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ROBUST SPECTROSCOPIC OPTICAL PROBE
- FIELD OF THE INVENTION

This invention relates to spectroscopic optical

probes and more particularly to an optical probe of

robust. construction especially suitable for in situ
spectroscopic measurements.

BACKGROUND OF THE INVENTION

Various spectroscopic technigues are routinely used
to determine the constitution of chemical compositions
and to monitor the progress of chemical reactions and
processes. The choice of technique, including the
wavelength of the radiation employed, depends on the
information desired.

Infrared (IR) spectroscopy is based op the
interaction with chemical substances of infrared
irradiation having a wavelength between 0.77 pm and
1000 um. A segment of IR spectroscopy, referred to as
near infrared (NIR) spectroscopies, uses radiation
wavelengths between 0.77 um and 2.5 gm. IR and NIR
spectroscopies generally involves the absorption of
radiation as it passes through a sample. The absorption
frequencies provide information regarding the chemical
and physical characteristics or the molecular structure
of the irradiated substance.

Ultraviolet (UV) and visible (VIS) spectroscopic
methods employ UV radiation having wavelengths between
10 nm and 350 nm and visible radiation with wavelengths
between 350 nm and 770 nm. UV-VIS technigques measure
the absorpticn of the exposing radiation by molecular
electronlc transitions; the partlcular wavelengths
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chénm Ramanpspectroscopy iwlanvther hedns oy iwvhicH 5
rEKLmicEﬁeigﬁyéiégflaﬁﬂé"holecular information of
materials can be obtained. Incident radiation
interacting with a material undergoes scattering, which
occurs in all directions; the radiation may be scattered
elastically or inelastically. The inelastically
scattered radiation is referred to as Raman scatter.
The wavelengths and intensities of this radiation
comprise a Raman spectrum that provides chemical and
structural information regarding the irradiated
material. .

Luminescence spectroscopy involves the measurement
of photon emission from molecules. It includes
photoiuminescence such as fluorescence and
phosphorescence, which are emissions from a substance
resulting from its excitation by radiation absorption,
and chemiluminescence, where the emission is induced by
a chemical reaction. The emitted radiation is
characteristic of the molecular structure.

All of these spectroscopic techniques are useful
for gaining qualitative and guantitative information
about a chemical material. IR, NIR, and Raman spectra,
however, provide the greatest amount of molecular
structural information.

Deternmining the constitution of a chemical
composition or monitoring the progress of a chemical
reaction is ftequently carried out with materials
situated in inhospitable enviromments. For example,
analysis may be required of a process stream under
conditions of high temperature andror pressure or in the
presence of corrosive substances or powerful solvents.
It is well known to place spectrophotometric apparatus
such as a spectrograph and a radiation source in a
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source in a art. U.S. Patent No. 3,906,241, for example, describes
' 10 a probe for use in analyzing fluids that incorporates

' three fiber optic channels, one to carry radiation from
a source to the probe detecting head, a second to return
radiation from the head, and a third to carry the
scattered Raman radiation to detector means. In U.S.

15 Patent No. 4,573,761 is described a probe that comprises
at least one optical fiber for transmitting light into a
sample and at least two optical fibers for collecting
radiation from the sample, the collecting fibers
converging with the axis of the transmitting fiber at an

20 angle less than 45 degrees. U.S. Patent No. 4,707,134
describes a probe comprising a plurality of converging
optical fibers contained in a housing that is closed at
one end by a transparent window. A method for in situ
detection of a compound by Raman spectroscopy is

25 disclosed in U.S. Patent No. 4,802,761, wherein a
collecting cell is connected by an optical fiber bundle
to a remote sensing device.

PROBLEM TO BE SOLVED BY THE INVENTION

30
. As just noted, spectroscopic probes have been
described in the prior art, and several such devices are
available from various vendors. These known probes are
frequently of complex design and thus expensive to

35 manufacture; they may include, for instance, precisely
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| ocation renote froma substance that is to be analyzed in situ and connect
the apparatus to the sanpling site by radiation conduits conprising optical
fibers. The interface between these optical fibers and the process
environment is comonly provided by a probe, often referred to as a
spectroscopi c ng' gProbe or a fiber optic probe. POYUSHS/06828/ Of
spectroscopi c probes ‘are known in the art. U S. Patent No. 3,906,241, for
exanpl e, describes a probe for use in analyzing fluids that incorporates
three fiber optic channels, one to carry radiation froma source to the
probe detecting head, a second to return radiation fromthe head, and a
third to carry the scattered Raman radi ation to,detector neans. In U S.
Patent No. 4,573,761 is described a probe that conprises at |east one
optical fiber for transmtting light into a sanple and at | east two optical
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W ndow. 10PROBLESEd Q- EbusiO dddigR” ahtiFcohbEPictdon allow their use in
drastic environments without performance~degrading
damage. This need is well met in the spectroscopic
optical probe of the present invention.

15 : SUMMARY OF THE INVENTION

In accordance with the invention, a fluid-tight
spectroscopic optical probe comprises a fluid-tight
housing, with a tip having a terminal surface sealably

20 closing one end of the housing; one fiber optic
excitation channel terminating at the terminal surface
of the tip and extending within the length of the
housing and transmitting radiation from a radiation
source to a chemical composition that is to be

25 irradiated for spectroscopic analysis; and one fiber
optic collection channel terminating at the terminal
surface of the tip and extending within the length of
the housing and transmitting radiation from the
irradiated composition to detector means remotely

30 situated from the composition; wherein the fiber optic
excitation and collection channels are securely held and
sealed within the tip by solder means encompassing each
channel. .

