selected
wavelength of light may be the wavelength required to excite
an analyte of interest.

[0111] The light transmitted through the end face 112B
enters the flow cell 150 through the surface 161 A and tunnels
or propagates through the waveguide block 161 as an incident
excitation light beam X2 that travels toward the liquid chan-
nel 154 along the axis A-A. A portion of the light beam X2 is
absorbed by the liquid in the channel (i.e., in the sample
volume), including by fluorophore analytes of interest in the
liquid, on the first pass of the light through the channel and
will cause the fluorophores to emit light (fluoresce). However,
typically another portion X3 of the light beam X2 will pass
through the liquid channel 154 without being absorbed. This
portion X3 then travels through the waveguide block 163 and
is reflected back toward the liquid channel 154 by the mirror
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170 as second pass incident light X4. A portion of the second
pass incident light will likewise be absorbed by the analyte of
interest, causing it to fluoresce. It will be appreciated that
some of the pass-through light X3 may be absorbed by the
flow cell 150 so that only a portion of the pass-through light
returns to the liquid channel 154. A portion of the second pass
incident light X4 is also absorbed by the liquid in the channel
154 and will cause the liquid to emit light (fluoresce).
[0112] A portion M1 of the light emitted light from the
liquid sample in the liquid channel 154 will travel directly
through the waveguide block 162 and the light channel 174B
and into the fiber bundle input end face 122 A of the cable 120.
A portion M2 of the light emitted from the liquid sample in
the liquid channel 154 will travel through the upper
waveguide block 164 and light channel 174D and be reflected
by the mirror 172 back through the waveguide block 164, the
liquid channel 154, the waveguide block 162 and the emission
light channel 174B and into the fiber bundle input end face
122A.

[0113] The light received through the end face 122A is
transmitted through the fiber bundle 122 to the fiber bundle
output end face 122B. From the end face 122B, the transmit-
ted light enters the emission monochromator 34 through the
input slit 34A. The received light (or a selected frequency
band thereof) is transmitted to the sensing device 30 through
the output slit 34B.

[0114] The sensing device 30 and related electronics can be
used to store, monitor and analyze the received light as
desired. For example, the intensity of the emitted light trans-
mitted to through the output cable 120 may be proportional to
the concentration of the measured analyte.

[0115] The analyzer 10 can be used and operated in any
suitable manner. For example, the monochromators 24, 34
can be used to select or scan across excitation and emission
light frequencies.

[0116] The 90 degree relative orientation between the fiber
end face 112B and the fiber end face 122A can prevent or
inhibit scattered excitation light from reaching the output
cable 120. Likewise, the black absorbing blocks 165-168 can
help to reduce or minimize scattered excitation light from
reaching the output cable 120.

[0117] The mirror 170 can enhance the fluorescence signal
by passing more excitation light through the sample.

[0118] The mirror 172 can enhance the fluorescence signal
by enabling the flow cell 150 to collect more emission light
that is initially emitted in a direction opposite the fiber end
face 122A.

[0119] The waveguide block 162 constitutes the emission
exit window and is relatively short or thin with alength .10 as
described above. In this manner, the emission source (i.e., the
fluorescing analyte) in the channel 154 is placed in close
proximity to the output fiber end face 122A where the emis-
sion light is collected in order to improve or optimize emis-
sion light gathering.

[0120] The length 1.10 of the waveguide block 162 may be
dependent on other considerations in the design of the flow
cell 150. For example, the blocks 161-164 may need to be
provided with a minimum length in order to prevent or inhibit
scattered excitation light from entering the output fiber end
face 122A. The blocks 161-164 may require a minimum
thickness to withstand high pressures in the channel 154 or to
withstand handling or diftusion bonding during manufacture.
[0121] The fiber bundle end faces 112A and 112B are each
shaped to enhance or optimize the transmission of excitation
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light to the sample channel 154 from the monochromator 24,
as discussed below. The fiber bundle end faces 122A and
122B are each shaped to enhance or optimize the transmis-
sion of emission light from the sample channel 154 to the
monochromator 34, as discussed below.

