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RAMAN PROBE HAVING ASMALL 
DIAMETER IMMERSION TIP 

Matter enclosed in heavy brackets appears in the 
original patent but forms no part of this reissue specifica 
tion; matter printed in italics indicates the additions 
made by reissue. 

This patent application claims the benefit of provisional 
patent application No. 60/387,521, filed on Jun. 10, 2002. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
This invention relates generally to spectroscopy and, more 

particularly, to a Raman probe having a small diameter 
immersion tip. 

2. Description of the Related Art 
Molecular spectroscopy is a family on analytical tech 

niques that provide information about molecular structure by 
studying the interaction of electromagnetic radiation with 
the materials of interest. In most of these techniques, the 
information is generally obtained by studying the absorption 
of radiation as a function of optical frequency. Raman spec 
troscopy is unique in that it analyzes the radiation that is 
emitted (or scattered) when the sample is irradiated by an 
intense optical signal consisting of a single frequency, or a 
narrow range of frequencies. In this case the "Raman scatter 
ing signal is essentially an emission spectrum with fre 
quency dependent intensities. The individual bands in this 
spectrum are shifted from the frequency of the excitation 
signal by amounts that are related to the structure of the 
molecules present in the sample. 
Many different probe designs have been proposed for use 

in Raman spectroscopy. Some examples are given in I. R. 
Lewis & P. R. Griffiths, “Raman Spectroscopy with Fiber 
Optic Sampling”. Applied Spectroscopy. Vol. 50, pg. 12A, 
1996, FIGS. 3 through 11. These fall into two general cat 
egories. The first category includes probes that use separate 
optical fibers to transmit radiation to and from the sample. 
Such “internal fiber probes’ can be made quite small in 
diameter. However, they are deficient in that their design 
generally does not allow the use of optical filtering between 
the sample and the fibers to filter out the spurious Raman 
signals produced in the fiber. The second category includes 
probes which do not use internal fibers but which employ 
optical means to Superimpose the path of the laser excitation 
beam and the receiving path for transmission two and from 
the sample. Although these probes are often employ optical 
fibers for coupling to the laser Source and the spectrometer, 
their design allows for the use of filtering between these 
fibers and the sample. They are often referred to as “exter 
nally filtered’ or “fully filtered probes. A specific purpose 
of my invention is thus the design and construction of a fully 
filtered probe which is suitable for insertion into small vol 
ume chemical reaction vessels. I have been told verbally that 
previous attempts to design Small diameter, fully filtered 
probes have been unsuccessful. This may be due to the fact 
that most previous probe designs have Superimposed the 
transmitted and received paths in Such a way that they are 
both collimated and have approximately the same diameters 
at the point where they are combined. This turns out to be a 
poor choice of conditions for a small diameter probe. 
Model RFP-480 Raman Probe introduced in the year 2000 

by my company, Axiom Analytical, employs a unique design 
in which a collimated laser beam is injected into the center 
of the receiving beam area by means of a rhomboid prism 
(see FIG. 1). This approach provides ease of optical align 
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2 
ment by taking advantage of the fact that the rhomboid can 
be fabricated with its two reflecting surfaces highly parallel. 
However, in order to avoid blocking a significant portion of 
the received signal, the areas of both the rhomboid and the 
injected laser beam are made quite Small. As will be seen 
below, the use of a small diameter laser excitation beam 
provides the first step toward the Successful design of a 
probe with an extended-length small diameter immersion 
tip. However, in the standard RFP-480, both the transmitted 
and received beams are nominally collimated in the beam 
combining plane and inner diameter of the lightguide in the 
immersion tip is necessarily set approximately equal to the 
diameter of the lens which focuses the Raman shifted radia 
tion onto the receiving optical fiber. I will show below that 
different considerations apply when it is necessary for the 
probe to have a small diameter immersion tip that can be 
inserted a Substantial distance into a chemical mixture. 