A method for forming the spectroscopic optical

35 probe of the invention comprises forming a cavity at the
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pr obe conponent parts. In harsh process environnents, such probes are
5 suscepti bl e to damage by high tenperature and pressure and

power ful chem cal solvents, resulting in |eakage, m sal i gnnent, and
ot her fornms of deterioration that adversél ¥ af fect probe performance.
Thus, there is a need for readily manufacturable spectroscopic pr obes
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solidify to a plug; forming closely spaced holes of
circular cross—section that penetrate through the tip
5  and the plug, the cross—section of the holes being very
slightly larger than the cross—section of the optical
fibers comprising the excitation and collection
channels; inserting one end of each of the optical
fibers into the holes through the tip and into the plug,
10 the ends of the optical fibers forming a substantially
continuous surface with the terminal surface of the tip;
heating the solder plug to a temperature sufficient to
cause the solder to flow around the optical fibers;
cooling the plug to ambient temperature, thereby
15 securing and sealing the optical fiber ends in the plug
at the terminal surface of the tip; and grinding and
polishing the substantially continuous terminal surface
of the tip to form an optically smooth terminal surface.

20 ADVANTAGEQUS EFFECT OF THE INVENTION

The present invention provides an optical probe
that is easy to manufacture yet able to withstand
drastic environmental conditions without damage and

25 produce useful spectroscopic results under such
" conditions.

BRIEF DESCRIPTION OF THE DRAWINGS

30 Figure 1 is a fragmentary isometric view, partially
in section, of a preferred erbodiment, depicting in
detail the optical fiber ends at the probe tip.

Figure 2 is a fragmentary cross—section of the
embodiment of Figure 1.



15 SUMVARY OF THE | NVENTI ON I n accordance

with t'he invention, a fluid-tight spectroscopi c optical probe
~conprises a fluid-tight housing, with a tip having a-term nal surface
sealably 20 closing one end of the housing; one fiber optic
excitation chanww nating at the term nal surface obctisvesloéses and
extending within the Tength of the hoeusing and transmtting radiation
froma radiation _ source to a chemical conposition that is to be 25
irradi ated for spectroscopic analysis; and one fi ber optic collection
channel term nating at the term nal surface of the tip and extending
within the | ength of the housing and transmtting radiation fromthe
irradi ated conposition to detector neans renotel $ S0 situated fromthe
conposition; wherein the fiber optic excitation and coll ection

channel s are securely held ..Ssealed . within the tig by solder neans

enconpassi ng each cha e 3 1s & Snd%f#ﬁﬁ##ﬁ?ﬁﬁi’qiﬁP%P%gLPﬁe

spectroscopi ¢ opti cal embodiment: off Rigurenkenti on conprises forning a

clé?:\'ll'} b)égg'; 0:5228 WO 9iRied4 is a fragmentary cross-section of an
embodiment that includes a refieé%df cap with a concave

5 mirror.
DETAILED DESCRIPTION OF THE INVENTION

In Figures 1, 2, 3 is shown a preferred embodiment

10 of the present invention. Optical probe 100 comprisés a
housing 101, closed at one end by tip 102. Two optical
fibers 103 and 104, one serving as an excitation channel
for radiation from a source toc a composition to be
analyzed, the other comprising a collection channel for

15 transmitting radiation from the irradiated composition
to remotely situated detector ﬁeans, extend from the
terminal surface 105 of the tip through the length of -
the housing. The depicted embodiment includes a single
excitation channel and a single collection channel,

20 which simplifies its construction. As taught in U.S.
Patent No. 4,707,134, the disclosures of which are
incorporated herein by reference, a single fiber is
sufficient to transmit light from a light emitting
diode, a laser, or a diode laser. However, a probe of

25 the invention may contain two to six fiber optic
collection andror excitation channels. In one useful
configuration of the fibers, a single excitation channel
within a bundle is surrounded by six collection
channels, as shown in U.S. Patent No. 4,573,761, the

30 disclosures of which are incorporated herein by
reference.

On the terminal surface 105 of tip 102 is formed a
cavity 106, which is filled with molten metal solder
that solidifies on cooling to a solder plug 107. This

35 plug comprises means for secﬁring and sealing the ends



termnal surface of the tip and filling the cavity with nol t en netal
. solder, which is allowed to cool and solidify to a plug; formng
closely spaced hol es of circular cross-section that penetrate
through the tip 5 and the plug, the cross-section of the holes being
very slingJ rger- than the cross-section of the opti @ernUse6n6s2s
fi.bers conprising the excitation and coll ection channel s; inserting
one end of each of the optical fibers into the holes through the tip
and into the plug, 10 the ends of the optical fibers formng a
substantial ly continuous surface with the termnal surface of the
tip; heating the solder plug to a tenperature sufficient to

cause the solder to flow around the optical fivefsT cooling the plug
to anbient tenperature, thereby 15 securing and sealing the optical

fiber vends in the pl ' b
i ber sends in the p u&f}éﬁlﬁe opt@%csfﬂe %%ﬁ%%léwft@‘iﬁiﬁglt BGrkage &Jhref ace
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I sometric view parti aﬂ ¥inserted in each hole to f£ill it, the end of each -
fiber forming a substantially continuous surface with
the terminal surface of the tip. A cavity 108 may be
10 formed in the back of the tip to facilitate insertion of
the fibers into the holes.

. The solder plug is heated to a temperature
sufficient to cause the solder to flow around the
optical fiber ends. During heating; a small additional

15 quantity of solder may be applied to the plug to
compensate for settling. On cooling of the plug to
ambient temperature, the fibers are sealed and secured
at the terminal surface of the tip. Subseguent grinding
and polishing of the tip terminal surface provides an

20 optically smooth surface.