[0122] The fiber bundle end face 112A is positioned,
shaped and sized such that it fits entirely within the area of the
monochromator output slit 24B. As shown, the shape and size
of'the optical fiber end face array 111A is smaller than that of
the slit 24B. As a result, the width W3 of the end face 112A
defines the monochromator’s 24 true resolution. The smaller
area of the end face 112A compared to that of the slit 24B
helps to reduce stray light.

[0123] According to some embodiments, at least 50 percent
of the area of the end face 112A overlaps the area of the slit
24B and, in some embodiments, 100 percent of the end face
112A overlaps the slit 24B.

[0124] The fiber bundle end face 112B is positioned,
shaped and sized to substantially match or conform to the
shape of the flow cell window face 161 A. That is, the end face
112B and the window face 161A are substantially coexten-
sive. In this manner, the cable 110 can enhance or maximize
the proportion of the excitation light from the monochroma-
tor 24 that is directed into the flow cell 150 through the
window 161A, and can reduce excitation light scatter.
[0125] According to some embodiments, at least 50 percent
of'the area of the window face 161A is covered by the end face
112B and, in some embodiments, the end face 112B overlaps
100 percent of the window face 161A. According to some
embodiments, at least 50 percent of the area of the end face
112B overlaps the area of the window face 161 A and, in some
embodiments, 100 percent of the end face 112B overlaps the
window face 161A.

[0126] Insomeembodiments and as shown, the dimensions
of the fiber bundle end faces 112A and 112B are different
from one another. In this manner, the end faces 112A, 112B
can better serve their respective intended functions (as dis-
cussed above). Nonetheless, in some embodiments and as
shown, the fiber bundle end faces 112A, 112B have the same
total end face areas and the same number of fiber end faces
113A, 113B (i.e., all of the fibers 113 that form the end face
112A also form the end face 112B). In addition to having
different dimensions, the end faces 112A, 112B may have
different types of geometric shapes from one another (e.g.,
oval versus rectangular).

[0127] By way of example, in the illustrated cable 110, the
input end face 112A has a five row array 111 A (with 123 fiber
end faces 113 A total) and the output end face 112B has a three
row array 111B (with 123 fiber end faces total). The dimen-
sions of the input end face 112A may be 1 mmx6 mm while
the dimensions of the output end face 112B are 0.5 mmx12
mm with the excitation window face 161A having dimen-
sions 0f 0.5 mmx12 mm (which would provide a flow channel
volume of 12 mmx0.5 mmx0.5 mm=3 microliters). Alterna-
tively, the dimensions of the input end face 112A may be 1
mmx6 mm while the dimensions of the output end face 112B
are 0.6 mmx10 mm with the excitation window face 161A
having dimensions of 0.6 mmx10 mm (which would provide
a flow channel volume of 10 mmx0.6 mmx0.6 mm=3.6
microliters). The dimensions of the output slit 24B may be 2
mmx8 mm and thereby oversize on all sides with respect to
the 1 mmx6 mm input end face 112A.

[0128] The fiber bundle end face 122A is positioned,
shaped and sized to substantially match or conform to the
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shape of the flow cell emission window face 162A. That is,
the end face 122A and the emission window face 162A are
substantially coextensive. In this manner, the cable 120 can
enhance or maximize the proportion of the emission light
from the flow cell 150 that is directed into the fiber bundle 122
of the cable 120 from the emission window 162A, and ulti-
mately into the monochromator 34.

[0129] According to some embodiments, at least 50 percent
of the area of the emission window face 162A is covered by
the end face 122A and, in some embodiments, the end face
122A overlaps 100 percent of the emission window face
162A. According to some embodiments, at least 50 percent of
the area of the end face 122 A overlaps the area of the emission
window face 162 A and, in some embodiments, 100 percent of
the end face 122A overlaps the window face 162A.