SUMMARY OF THE INVENTION 

The purpose of this invention is to provide a probe for use 
in Raman spectroscopy that can be inserted into a chemical 
vessel through a small diameter fitting while maximizing the 
amount of Raman shifted radiation collected and minimiz 
ing spurious effects. 
The invention resides in an immersion probe for use in 

Raman spectroscopy which includes an extended immersion 
tip that includes an internally reflecting lightguide, first opti 
cal element for collecting laser radiation emerging from a 
first optical fiber and directing it, after Subsequent 
reflections, into the end of said internally reflecting light 
guide in Such a way that it is as nearly collimated as possible 
consistent with substantially all of the radiation entering the 
lightguide, second optical element for collecting Raman 
shifted radiation emerging from said internally reflecting 
light guide and focusing it on a second optical fiber in Such a 
way that the size and shape of the image of the end of the 
lightguide matches the size and shape of said second optical 
fiber, and reflecting means for redirecting the beam formed 
by said first optical element so that its axis is anti-parallel to 
and coaxial with the axis of the Raman shifted radiation 
emerging from said light guide. In an alternative 
embodiment, the received beam is redirected rather than the 
transmitted beam. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a cross-sectional view of a prior art Raman Probe 
in which a collimated laser beam is injected into the center 
of the receiving beam area by means of a rhomboid prism; 

FIG. 2 is a cross-sectional view of an immersion probe of 
Raman-Spectroscopy immersion probe in accordance with a 
preferred embodiment of the invention; 

FIG. 3 is a diagram illustrating the laser excitation path in 
the case where the distance from the end of the laser excita 
tion fiber to the rear of the collimating lens is set equal to the 
back focal length of the lens; 

FIG. 4a illustrates the condition in which the end of the 
optical fiber core is imaged on the input end of the light 
guide; 

FIG. 4b illustrates the condition at the output of the light 
guide; 

FIG. 5 is an enlargement of the objective region of FIG. 
4b, showing the central in extreme rays that determine the 
size the focus spot; 

FIG. 6 is an illustration of the objective region wherein 
three planes within the illuminated region are indicated by 
the letters A, B, and C: 
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FIG. 7 illustrates a preferred embodiment for an “optical 
head used in a preferred embodiment of the invention; and 

FIG. 8 illustrates an alternative embodiment of the inven 
tion in which the distances d and d are set equal to the focal 
lens of the two lenses so that both the laser beam to the right 
of the collimating lens and the receive field of view to the 
right of the collection lens are nominally collimated. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

A specific embodiment of my invention is shown in FIG. 
2, an assembly drawing of the Axiom Analytical RFP-420 
immersion probe, introduced during 2001. In this design, the 
laser radiation emerging from the excitation optical fiber is 
formed into an approximately collimated beam by a lens that 
has a short enough focal length so that the collimated beam 
is no more than about 3 mm in diameter. A small rhomboid 
doubly reflecting prism is then used to displace this beam to 
the axis of the probe and to direct it along this axis to the 
Small diameter lightguide which is contained within the 
probe immersion tip. The received Raman-shifted radiation 
that has been collected by the objective lens at the end of the 
immersion tip has a Substantially greater range of divergence 
angles than the nearly collimated laser beam as it travels 
through the lightguide. A typical ray is thus reflected one or 
more times by the lightguide wall. Such a ray will emerge 
from the lightguide at a sufficient angle from the axis so that 
it misses the angled reflecting Surface of the rhomboid a 
passes on toward the receiving optical fiber. A collection 
lens, which is significantly larger in diameter than laser 
beam, is then used to focus this radiation on the receiving 
fiber. A key element of the invention is the fact that the 
collection lens images the end of the lightguide on the opti 
cal fiber. In contrast, the laser beam collimating lens is con 
figured to produce a small diameter beam which is nearly 
collimated as is consistent with all of the radiation entering 
the lightguide. The various elements of this design will be 
discussed below. 

In developing my invention, my specific objective was 
first to optimize the transfer of radiation from the laser exci 
tation fiber to the sample contained in a small vessel and 
second to optimize both the collection of Raman shifted 
radiation from the sample and the transfer of this radiation to 
the receiving fiber. To see how this is done, we need to 
consider the interaction of the various requirements. First, 
we will consider the transfer of radiation to the sample 
through a small diameter lightguide. 