In sealing and securing the optical ends at the
terminal surface of the tip, the heating of the solder
plug must be carefully controlled to avoid softening the
quartz glass of the fiber. Damage to the fibers would

25 be highly likely should one attempt to secure them by
drilling holes large enough to accommodate them through
the tip (which is preferably made of stainless steel),
inserting the fiber ends in the holes, and then applying

. solder to effect sealing. In accordance with the method
30 of the invention, the likelihood of damage to the fibers
is minimized by the formation of the solder plug at the
tip terminal surface prior to the drilling of the holes
to receive the fibers. The holes should be of a
diameter just large enough to allow the fibers to be"
35 inserted into them; the solder plug is then heated to a



In section, of a preferred enbodi nent, depicting in detail the

optical fiber ends at the probe tip. Figure 2 is a fragnentary
cross-section of the enbodi ment of Figure 1. WO 96/ 37794
PCT/ US96/ 06528 - 6 -

Figure 3 is an ﬁggﬁékﬁxational vi ew of the enbodi ment opcrsesressd -
Fi.gure 4 is a f ary cross-section of ran enbodi nent t hat
includes a reflector cap with a concave 5 mrror.

DETAI LED DESCRI PTI ON OF THE | NVENTI ON In Figures 1, 2, 3 is
shown a preferred enbodi nent 10 of the present invention. Optical probe
100 conprises a housi ng 101, closed at one end by tip 102. Two

opti cal fibers 103 and 104, one serving as8af excitation channel

point just sufficient to cause the solder to f£low around
the fiber ends, so that on cooling the ends are secured
and sealed in the tip. To further reduce the amount of
heat required for sealing and also to avoid uneven
5 expansion within the probe tip during use, it is
desirable that the size of the solder plug be of the
minimum size necessary to ensure secure sealing of the
tibers.
The optical fibers utilized in the probe of the
10 invention are preferably step—indexed multimode fibers,
which are available from several commercial sources, for
example, Fiberguide, Stirling, NJ. Their diameters may |
range from 1 um to 1000 um, preferably 200 um to 400 um.
For Raman and luminescence spectroscopy fibers of about
15 200 um diameter are preferred; for UVAIS and NIR
measurements, fibers with diameters of about 400 pgm are
preferred.
Preferred optical fibers for the present invention
comprise a gquartz glass core 109 surrounded by a thin
20 inner layer of doped quartz 110,.and then by a thin
solder—adherable metallic outer layer 111, preferably of
gold. The metallic layer 111 facilitates adhesion of
the fiber to the solder plug, as described in U.S.
Patent No. 4,033,668, the disclosures of which are
25 incorporated herein by reference.
| The housing and tip of the probe can be constructed
from various metallic materials, for example, copper or
titanium. Preferred metals for this purpose include
Hastalloy and stainless steel. The solder employed to
30 seal and secure the optical fiber ends in the tip should
be resistant to chemical deterioration and have a fusion
temperature high enough to withstand the drastic
conditions to which the probe may be subjected during
use. A presently preferred embodiment can be enmployed
35 without damage at temperatures of about 500°C and



for radiation froma source to a conposition to be anal yzed, the

ot her conprising a collection channel for 15 transmtting radiation from
the irradi ated conposition to renotely situated detector neans,
extend fromthe term nal surface 105 of the tip through the |ength of
t he housi ng. TN; ed enbodi ment i ncludes a single eperivsbs/ess2s
channel and a sing e coIIectlon channel , 20 which sinplifies its
construction. As taught in U S Pat ent No. 4,707,134, the
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fiber is sufficient to transmt light froma light emtting

di ode, a laser, or a diode |aser. However, a profe_of 25 the invention
may contain two to six fiber optic col l ection and/or excitation
channels. | n one useful - configuration of the fibers, a single
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PCT/ US96/ 06528 temperatures in the range of about 600°C to 1100°C, are

silver or gold solders; other types of solders may be
employed to connect the probe tip to the housing.

In constructing the probe, a small amount of

10 additional length, up to about 0.5 percent of the total,
is provided in the optical fibers extending through the
housing away from the tip. This slack is desirable to
prevent stresses and cracking of the fibers as the metal
components of the probe expand at different rates than '

15 the optical glass at high temperatures. The ends of the
fibers remote from the tip are connected with the
radiation source and spectrograph by connecting means
well known in the art, for example, SMA connectors.

The detector means, which may be an ultraviolet—

20 visible (UVAVIS), a near infrared (NIR), a luminescence,
or a Raman spectrometer, and the radiation source may be
situated at a distance from and connected to the probe
by optical fibers, as described in U.S. Patent
No. 4,802,761, the disclosures of which are incorporated

25 herein by reference. The type of radiation source
depends on the particular spectrometry; useful sources
include, for example, argon, hydrogen, deuterium, xenon,
and tungsten lamps for UV-V1S; nichrome wires, Nernst
glowers, and halogen-modified tungsten lamps for NIR/IR;

30 and lasers, especially diode lasers, for Raman and
luminescence spectrometry.

Following construction, the probe may be inserted
into a line or a reactor within a process and secured
therein in a fluid-tight fashion by means such as, for

35 example, a threaded, soldered, or otherwise sealable



-7 - of the optical fibers at the term nal surface of the

probe 'tip. In the construction of the probe of the invention,

cl osely spaced holes of circular cross-section very 5 slightly larger’
than the fiber cross-section are drilled through the tip and the

sol der pl ug. Anwgé}s% fiber is inserted in each hole tgch} '

the end of each | ber formng a substantially continuous surface with
the term nal , surface of the tip. A cavity 108 may be 10 fornmed in the
back of the tip to facilitate insertion of the fibers into the holes.
The solder plug is heated to a tenperature sufficient to cause the
solder to flow around the optical fiber e _ During heating; a small
additional 15  quantity of solder may be appli‘ed to the plug to
conpensate for settling. On cooling of the plug to anbi ent
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tip, the heating of thmaxdcH¥rized byPhikh Riipdiatuied’ dhliypréithirdd edd G
avoi d softening t%e : uzir;t 2’5e I%s %)?lthe l]zi bert. Damaggpto t he fi ti.‘eerss
would 25  be hi h|y"f‘r*ke’1'(1’g? ﬁ&ﬁ g ﬁe.s‘égeﬁﬁﬁ %%%t;reetﬁﬁ’%zy
drilling holes |arge senafiructed;cinmaccexdangenw m tofe the
(which is preferably nBfertfion,awitiSshépédnd dimensionsebhitibidaedy ber