[0130] The fiber bundle end face 122B is positioned,
shaped and sized such that it fits entirely within the area of the
monochromator input slit 34A. As shown, the shape and size
of'the optical fiber end face array 121B is smaller than that of
the slit34A. The smaller area of the end face 122B compared
to that of the slit 34 A helps to enhance the proportion of the
light transmitted by the fiber bundle 122 that is directed into
the slit 34 A and, in some embodiments, ensures that all of the
light transmitted by the fiber bundle 122 is directed into the
input slit 34A.

[0131] According to some embodiments, at least 50 percent
of the area of the end face 122B overlaps the area of the slit
34A and, in some embodiments, 100 percent of the end face
122B overlaps the slit 34A.

[0132] Insomeembodiments and as shown, the dimensions
of the fiber bundle end faces 122A and 122B are different
from one another. In this manner, the end faces 122A, 122B
can better serve their respective intended functions (as dis-
cussed above). Nonetheless, in some embodiments and as
shown, the fiber bundle end faces 122 A, 122B have the same
total end face areas and the same number of fiber end faces
123A, 123B (i.e., all of the fibers 123 that form the end face
122A also form the end face 122B). In addition to having
different dimensions, the end faces 122A, 122B may have
different types of geometric shapes from one another (e.g.,
oval versus rectangular).

[0133] By way of example, in the illustrated cable 120, the
input end face 122 A has a three row array 121A and the output
end face 122B has a five row array 121B. The dimensions of
the output end face 122B may be 1 mmx6 mm while the
dimensions of the input end face 122A are 0.5 mmx12 mm
with the emission window face 162A having dimensions of
0.5 mmx12 mm (which would provide a flow channel volume
of 12 mmx0.5 mmx0.5 mm=3 microliters). Alternatively, the
dimensions of the output end face 122B may be 1 mmx6 mm
while the dimensions of the input end face 122A are 0.6
mmx10 mm with the emission window face 162A having
dimensions of 0.6 mmx10 mm (which would provide a flow
channel volume of 10 mmx0.6 mmx0.6 mm=3.6 microliters).
The dimensions of the input slit 34A may be 2 mmx8 mm and
thereby oversize on all sides with respect to the 1 mmx6 mm
output end face 122B.

[0134] The dimensions and shapes of the fiber bundle end
faces 112A, 112B, 122A, 122B can be selected to match the
light ports 24B, 34A of monochromators 24, 34 (or other
optical devices) and flow cell windows 161A, 162A of dif-
ferent sizes and shapes. This may be accomplished by selec-
tion of the number of optical fibers 113, 123 in the cable
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bundle 112, 122, the sizes of the optical fibers 113, 123, and
or the layout of the optical fibers 113, 123.

[0135] According to some embodiments, the length of each
cable 110, 120 is in the range of from about 5 to 50 cm.
Notably, the flexibility of the connectorized fiber optic cables
110, 120 can permit a relatively compact configuration.
[0136] According to some embodiments, the liquid sample
is flowed through the liquid channel 154 at a rate in the range
of from about 0.5 to 1.5 ml/min.

[0137] According to some embodiments, the liquid channel
154 has a volume of less than 2 microliters and, in some
embodiments, in the range of from about 2 to 5 microliters.
[0138] According to some embodiments, the flow cell 150
can withstand a working pressure in the liquid channel 154
(without leak or failure of the flow cell 150) of at least 500 psi
and, in some embodiments, at least 2000 psi.

[0139] Suitable excitation and emission monochromators
24, 34 for the analyzer 10 may include Horiba JY 1034B
monochromators. In some embodiments, the monochroma-
tors 24, 34 have an F-number of 2.0 and a numerical aperture
of at least 0.24. The monochromators 24, 34 may have an
integral motor drive (e.g., a stepper motor) to implement
wavelength scanning.

[0140] With reference to FIG. 23, an alternative flow cell
250 according to further embodiments of the invention is
shown therein. The flow cell 250 may be used in place of the
flow cell 150. However, for the purpose of explanation only
the interfacing ends of the fiber optic cables 110, 120 are
shown in FIG. 23.