FIG. 3 illustrates the laser excitation path in the case 
where the distance from the end of the laser excitation fiber 
to the rear of the collimating lens is set equal to the back 
focal length of the lens. For simplicity, I have shown this 
path in a straight line, without the rhomboid element. The 
radius of the laser beam when it reaches the entrance to the 
lightguide will be equal to 

r=rs--d2 tan C., where tan O-riff, and r=ftan 0. Eq. 1 

Here, r is radius of the fiber core, sin 0 is the numeric 
aperture of the fiber, f is the focal length of the collimating 
lens, r is the radius of the beam as it leaves the lens, and d. 
is distance from the lens to the lightguide entrance. 
The above equation can be written 

r=f tan 0.1+driff. Eq. 2 

It can be seen from Eq. 2 that either a large or a small 
value off will produce a large value of re. Since we wish to 
minimize r, consistent with a reasonably small value of rs, 
we wish to find the value off that minimizes r. This can be 
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4 
done by taking the derivative of r as a function of f and 
setting this equal to Zero. The yields: 

Substituting Equation 3 into Equation 2 yields the mini 
mum value of r 

r=2(daritan 0)'. Eq. 4 

As a practical example, we will take r=0.05 mm, d=100 
mm, and sin 0=0.22 (or tan 0=0.226). Substituting these 
values into Equations 3 and 4 yields f=4.7 mm and r=2.1 
mm. It can also be seen that the radius of the beam at the 
collimating lens is r3=1.06 mm. 

For the nominally collimated case just discussed, the 
angular divergence of the beam is equal to C., where 

tan O-riff. Eq. 5 

This value can be reduced by increasing the focal length 
of the collimating lens. This may be desirable in cases where 
the internal diameter of the lightguide is larger than the ini 
tially calculated beam diameter at its entrance. However, if 
the internal diameter of the lightguide is smaller than the 
initially calculated beam diameter, it may be necessary to 
change the design to one in which the end of the fiber-optic 
core is imaged on the entrance to the lightguide. This will 
increase the beam divergence in the lightguide in the interest 
of enabling all of the radiation to enter it. This compromise 
is discussed below. 

FIG. 4 illustrates the condition in which the end of the 
optical fiber core is imaged on the input end of the light 
guide. Here, the relationship between d1 and d2 is given by 

1f d1+1 d2=1ff, Eq. 6 

and the image radius is given by 

r2=rid2/d 1. Eq. 7 

Here we see that the first term of Equation 2 has vanished. 
For a given value of d, we must select d (and hence f) to 
satisfy Equation 7. The radius of the beam at the lens will 
then be equal to 

rs=d tan 01. Eq. 8 

The maximum divergence of rays entering the lightguide 
will now be given by 

Comparing Equation 7 to Equation 3 and Equation 9 to 
Equation 5, we see that by imaging the optical fiber core on 
the input to the lightguide, we have decreased the beam 
diameter at the expense of increased beam divergence. 
Under some conditions, it may be possible to achieve a bet 
ter compromise between beam diameter and divergence 
angle by forming the imagine within the lightguide rather 
than at the entrance. 
We now consider the conditions at the output of the light 

guide. (See FIG. 4b.) The maximum divergence of the laser 
beam will still be given by B even if the individual rays have 
been reflected by the walls of the lightguide. In the preferred 
embodiment of the invention, an objective lens will be 
located adjacent to the output of the lightguide. If the focal 
length of this lens (in the Surrounding medium) is given by 
d, the focused laser spot will have a radius of 

ra=ds tan f. Eq. 10 
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FIG. 5 is an enlargement of the objective region of FIG. 
4b showing the central and extreme rays that determine the 
size of the focused spot. 