ends in the holes, and,then applyin sol der, . to eff.ect sealing., | |
accordance with the cﬁj{%ba%a)igfgfhekm&qﬁr% rlilckgﬁ?l%?%ftsd%ﬁge

to the fibers iexamplieni Aad 18ying coraanisnsyn asf degeribedcin W& at
t he tip ted M nBatedif W BN, 006, 291 | Rndlrdildd1vguelst 62 MVL@S are

incorporated herein by reference.

Fiber optic probes such as those of the present
invention are particularly useful for Raman
spectrometric measurements, as described in Schwab et

i5 al., Anal. Chem., 1984, vol. 56, pages 2199-2204, the
disclosures of which are incorporated herein by
reference. A probe of the invention may also be
utilized for transmittive reflective spectroscopy such
as UVAVIS and NIR measurements. Figure 4 depicts the

20 embodiment of Figure 1 further comprising a reflector
cap 201 that includes a concave mirror 202 and is
provided with flow-through ports 203. The ports enable
the chemical composition to flow over the probe tip, and
the mirror is constructed with appropriate curvature and

25 is positioned at the proper distance at the tip to
maximize the amount of radiation from the irradiated
composition that is gathered by the collection channel.

The present invention provides an optical probe of
simple design and ready manufacturability whose robust

30 construction enables its prolonged use for obtaining
' reliable spectrometric measurements, even in harsh
environments of elevated temperature and pressure. The
excellent performance of the probe of this invention
under such conditions contrasts with that of several
35 probes that are commercially available from various



to receive the fibers. The hol es should be of a di aneter just |arge
enough to allow the fibers to be 35 inserted into them the solder plug
is then heated to a WO 96/ 37794

PCT/ US96/ 06528 point just sufficient to cause the solder to
fl ow around oﬂ#ﬁﬁhfiber ends, so that on cooling the endspgimsssagsged
and sealed tn tﬂk I'p. To further reduce the anpunt of heat required
for sealing and also to avoid uneven 5 expansion within the probe tip
during use, it is desirable that the size of the solder plug be of
t he m ni mum si ze necessary to ensure secure sealing of the

fibers. The optical fibers utilized_n the probe of the 10

i nvention are preferably step-indexed mul t i node I bers, whi ch are
avai l abl e from several conmercial sources, for exanpl e, Fi bergui de,

Stirling, N%J T['fi rzggﬂiﬁoﬁﬁs afxayzgg- adver €4k farsomblge['w bmet%moelevagea
{3L{ngcgageeggec¥roséﬁ%%gp%g%rgsoveﬁgg%%]égﬁPera?ﬂﬁﬁsféFsﬁgggi%%e?g?°%neaIn
preferfred; for UV/ VI Sapelmer production prxocssss atf tiemperatupedi afieters of
about 400 [err]mare 200-300°C, under which conditions a probe of the
5 invention yielded reliable measurements over a prolonged
period, one commercially available probe that included
optical rods, lenses, and windows cemented into a metal
housing quickly failed as a result of the rods hecoming'
loose and misaligned. In another commercial probe of a
10 different design, the epoxy resin employed to hold the
fibers of a bundle in place carbonized and decomposed
during a brief trial under the process conditions. 1In
still another instance, the protective window seal of
the probe failed, resulting in leakage of the polymer
15 into the chamber containing the optical fibers.
Finally, during testing of another commercial probe
touted as able to withstand 300°C and high pressure, its
protective sapphire window was lost to the production
stream and never recovered. These repeated failures of
20 a variety of commercially available optical probes after
limited exposure to harsh process environments attest to
the remarkable and unexpected advantages provided by the
robust probe of the present invention.
" The following examples further illustrate the

25 invention.
Example 1 ~— Raman Probe for Monitoring a Batch Chemical
ea on

A fiber optic probe was constructed as shown in
30 Figures 1-3. Two 400-um inner diameter gold coated
fiber optics purchased from Fiberguide, Stirling NJ,
were silver soldered using Safety Silv® 45 solder
obtained from J. W. Harris Co., Cincinnati, oOhio, into a
0.25 inch diameter 316 stainless steel tube body. Upon
35  cooling, the probe tip was polished to a mirror finish.



preferred.

Preferred optical fibers for the present invention

conprise a quartz glass core 109 surrounded by a thin 20 I nner | ayer of
doped quartz 110, and then by a thin sol der-adherabl e netal lic outer
| ayer 111, preferably of gold. The netallic layer 111 facilitates

adhesi on of fiber to the solder plug, as described p@Erbiososs2s
patent Mo 4, 040284

herei n by reference.

construct ed

he di scl osures of which are 25 I ncor por at ed
The housing and tip of the probe can be

fromvarious netallic materials, for exanple, copper or

titanium Preferred netals for this purpose include Hast al | oy and
stai nless steel. The sol der enployed to S and secure the optical
fiber ends in the tip should be reS|stan t0 chemical deterioration

and have a fusion

tenperature, high enough to withstand the drastic

condi tions to which thetgsePesEile t%r&&@lﬁ(il %ﬁgﬂ&fl' 'Eﬂrou% put :ﬁmed its

presently preferred e
t enperatures of about ©
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35

OUt anma

nggg%ggg%tfaﬂ%pe proboe aﬁ[ng stogponitor a emica
reaction by Raman spectrometry ove® a period of three

hours, during which the temperature reached 220°C.
Excellent spectral data were collected, and the probe
showed no signs of degradation. )

A fiber optic probe was constructed similar as
shown in Figures 1-3. Two 200—um inner diameter gold

. coated fiber optics purchased from Fiberguide, Stirling

NJ, were silver soldered into a 0.25 inch diameter 316
stainless steel tube. Upon cooling, the probe tip was
polished to a mirror finish and subsequently tested for
signal throughput. The probe was placed in a process
stream of a ﬁanufacturing installation and connected to
a Raman analytical instrument. The process was operated
at pressures between 15 to 30 psi and .temperatures
between 200°C and 230°C. After several months of
successful spectral acquisition, the probe was. removed
from the process. Inspection of the probe following
removal showed that it had robustly survived the lengthy
exposure to the process enviromment.