[0141] The flow cell 250 includes waveguide blocks 261-
264, corner blocks 265-268, and mirror layers 270, 272 cor-
responding to waveguide blocks 161-164, corner blocks 165-
168, and mirror layers 170, 172, respectively. The flow cell
250 defines a liquid flow channel 254 corresponding to the
flow channel 154.

[0142] The flow cell 250 differs from the flow cell 150 in
that layers of adhesive 274 are interposed between and bond
the opposed surfaces 269 and 267 of the adjacent waveguide
blocks 261-264 and the corner blocks 265-268 to one another.
Each waveguide block 261-264 and the adhesive layers 274
bonded thereto constitute a waveguide. The adhesive 274 has
a lower refractive index than the refractive index of the mate-
rial (e.g., fused silica) of the waveguide blocks 261-264. As a
result, the waveguide blocks 261-264 serve as optical cores
and the adhesive layers 274 serve as optical cladding. Accord-
ing to some embodiments, the adhesive cladding layers 274
provide total internal reflection (TIR) to the light channels.
The adhesive cladding layers 274 are planar and continuous.
The inner surface of each adhesive layer 274 is in intimate
contact or abutment with the outer surface 269 of the
waveguide block 261-264 it surrounds. The inner surface of
the cladding layer 274 defines a passage or bore 278C extend-
ing axially to the flow channel 254 and terminating at opposed
end openings 278A, 278B. The TIR of the light channels
reduces loss of excitation and emission light to undesirable
absorption in the flow cell 250.

[0143] Any suitable type of adhesive may be used for the
adhesive layers 274. In some embodiments, the adhesive 274
is a silicone adhesive and, in some embodiments, a thermally
cured silicone adhesive. Suitable adhesives may include
SCHOTT Deep UV-200 silicone adhesive available from
SCHOTT North America, Inc. of Pennsylvania.

[0144] With reference to FIGS. 24 and 25, an alternative
flow cell 350 according to further embodiments of the inven-
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tion is shown therein. The flow cell 350 may be used in place
of'the flow cell 150. However, for the purpose of explanation
only the interfacing ends of the fiber optic cables 110, 120 are
shown in FIG. 24.

[0145] The flow cell 350 includes waveguide blocks 361-
364, corner blocks 365-368, and mirror layers 370, 372, and
adhesive layers 374 corresponding to waveguide blocks 261-
264, corner blocks 265-268, mirror layers 270,272, and adhe-
sive layers 274, respectively. The flow cell 350 defines a
liquid flow channel 354 corresponding to the flow channel
254.

[0146] The flow cell 350 differs from the flow cell 250 in
that each of the corner blocks 365-368 includes shallow
grooves, cavities or pockets 380 formed in each of'its engage-
ment faces 367. The waveguide blocks 361-364 close the
pockets 380 to define enclose chambers 382 in which the
adhesive layers 374 are contained. The waveguide blocks
361-364 and the adhesive layers 374 cooperatively constitute
waveguides and, in some embodiments, cooperate to provide
TIR as discussed above.

[0147] End pads 386 of the corner blocks 365-368 directly
engage end portions of the waveguide blocks 361-364. The
end pads 386 are formed of an opaque, light absorbing mate-
rial and can thereby serve to prevent or inhibit excitation light
from the excitation cable 110 from propagating directly
through the emission window 362A to the emission cable
120.

[0148] Each pocket 380 will typically extend along the full
length of the flow channel 354. According to some embodi-
ments, each pocket 380 has a depth D1 in the range of from
about 0.01 to 0.03 mm. According to some embodiments,
each pocket 380 has a length [.14 in the range of from about
1 to 2 mm.

[0149] Eachend pad 386 will typically extend along the full
length of the flow channel 354. According to some embodi-
ments, each end pad 386 has a length [.15 in the range of from
about 0.3 to 0.5 mm. The end pads 386 may be integral and,
in some embodiments, monolithic with the corner blocks
365-368.