FIG. 6 is a further illustration of the objective region in 
which I have shown three planes in the illuminated region, 
indicated by the letters A, B, and C. Plane A is the focal 
plane, i.e. the plane where the illuminating beam has the 
least diameter. Raman shifted radiation which originates in 
this plane and is collected by the objective lens will have a 
maximum divergence angle of B in within the lightguide. 
After emerging from the far end of the lightguide, this radia 
tion would be confined to the same volume as the laser illu 
mination and thus would strike the injection element. In the 
case where this element is a rhomboid—or other fully 
reflecting element—all of the radiation would be blocked 
from reaching the lens that focuses on the collection optical 
fiber. However Raman shifted radiation is produced through 
out the volume that is illuminated by laser radiation. For 
example, in plane B, a Substantial part of the radiation arising 
from the two regions indicated by the circles will strike the 
objective lens at incidence angle larger than those corre 
sponding to any of the laser rays passing through the same 
regions. As a result, such radiation will travel through the 
lightguide at angles such as Y and Y that are greater than the 
maximum divergence of the incident laser radiation. On 
emerging from the far end of the lightguide, most of this 
radiation will miss the injection element. This is also true of 
a proportion of the radiation originating in regions past the 
focal plane, as indicated by the dashed ray from the circled 
region of plane C. However, the collection solid angle will 
be greater for regions between the focal plane and the objec 
tive lens. I would thus expect these regions to contribute 
predominately to the collected Raman signal. 

It should be noted that, for embodiments of the invention 
which use a dichroic beam splitter rather than a fully reflect 
ing injection element, all illuminated regions—including the 
focal plane will contribute to the detected Raman shifted 
signal. 

FIG. 7 illustrates a preferred embodiment of the “optical 
head of the probe, i.e. that portion of the probe which con 
tains the fiber-optic terminations and both the collimating 
and the collecting optics. Also included in the region, but not 
shown in FIG. 7, are the optical filters that are generally 
imposed in both optical paths. As the figure illustrates, 
reflecting devices—which may include one or more mirrors, 
a dichroic beamsplitter, or a fully reflecting rhomboid are 
used to Superimpose the axis of the laser beam on the axis of 
the receiving optical path. As discussed above, the laser path 
will be nearly collimated and as Small in diameter as is con 
sistent with the other requirements of the design. 

In order to collect as much of the Raman shifted radiation 
as is practical, it is important to maximize the field of view 
of the optical element which collects the radiation emerging 
from the lightguide. In other words, we wish to maximize 
the collection angle, Y, as illustrated in FIG. 7. This angle is 
determined by the numeric aperture of the optical fiber (NA= 
sin 0), and by the two distances, d and ds. i.e., 

tan Y=(dA/ds)tan 04. Eq. 11 

Since we have imaged the end of the lightguide on the 
collection fiber, we have d/ds=r/r, and we can write the 
above equation as 

tan Y=(r1/r2)tan 0. Eq. 12 

From Equation 12, we see that, for a given fiber numeric 
aperture and lightguide diameter, the collected signal can be 
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6 
maximized by maximizing the core radius of the receiving 
optical fiber. In the case where the laser injection element is 
a rhomboid or other fully reflecting device, it is also impor 
tant that Y be great enough so that a large proportion of the 
collection field of view misses this element. The size of the 
injection element should be at least as large as the laser beam 
striking it. In the imaging case, the radius of this beam is 
determined by the beam radius at the collimating lens, by the 
radius of the lightguide, and by the position of the element 
along the optical path. As a reasonable approximation, we 
can assume that the beam radius at the injection element is 
equal to the radius at the lens. i.e. r=d tan 0. 

In FIG. 7, I have indicated the radius of the collection field 
of view to be r in the plane containing the injection element. 
The maximum value of re will occur when the injection 
element is quite close to the collection lens, in which case we 
can use the approximation r=rs. It can be shown that the 
maximum value of the ratio of r to r will be 

For the assumed conditions, d will always be larger than 
ds. However, this equation again indicates the benefit of 
maximizing the radius of the core of the collection fiber 
relative to that of the excitation fiber. 