E e - t act
Process

A fiber optic probe for NIR spectroscopy was
designed and constructed with a reflector cap containing
a concave mirror, as shown in Figure 4. Two 400-um
inner diameter gold coated fiber optics were silver
soldered into a 0.25 inch diameter 316 stainless steel
tube. Upon cooling, the probe tip was polished to a
smooth, mirror-—like finish. A reflector comprising a
concave mirror was fastened above the probe tip to



pressures ranging up to 30,000 psi. O course, the sol der fusion
tenperature should also be sufficiently | ow to achi eve seal ing of
the optical fibers w thout softening of the glass. Preferred

sol dering materi al 5 for securing the optical fiber ends, with fusion
t enper at ures invhggwhgpge of about 600C to 1100[err]C, are PCT/UBS6/06838 Of
gol d sol ders; other types of solders nay be enpl oyed to connect the
probe tip to the housing. In constructing the probe, a snal
anount of 10 additional length, up to about 0.5 percent of the total,
is provided in the optical fibers extending through the housi ng away
fromthe tip. This slack is desirable to revent stresses and
cracking of the fibers as the netal cormp nts of the probe expand
at different rates than 15 t he optlcal gl ass at high tenperatures. The

ends of the fi e%'@ fg?&&%éé&? ﬁegggée‘iﬁ%%ewag ﬁjgfced in a

radi ati on source and spectrogr connect i n ]
the art, for exanple, mE “rd'Pgr rocess stream W%P&rtm ‘Wfﬁ%h

may be’ an ul traviol et -up > 3our|c$ahaeptékﬁd&é§ up te 3000 pedt edaftéR) twal

| um nescence, gﬁﬁ, !J),fe,,ﬁh@g r may
be situated at a I St ance rsg?#gg%connec 3 % grégél wis by
optical fibers, a& de&SM9¥&d fxom, therprecpss. Insmtieneef the pxoke after

di scl osures of which adts iremvadr soafiriéd thaterit rhdwwithstoaael:heThe type

of radiation source r@g&e }.p&l tL¥ el ef ul
sour ces i ncl ud®* c%lo exa%p °,QH§%3§%D&# rogen, eut ergggmalxenon
and tungsten | anps fo®PHPHSASI. nichrone wires, Nernst gl owers, and

hal ogen- nodi fi ed tungsten [ anps for NI R/ | R; 30 and | asers, especi ally
di ode | asers, foy,Ra , .

Fol | om ng constrUcCti orf -
reactor within a procMecured therel ninafluid-ti ght

f ashi on by means such as, e f3ber of¥fEhibbe dfBadiple I0WEHS" Shserted
otherw se seal abl e into an extruder and used to monitor the UVAIS spectrum
of a molten polymer. The operating conditions of the

s stream were temperatures up to 315°C and pressures up to
250 psi. The probe performed well over several days of
testing.

The invention has been described in detail with
particular reference to preferred embodiments thereof,
20 but it will be understood that variations and
modifications can be effected within the spirit and
scope of the.invention.
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- 10 - connection. Although the robust construction of the

pr-obe of the invention nmakes it -espectatty—usefut—For nonitoring

chemni cal conpositions in harsh enyj characterized by high

temperat ures ang,Jy-Asayres, it |snmiimﬁali!me"wted to such pphpiosssREs2eNSs.
(b .

A.probe nmay be constructed, th the nmethod of the

i nvention, with shape and di mensions suitable for in situ anal yses,
Raman spectronetric neasurenents for exanple, in living organisnms, as
described in U S. 10 Patent No. 3,906, 241, the disclosures of which are

I ncorporated herein by reference. ELQf opti c probes such as.

t hose of the present i nvention are particutarly useful for Raman
spectronmetri c neasurenents, as described in Schwab et 15 al ., Anal

Chem, 1984, vol. 56, pages 2199-2204, the cramitsscl osures of which are

I ncor porated herein by reference. A probe of the invention nay al so
be utilized for transmttive/reflective spectroscopy such as
UV/ VIS and NI R neasur enent sk. Fi gufduidcdtpgbt sspentrascopdichoptioal probe gure

1 further conprising abéjgffyﬂﬁy}
S (a) a fluid-tight housing;
(b) a tip having a terminal surface, said tip
sealably closing one end of said housing;
(c) one fiber optic excitation channel
terminating at said terminal surface of said tip and

10 extending within the length of said housing, said
excitation channel transmitting radiation from a
radiation source to a chemical composition to be
irradiated for spectroscopic analysis; and

(d) one fiber optic collection channel

15 terminating at said terminal surface of said tip and
extending within the length of said housing, said
collection channel transmitting radiation from an
irradiated chemical composition to detector means
remotely situated from said chemical composition;

20 wherein said fiber optic excitation channel and
said fiber optic collection channel are each securely
held and sealed within said tip by solder means
encompassing each said channel.

25 2. The probe of claim 1 wherein said excitation
channel and said collection channel each comprises an
optical fiber having a circular cross—-section, said
fibers having a diameter of 1 um to 1000 um.