[0150] With reference to FIG. 26, an alternative flow cell
450 according to further embodiments of the invention is
shown therein. The flow cell 450 may be used in place of the
flow cell 150. However, for the purpose of explanation only
the interfacing ends of the fiber optic cables 110, 120 are
shown in FIG. 26.

[0151] The flow cell 450 includes waveguide blocks 461-
464, corner blocks 465-468, and mirror layers 470, 472 cor-
responding to waveguide blocks 361-364, corner blocks 365-
368 and mirror layers 370, 372, respectively. The flow cell
450 defines a liquid flow channel 454 corresponding to the
flow channel 354.

[0152] The flow cell 450 differs from the flow cell 350 in
that the pockets 480 of the flow cell 450 are not filled with
adhesive. Rather, the chambers 482 defined by the pockets
480 and the waveguide blocks 461-464 are filled with air
having a lower refractive index than the material of the
waveguide blocks 461-464. Alternatively, the chambers 482
may be filled with a gas other than air having a lower refrac-
tive index than the material of the waveguide blocks 461-464.
The end pads 486 may be bonded (e.g., contact bonded) to the
waveguide blocks 461-464 to secure the waveguide blocks
461-464 to the corner blocks 465-468.

[0153] With reference to FIG. 27, an alternative flow cell
550 according to further embodiments of the invention is
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shown therein. The flow cell 550 may be used in place of the
flow cell 150. However, for the purpose of explanation only
the interfacing ends of the fiber optic cables 110, 120 are
shown in FIG. 27.
[0154] The flow cell 550 includes waveguide blocks 561-
564, corner blocks 565-568, and mirror layers 570, 572 cor-
responding to waveguide blocks 261-264, corner blocks 265-
268, and mirror layers 270, 272, respectively. The flow cell
550 defines a liquid flow channel 554 corresponding to the
flow channel 254.
[0155] The flow cell 550 differs from the flow cell 250 in
that cladding layers 574 are interposed between the opposed
surfaces 569 and 567 of the adjacent waveguide blocks 561-
564 and the corner blocks 565-568. The cladding layers 574
are formed of a fluoropolymer and, in some embodiments, an
amorphous fluoropolymer. According to some embodiments,
the cladding layers 574 are formed of an amorphous copoly-
mer of perfluora-2,2-dimethyl-1,3-dioxole and tetrafluoroet-
hylene, an example of which is sold by E.I. du Pont de
Nemours (commonly referred to as DuPont) under the trade-
mark Teflon AF 2400™. The cladding layers have a lower
refractive index than the refractive index of the material (e.g.,
fused silica) of the waveguide blocks 561-564. As a result, the
waveguide blocks serve as cores and the adhesive layers 574
serve as optical cladding providing, in some embodiments,
total internal reflection to the light channels.
[0156] Flow cells of the present technology, particularly
when formed as discussed hereinabove to provide total inter-
nal reflection, allow for a smaller volume flow cell without
loss of optical signal, thereby increasing output resolution.
[0157] In particular, the TIR can reduce light losses and
maximize light flux to and from the flow cell windows. In
some embodiments, the provision of TIR may reduce or
eliminate the need for a reduced length emission waveguide
channel as described above. The TIR waveguides can provide
greater flexibility in the design of the flow cell.
[0158] Liquid sample analyzers and flow cell assemblies
according to embodiments of the technology can provide a
number of benefits and advantages. Sensing devices such as
PDA spectrometers typically require low flow cell dispersion
and fast data rates and high light flux. Itis desirable to provide
a flow cell assembly that is compact and that can be flexibly
integrated into a PDA spectrometer system.
[0159] Many alterations and modifications may be made by
those having ordinary skill in the art, given the benefit of
present disclosure, without departing from the spirit and
scope of the invention. Therefore, it must be understood that
the illustrated embodiments have been set forth only for the
purposes of example, and that it should not be taken as lim-
iting the invention as defined by the following claims. The
following claims, therefore, are to be read to include not only
the combination of elements which are literally set forth but
all equivalent elements for performing substantially the same
function in substantially the same way to obtain substantially
the same result. The claims are thus to be understood to
include what is specifically illustrated and described above,
what is conceptually equivalent, and also what incorporates
the essential idea of the invention.