FIG. 8 illustrates an alternative embodiment in which the 
distances d and d are set equal to the focal lengths of the 
two lenses so that both the laser beam to the right of the 
collimating lens and the received field of view to the right of 
the collection lens are nominally collimated. A separate lens 
is then used for coupling to the end of the light guide. 
Ideally, the distance do would be set so that the image of the 
collection lightguide core is matched to the lightguide. The 
radius of the laser beam at the entrance to the lightguide, r. 
could then be either matched to the lightguide inner diameter 
or Smaller than this, depending on the following relation 
ships: 

The advantage of this design is that it allows the obstruc 
tion due to the injection element to minimized even if this 
element is some distance from the collection lens. However, 
it does have a disadvantage in that the additional lens used to 
the match the lightguide is a source of potentially undesir 
able reflection of the incident laser beam. 

I claim: 
1. An immersion probe for use in Raman spectroscopy 

which includes comprising: 
an extended immersion tip that includes an internally 

reflecting lightguide; 
first optical element for collecting laser radiation emerg 

ing from a first optical fiber and directing it, after Sub 
sequent reflections, into the end of said internally 
reflecting lightguide in Such a way that it is as nearly 
collimated as possible consistent with substantially all 
of the radiation entering the lightguide; 

second optical element for collecting Raman shifted 
radiation emerging from said internally reflecting light 
guide and focusing it on a second optical fiber in Such a 
way that the size and shape of the image of the end of 
the lightguide matches the size and shape of said sec 
ond optical fiber; and 

reflecting means for redirecting the beam formed by said 
first optical element so that its axis is anti-parallel to 
and coaxial with the axis of the Raman shifted radiation 
emerging from said lightguide. 
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2. The immersion probe of claim 1 wherein the numeric 
apertures corresponding to the diameter and longitudinal 
positions of said first and second optical elements are at least 
as great as the numeric apertures of the associated optical 
fibers. 

3. The immersion probe of claim 2 wherein the diameter 
of said second optical fiber is substantially greater than the 
diameter of said first optical fiber. 

4. The immersion probe of claim 3 wherein the distance 
from said first optical element to said first optical fiber is set 
so that the image of said first optical fiber is falls at the end or 
within said lightguide and is no greater in diameter than said 
lightguide. 

5. The immersion probe of claim 4 wherein the ratio of the 
distance from said first optical element to said first optical 
fiber to the distance from said first optical element to said 
lightguide is approximately equal to the diameter of said first 
optical fiber to the internal diameter of said lightguide, and 

Wherein the ratio of the distance from said second optical 
element to said second optical fiber to the distance from 
said second optical element to said lightguide is 
approximately equal to the diameter of said second 
optical fiber to the internal diameter of said lightguide. 

6. The immersion probe of claim 2 in which said reflecting 
means comprises two totally reflecting, parallel Surfaces. 

7. The immersion probe of claim 6 in which the area of the 
reflecting surface which overlaps the collected radiation is 
Small compared to the cross section of said collected radia 
tion in the vicinity of said reflecting Surface. 

8. The immersion probe of claim 7 in which said reflecting 
means is an internally reflecting rhomboid. 

9. The immersion probe of claim 1 wherein the diameter 
of said second optical fiber is substantially greater than the 
diameter of said first optical fiber. 

10. The immersion probe of claim 9 wherein the distance 
from said first optical element to said first optical fiber is set 
so that the image of said first optical fiber is falls at the end or 
within said lightguide and is no greater in diameter than said 
lightguide. 

11. The immersion probe of claim 10 wherein the ratio of 
the distance from said first optical element to said first opti 
cal fiber to the distance from said first optical element to said 
lightguide is approximately equal to the diameter of said first 
optical fiber to the internal diameter of said lightguide, and 

Wherein the ratio of the distance from said second optical 
element to said second optical fiber to the distance from 
said second optical element to said lightguide is 
approximately equal to the diameter of said second 
optical fiber to the internal diameter of said lightguide. 

12. The immersion probe of claim 1 in which said reflect 
ing means comprises two totally reflecting, parallel Surfaces. 

13. The immersion probe of claim 12 in which the area of 
the reflecting surface which overlaps the collected radiation 
is Small compared to the cross section of said collected 
radiation in the vicinity of said reflecting Surface. 