30 3. The probe of claim 1 further comprising a
reflector cap that includes a concave mirror, said cap
being situated in close proximity to said tip and
capable of reflecting radiation from said excitation
channel to said collection channel.

35
This Sheet Has Been Replaced




cap 201 that includes a concave mirror 202 and is provided with
fl owthrough ports 203. The ports—enable the—chem cal conposition to

fl.ow over the probe tip, and t onstructed with

appropriate curvature and 25 it m”“ ﬁllﬁﬂm"he proper distance at the

tipto maxim ze the anmount the irradi ap@flusesines2s
The

conposition t hYO ?@mzﬁﬁhered by the col l ecti on channel .

present i nvention provides an optical probe of si npl e desi gn and
ready manufacturability whose robust 30 construction enables its

prol onged use for obtaining reliable spectronetric nmeasurenents, even
I n harsh envi ronnents of el evated tenpera% re and pressure. The
excel |l ent perfornmance of the probe of this invVe giﬁn under such
conditions contrasts with that of several 35 probes that are commercially

r
hi
(%]

avai l abl e from various a. mPpibd 6Fclaim 1 wherein said detector
PCT/ US96/ 06528 11 vendor s
and are advertised asP8BPE COMBFiSes A,SRACHromEker- pressures as wel |

as tenperatures as high as 300[err]C In . a polymer production
process at tenperatures of ?lg:b@%'b&h@m UdBEr et R Mpddteheter
probe of the 5 |nvent|on |e§ %%/%g fnents over

pr ol onged 5 is an ult oletsv;s; e ( s spectrometer, a near

infrared (NIR) spectrometer, a Raman spectrometer, or a
Juninescence spectrometer.

6. The probe of claim 5 wherein said spectrometer
10 is a Raman spectrometer and said radiation source is a
laser.

7. The probe of claim 6 wherein said laser is a
diode laser.

15 ,

8. A method for forming a fluid-tight
spectroscopie optical probe that comprises a fluid-tight
housing and a tip having a terminal surface and sealably
closing one end of said housing, said housing and tip

20 being formed of metal; an excitation channel that
transmits radiation from a radiation source to a
chemical composition to be irradiated and a collection
channel that transmits radiation from an irradiated
chemical composition to detector means, each said

25 channel comprising an optical fiber having a circular
cross—-section, one end of each said fiber terminating at
said terminal surface of said tip and extending within
the length of said housing; said method comprising:

(a) forming a cavity at said terminal surface

30 of said tip;

(b) £illing said cavity with molten metal
solder, then allowing said solder to cool and solidify
to a plug;

| (c) forming closely spaced holes of circular
35 cross—section penetrating through said tip and said

ThlS Sheet Has Been Rei]aced




period, one comrercially avail able probe that included optical rods,
| enses, and wi ndows cenented into tng quickly failed as

a result of the rods beconi ng | 00s i gned. I.n anot her

comercial probe of a 10 di fferen IMEM%H |ﬂb Xy resin enployed to

hol d t he of a bundle | d and decqqﬁﬁﬁg
ﬂl‘rg‘ﬁ’?}’ﬂ not her

during a brief der the process conditions. sti

i nstance, the protective wi ndow seal of t he probe failed, resulting
in | eakage of the polymer 15 into the chanber containing-the optical
fibers. Finally, during testing of another conmercial probe

touted as able to withstand 300[err]C and high pressure, its

protective sapphire window was |ost to the prdﬁdg ion stream and
never recovered. These repeated failures of 20 a variety of
comercially avail abI E&%Q%iséf::{:%n £ said 'h{(@ @0 p) ga

har sh process enV|ron att % 1b une ecled
advant ages provi ded bys tlY 1ar9F5bﬁ??onBﬁeFERSQ1ﬁ9ﬁ§¥9§eRF saidPPhifal
The follow ng exanpl esfibetsjer illustrate the 25 i nvention.

Exanpl e 1 -. Raman Probe for 'Vb”'(hz @.ﬂséﬁ@%&hoﬁ‘ed@dc% each ofRﬂgfé' jcal

A fiber optlc pr obe was, const,ruct as_s

400-[err]minner ﬁlaneﬁiﬁeiﬁﬂﬁﬁtEb8P€d°f said d bolps ﬂﬂﬁﬂ“@? ﬁﬁﬁ@hﬁ%@d‘?q

Fi berguide, Stirling Néaid plug, thereby| £i11ing deaisti hodiesgifasalig Gip vﬂmt r]
45 sol der obtarﬁﬁﬁbfrgaqag 0 a
0.25 inch dianeter stainl e egpé F@?ﬁ%é E%dfu‘a g&& cgggf??%g t he
probe tip was poli shedF¥Face¥ iﬁl tprminal ‘surface of said t1 Pi

(e) heating said solder plug to a temperature
10 sufficient to cause the solder to flow around said
optical fiber ends;

(f) cooling said plug to ambient temperature,
thereby securing and sealing said optical fiber ends at
said terminal surface of said tip; and

is (g) grinding and polishing said substantially
continuous terminal surface of said tip, thereby forming
an optically smooth terminal surface.