What is claimed:

1. A flow cell for a fluorescence spectrometer, the flow cell
comprising:

a flow channel to receive a flow of a liquid sample;

an excitation light entrance window to receive excitation

light from a light source; and
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an emission light exit window to transmit fluorescent emis-
sion light from the liquid sample in the flow channel
from the flow cell;

wherein the excitation light entrance window and/or emis-

sion light exit window includes a waveguide including:

a waveguide core formed of a core material; and

a cladding medium surrounding a portion of the
waveguide core, wherein the cladding medium has a
refractive index less than the refractive index of the
core material; and

wherein the waveguide defines a portion of the flow chan-

nel.

2. The flow cell of claim 1 wherein the core material is
fused silica or quartz.

3. The flow cell of claim 1 wherein the waveguide core
defines the portion of the flow channel and contacts the liquid
sample in the flow channel.

4. The flow cell of claim 1 wherein the waveguide has total
internal reflection.

5. The flow cell of claim 1 wherein the cladding medium is
a fluoropolymer.

6. The flow cell of claim 1 wherein the cladding medium is
an adhesive.

7. The flow cell of claim 1 wherein the cladding medium is
air.

8. The flow call of claim 1 wherein:

the flow cell includes a flow cell body; and

the cladding medium is interposed between the flow cell

body and the waveguide core.

9. The flow cell of claim 8 wherein:

the flow cell body includes an integral pocket; and

the waveguide core and the pocket collectively form a

chamber containing the cladding medium.

10. The flow cell of claim 8 wherein the cladding medium
is an adhesive, and the adhesive bonds the waveguide core to
the flow cell body.

11. The flow cell of claim 8 wherein the flow cell body is
formed of fused silica or quartz.

12. The flow cell of claim 1 including a pad of light absorb-
ing material surrounding an end portion of the waveguide
core adjacent the flow channel.

13. The flow cell of claim 1 wherein the emission light exit
window is oriented at an angle of about 90 degrees with
respect to the excitation light entrance window.

14. The flow cell of claim 1 wherein the waveguide extends
from the flow cell to an optical device.

15. The flow cell of claim 14 wherein the optical device is
at least one of a light source, a monochromator, and a fluo-
rescence detector.

16. The flow cell of claim 14 wherein the waveguide is a
flexible optical fiber.

10

Mar. 31, 2016

17. The flow cell of claim 14 wherein the excitation light
entrance window and/or emission light exit window includes
an optical fiber bundle including a plurality of flexible optical
fibers.

18. A flow cell for a fluorescence spectrometer, the flow
cell comprising:

a flow cell body;

a flow channel to receive a flow of a liquid sample;

an excitation light entrance window to receive excitation
light from a light source;

an emission light exit window to transmit fluorescent emis-
sion light from the liquid sample in the flow channel
from the flow cell; and

at least one mirror integral with the flow cell body;
wherein the at least one mirror is positioned:

to reflect excitation light that has passed through the
liquid sample in the flow channel back into the liquid
sample; and/or

to reflect emission light emitted from the liquid sample
toward the emission light exit window.

19. A flow cell for a fluorescence spectrometer, the flow
cell comprising:
a flow channel to receive a flow of a liquid sample;

an excitation light entrance window to receive excitation
light from a light source; and

an emission light exit window to transmit fluorescent emis-
sion light from the liquid sample in the flow channel
from the flow cell;

wherein:

the emission light exit window is located less than 1.0
mm from the flow channel.

20. A flow cell for a fluorescence spectrometer, the flow
cell comprising:
a flow channel to receive a flow of a liquid sample;

an excitation light entrance window to receive excitation
light from a light source; and

an emission light exit window to transmit fluorescent emis-
sion light from the liquid sample in the flow channel
from the flow cell;

wherein:

the excitation light entrance window is spaced a first
distance from the flow channel;

the emission light exit window is spaced a second dis-
tance from the flow channel; and

the second distance is less than the first distance.
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