14. The immersion probe of claim 13 in which said 
reflecting means is an internally reflecting rhomboid. 

15. An immersion probe for use in Raman spectroscopy 
which includes comprising: 
an extended immersion tip that includes an internally 

reflecting lightguide; 
first optical element for collecting laser radiation emerg 

ing from a first optical fiber and directing it after Sub 
sequent reflections. into the end of said internally 
reflecting lightguide in Such a way that it is as nearly 
collimated as possible consistent with substantially all 
of the radiation entering the lightguide; 
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8 
second optical element for collecting Raman shifted 

radiation emerging from said internally reflecting light 
guide and focusing it on a second optical fiber in Such a 
way that the size and shape of the image of the end of 
the lightguide matches the size and shape of said sec 
ond optical fiber; and 

reflecting means for redirecting the beam formed by 
Raman shifted radiation to said second optical element 
So that its axis is anti-parallel to and coaxial with the 
axis of the Raman shifted laser radiation emerging 
from said lightguide. 

wherein the ratio of the distance from said first optical 
element to said first optical fiber to the distance from 
said first optical element to said lightguide is approxi 
mately equal to the diameter of said first optical fiber to 
the internal diameter of said lightguide, and 

wherein the ratio of the distance from said second optical 
element to said second optical fiber to the distance from 
said second optical element to said lightguide is 
approximately equal to the diameter of said second 
optical fiber to the internal diameter of said lightguide. 

16. The immersion probe of claim 15 wherein the numeric 
apertures corresponding to the diameter and longitudinal 
positions of said first and second optical elements are at least 
as great as the numeric apertures of the associated optical 
fibers. 

17. The immersion probe of claim 16 wherein the diam 
eter of said second optical fiber is Substantially greater than 
the diameter of said first optical fiber. 

18. The immersion probe of claim 17 wherein the distance 
from said first optical element to said first optical fiber is set 
so that the image of said first optical fiber is falls at the end or 
within said lightguide and is no greater in diameter than said 
lightguide. 

19. The immersion probe of claim 18 wherein the ratio of 
the distance from said first optical element to said first opti 
cal fiber to the distance from said first optical element to said 
lightguide is approximately equal to the diameter of said first 
optical fiber to the internal diameter of said lightguide, and 

Wherein the ratio of the distance from said second optical 
element to said second optical fiber to the distance from 
said second optical element to said lightguide is 
approximately equal to the diameter of said second 
optical fiber to the internal diameter of said lightguide. 

20. The immersion probe of claim 16 in which said 
reflecting means comprises two totally reflecting, parallel 
Surfaces. 

21. The immersion probe of claim 20 is which the area of 
the reflecting surface which overlaps the collected radiation 
is Small compared to the cross section of said collected 
radiation in the vicinity of said reflecting surface. 

22. The immersion probe of claim 21 in which said 
reflecting means is an internally reflecting rhomboid. 

23. The immersion probe of claim 15 wherein the diam 
eter of said second optical fiber is Substantially greater than 
the diameter of said first optical fiber. 

24. The immersion probe of claim 23 wherein the distance 
from said first optical element to said first optical fiber is set 
so that the image of said first optical fiber is falls at the end or 
within said lightguide and is no greater in diameter than said 
lightguide. 

25. The immersion probe of claim 24 wherein the ratio of 
the distance from said first optical element to said first opti 
cal fiber to the distance from said first optical element to said 
lightguide is approximately equal to the diameter of said first 
optical fiber to the internal diameter of said lightguide, and 

Wherein the ratio of the distance from said second optical 
element to said second optical fiber to the distance from 
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said second optical element to said lightguide is is Small compared to the cross section of said collected 
approximately equal to the diameter of Said second radiation in the vicinity of said reflecting surface 
optical fiber to the internal diameter of said lightguide. 28. The i be of claim 27 in which said 26. The immersion probe of claim 15 in which said 28. The immersion probe of claim 1 W1C Sal 

reflecting means comprises two totally reflecting, parallel reflecting means is an internally reflecting rhomboid. 
Surfaces. 

27. The immersion probe of claim 26 in which the area of 
the reflecting surface which overlaps the collected radiation k . . . . 