9. The method of claim 8 wherein each said
20 optical fiber has a diameter of 200 um to 400 um.

10. The method of claim 8 wherein each said
optical fiber comprises a step—indexed multimode optical
fiber.
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- 12 - A test of the probe for signal throughput confirnmed its
efficiency. The probe was used to nonitor a chem cal reaction by
Raman spectronetry over a period of three hours, during which the
tenperature reaghe [err]C. 5 Excel | ent spectral data we ed,
-and the probe S")&héﬁ%med no signs of degradati on. EEmﬁﬁh%ﬁﬁk
Ranman Probe for Mnitoring a Nhnufacthliyi Process 10 A fi ber
optic probe was constructed simlar as shown in Figures 1-3. Two
200-[err] minner dianeter gold coated fiber optics pu%%hased from

Fi berguide, Stirling NJ, were silverogol dered into a/0.2 reh

di aneter 316 stainl ess steel tube. ~probe tip was 15
si gnal '

Ryman anal ytica
bet ween.- 15 to 30
C. After severa

instrument. The process was op 29%;/
psi arld tenperatures 20  bet ws :

-:-f-:,-/;;zg-?."
nont hs of successf ul

fromthe process. |Inspection of

that it had robustly surviues
envi ronnent .

nanufacturlng installation and cw‘aF?%%?Z
0

e

104

FIG. |

101

103

104
R 107

FIG.3



25 . Exanple 3 - NIR Probe for Mnitorina a Manufacturing Process

A fiber optic probe for NIR spectroscopy was desi gned and constructed
wif'h a reflector cap containing 30 a concave mrror, as shown in Figure
4. Two 400-[err]m i nner dianeter gold coated fiber optics were
sitver sol wehesheynit o a 0.25 inch dianeter 316 stainless s S96/06528
tube. Upon cooling, the probe tip was polished to a snoot h,
mrror-like finish. Areflector conprising a 35 concave mrror was

fast ened above the probe tip to ZWP 96/ 37794

PCT/ US96/ 06528 - 13 - conpl ete
t he probe assenbly. This probe was placed in a manuf act uri ng process
stream operating at tenperatures up to 300C and pressures up to 1000
psi. After two nont hs of spectroscopi ¢ neasurenents, the probe was

5 retroved fromthe process. |Inspection of the probe after its
renoval confirmed that it had w thstood the prol onged exposure to

t he hagsh conditions of the process.

107~ 104

FIG.Z2

201 202 101 102
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used to mpniitDrawtifgs)Voade8 . 3PRCH4ded. .
oper at i ng |cOngbdtizens o zg;teﬂe.... #°pa eat re

ring of Color in an Ext r uder

serted . RER| ACEMENPSHEET ,

of a nolten pol ymer _
were tenperatures up to 315C and !

pressuresjup to : he 3perforrred wel | over several days
. i
\(/)\;th ei)_tﬁu;ﬂ 0 C I on has been described in det ail
rJ\A

it wll be undgfcg B8R &Y E!Ese% beW%iﬁt%ﬁé%gaﬂe ?Ut

ef fected wit hi thetdppasgtis ta thersdmpling sits cbgpudnaﬁom lcenduitscooimprising opt1ca1 _
REPLACENENT SHERT. 'ﬁn@' {errhcelbetwee?l g; {9 (%?f |l sa?lﬂcilgeoﬁﬁﬂgég opti cal

- probe (100) comnprising housi n
_one fiber optiendxernmentiisncasvmanty] pr(ompp bxwepmhsg qﬂephrqfeltrwé tpeadgrh of

said housing, g Cﬁ&h@s@dﬁﬁé gggégg,lrgﬁgapglﬁge_{.ggﬁ??}wéwg radiation froma

radi ati on sour to a conposi ti be irradiated for
spectroscoplc anal ysis; and

A variety of spectroscopic probes are known in the art. U.S.

Patent No. 3,906,241, for example, describes a probe for use in analyzmg
fluids that incorporates three fiber optic channels, one to carry raq}ation
from a source to the probe detecting head, a second to return fadiation
from the head, and a third to carry the scattered Raman radiation to
detector means. ‘In U.S. Patent No. 4,573,761 is described a probe that
‘comprises at least one optical fiber for transmitting light into a sample and
at least two optical fibers for collecting radiation from the sample, the
collecting fibers converging with the axis of the transmitting fiber at an
angle less than 45 degrees. U.S. Patent No. 4,707,134 describes a probe
comprising a plurality of converging optical fibers contained in a housing
that is closed at one end by a transparent window. A method for in sifu
detection of a compound by Raman spectroscopy is disclosed in U.S.
Patent No. 4,802,761, wherein a collecting cell is connected by an optical
fiber bundle to a remote sensing device. ’

In WO-A-94 20013 a probe for use in extreme environments is
disclosed comprising a base having a hole, a window covering the hole of
the base, the window being capable of transmitting electromagnetic waves,
and an electromagnetic reflector being spaced apart from the window and
disposed to reflect at least part of the electromagnetic waves toward the
window.

PROBLEM TO BE SOLVED BY THE INVENTION

As just noted, spectroscopic probes have been described in the |
prior art, and several such devices are available from various vendors.
These known probes are frequently of complex design and thus expensive
to manufacture; they may include, for instance, precisely
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o~

one 'fiber optic _tollection channel - (104) extending wi ;ﬁg t he | engt h of

said’ housing, said collection channel transnmitting r IET]TS EET
i rradi ated chem ﬁtunlﬁmuﬁmuiulm ,lllo detector neans renotely si tuat from

sai d chemi cal aracterized by a tip (102) having a

term nal surface (105 5ai'd i p*seal ab‘rl;* closing one end of said housing;
said fiber optic excrtatron channel and said fiber optic collection

channel e@tdimgsr m nating at said termnal surface of said tip and each

being securely held and sealed within said tip by soI der means

enconpassyng eacl figijcighi %Péé&oscoplc ptlcal p’°bgs§1°% sig:obe of claim1
characterized by said excitation channel ‘and coIIectron channel each

conprising an opji ) a circular cross-section, said optical
fi bers having a tﬁ'ﬁf'@bpﬁu% Q@?’mto 1000 [err]m 3. The :
optical probe of claim1 characterized eﬁ further conprisin a reflectaqr
cap that includere Abepapeexeitation chapy neing; jwitlip length pfesaid

proximty to said tip and capable of refl ectr ng radr ation from said
exci t at i ohousiey)nedid texcitatioch chhhreet ttrasmittingneddiation from a radiation source to a

chemical composition to be irradiated for spectroscopic analysis; and

one fiber optic collection channel (104) extending within the length of said
housing, said collection channel transrﬁitl:ing radiation from an irradiated chemical
composition to detector means remotely situated from said chemical composition; and

characterized by a tip (102) having a terminal surface (105), said tip sealably closing one

end of said housing; said fiber optic excitation channel and said fiber optic collection

channel each terminating at said terminal surface of said tip and each being securely held

and sealed within said tip by solder means encompassing each said channel.

2. The optical probe of claim 1 characterized by said excitation channel and said

collection channel each comprising an optical fiber having a circular cross-section, said

optical fibers having a diameter of 1 ym to 1000 ym.

3. The optical probe of claim 1 characterized by further comprising a reflector cap
that includes a concave mirror, said cap being situated in close proximity to said tip and

capable of reflecting radiation from said excitation channel to said collection channel.
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-15- 4. . The optical probe of claim1l characterized by sai d detector

means conpri si-Ag—a—speectroneter— 5. The op

. characterized b er being an ultravi 5% Vi ch%M N}/}%LIEET

spectroneter, lm ﬁ_[fﬁa ﬂmill R) spectroneter, a Raman spectroneter, or

a lum nescence ‘ The optlcal probe of claim5

characterized by sai d spectrometer bei ng a Ranan spectroneter and said

radi ati on source being a | aser. 7. -15- The optical probe of claim®6

. characterized by said | aser being a diode |aser. 8. . A nmet hod for
form ng he 11 uifed %&3 g%ammll%hapsct&medmmm détesloR niahs compistig

each sal “channel ¢ es an opticat—f+per—taving a circul ar

' cross-section aracterl zed by conprising the steps of: (a)

- forning 3?&9‘?’??"' To6) at said terninal surface of said tip;

5. The optical probe of claim 4 characterized by said spectrometer being an
ultraviolet-visible (UV/VIS) spectrometer, a near infrared (NIR) spectrometer, a Raman

spectrometer, or a luminescence spectrometer.

6. The optical probe of claim 5 characterized by said spectrometer being a Raman

spectrometer and said radiation source being a laser.

7. The optical probe of claim 6 characterized by said laser being a diode laser.

8. A method for forming the fluid-tight spectroscopic optical probe of claim 1,

wherein each said channel comprises an optical fiber having a circular cross-section,

characterized by comprising the steps of:

(a) forming a cavity (106) at said terminal surface of said tip;

(b) filling said cavity with molten metal solder, then allowing said
solder to cool and solidify to a plug (107);

(9) forming closely spaced holes of circular crbss—section penetrating
through said tip and said plug, the cross-section of said holes being very slightly larger

than the cross-section of said optical fibers;

REPLACEMENT SHEET}
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LY .
(b) » filling said cavity with nol'ten nmetal solder, then allow ng said.

sol der to cool_and solidify to a plug (107); REP]_ACEME nBIHEET

cl osely spaced holes of circular cross-section penet rating through said

arger vran CndIUIE IREHEEN: ' <2 & oot i hre: o very St ety

*C L M S e -16- o (d)
inserting one end of each of said optieH- fibers into one of said holes
through said tip and into said plug, thereby filling said holes in said tip
and plug, saidgnds forfi?ldasm?g SHO Thardf @dchYOsz&iH loptied1Sfilses fineconé ob saidi d
term nal surface of said t heating said sol der plug

opt cal | Ppisa thigd sad o b édp?“st"*ﬁe%@@@%‘@ bl ol G i 3l e,

t enperature, thereby securing and sealing_ said optlcal f| ber en(g %t .said
t er mi nal ssidrends éornting aisubstantiallyrgentinuous surface with sai #gid t

polishing said substantially continuous term nal surface
() heating said solder plug to a temperature sufficient to cause the

solder to flow around said optical fiber ends;

® cooling said plug to ambient temperature, thereby securing and
sealing said optical fiber ends at said terminal surface of said tip; and

(2 grinding and polishing said substantially continuous terminal surface

of said tip, thereby forming an optically smooth terminal surface.

9. The method of claim 8 characterized by each said optical fiber having a

diameter of 200 um to 400 um.

10. The method of claim 8 characterized by each said optical fiber comprising a

step-indexed multimode optical fiber.
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of sai‘_;__d t#p, thereby formng an optically snooth term nal
The nmethod of claim8 characterized by each said
. dianeter of 200 [err]mto 400 [err]m
- characterized by each said optical
mul ti node optical fiber.

ls

10.
fiber conprising a
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(54) Title: ROBUST SPECTROSCOPIC OPTICAL PROBE
(57) Abstract

Disclosed is a
spectroscopic probe apparatus
useful for Raman, near infrared,
luminescence, ultraviolet or
visible spectroscopies that is
formed with a robust method
of construction using a molten
metal soldering technique. The
disclosed method and apparatus
provides an optical probe that is
easy to manufacture yet able to
withstand drastic environmental
conditions without damage and
produce useful spectroscopic
results under such conditions. -
In a preferred embodiment of
the present invention, optical
probe (100) comprises a
housing {101), closed at one
end by tip (102). Two optical
fibers (103 and 104), one
serving as an excitation channel
for radiation from a source to a
composition to be analyzed, the
other comprising a collection
channel for transmitting
radiation from the irradiated

itton to  remotely
situated detector means, extend
from the terminal surface (105) -

of the tip through the length of the housing. On the terminal surface (105) of tip (102) is formed a cavity (106), which is filled with
molten metal solder that solidifies on cooling to 2 solder plug. This plug comprises means for securing and sealing the ends of the optical

fibre at the terminal surface of the probe tip.
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