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ULTRA-SENSITIVE DETECTION OF CONTAMINANTS IN GAS
VIA INTRACAVITY LASER SPECTROSCOPY (ILS)

TECHNICAL FIELD

This invention relates, generally. to the detection of contaminants in gases. and more particularly, to
the high sensitivity detection of gaseous molecules, atorus, radicals. and/or ions by laser techniques generally
termed intracavity laser spectroscopy (ILS).

BACKGROUND OF THE INVENTION

" In the preparation of high quality semiconductor material (e.g., silicon films) for use in the microelec-
tronics industry. it is well known that contaminants must be controlled. Failure to control contaminants, as is
also well known and appreciated, can result in the loss of significant resources as the resultant products are
typically not useful for their intended purposes.

Generally. the starting materials in the fabrication of silicon films consist essentially of gases. typi-
catly denoted either "bulk” (e.g., nitrogen or argon) or "specialty” (2.g., hydrogen chloride, hydrogen bromide.
boron trichloride). The successful operation of a fabrication facility designed to prepare semiconductor materi-
als depends directly on the purity of the starting gases. as well as the gas handling capabilities available to pre-
serve gas purity during the delivery of the gases to the process chamber and while material processing is taking
place. Suitable control of the purity of such starting gases (i.e.. monitoring and inhibiting high levels of con-
taminants as may be contained in the gases) is essential.

Many molecular, atomic, radical. and ionic species ate present in the bulk and specialty gases used in the
preparation (e.g., chemical vapor deposition or "CVD") and processing (doping and etching) of semiconductor
materials that can be viewed as "contaminants.” Such contaminants can degrade either the quality of the fabri-
cated semiconductor material or the efficiency with which the semiconductor material is prepared.

The first step in controlling and/or eliminating these contaminants is their detection in the bulk and
specialty gases used as starting materials. While this is generally recognized, heretofore practiced methods are
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tive industry standards which have developed. Specifically. as the size of microelectronic devices has decreased
while performance specifications have been intensified. the requirements for gas purity (i.c.. absence of micro-
contamination) has increased.

5 Against this backdrop, it will likely be clear that several measurement criteria are important to detec-

tor effectiveness: (1) absolute detection sensitivity usually stated as parts-per-total number of gas molecules in

the sample (e.g., parts-per-million or number of contaminant molecules per 107 background molecules); (2)

species selectivity or the capability to measure the concentration of one species in the presence of other species:

(3) rapidity of measurements to obtain a desired signal to noise ratio: (4) capability of monitoring contaminants

10 in both non-reactive and reactive gases: and (5) linearity and dynamic range of gas concentrations that can be
measured.

The current state-of-the-art devices for contaminant detection (e.g., water) encompass 8 variety of
measurement techniques. For example. current state-of-the-art devices for water vapor detection utilize con-
ductivity and electrochemical, direct absorption spectroscopy, and atmospheric pressure ionization mass spec-
1§  troscopy (APIMS) measurement techniques. Each of these methods. however. fails to adequately address these

requirements.

In particular, direct absorption spectroscopy generally refates to the passing of light through the sam-
ple from an external source and measuring the reduction in light intensity caused by molecular, atomic, radi-
cal, and/or ionic absorption in the sample. Detection sensitivity depends directly on the subtraction of two large

20  numbers (light intensity from the external source before it passes through the sample and its intensity after it
exits the sample). This limits the detection sensitivity to the extent that direct absorption is generally consid-
ered a low sensitivity methodology. '

In the context of the present invention, laser technology, specifically intracavity laser spectroscopy
(ILS), is disclosed as being used as a detector (sensor) to detect gaseous species (contaminants) at very high

25  sensitivity levels. In connection with this application. laser technology offers distinct advantages to gaseous
species (contaminant) detection over known methods and, particularly. to water vapor detection.

In conventional applications of lasers to the detection of gaseous species (contaminants), laser pro-
duced radiation is used to excite the gas sample external to the laser in order to produce a secondary signal
(e.g., ionization or fluorescence). Alternatively, the intensity of the laser after it passes through a gas sample,

30  normalized to its initial intensity, can be measured (i.c., absorption).

Some twenty years ago, another detection methodology, intracavity laser spectroscopy, was first ex-
plored in which the laser itseif is used as a detector: see, e.g., G. Atkinson, A. Laufer, M. Kurylo, "Detection of
Free Radicals by an Intracavity Dye Laser Technique,” 59 Journat Of Chemical Phvsics, July 1, 1973.

Intracavity laser spectroscopy (ILS) combines the advantages of conventional absorption spectroscopy

35  with the high detection sensitivity normally associated with other laser techniques such as laser-induced fluo-
rescence (LIF) and multiphoton jonization (MPI) spectroscopy. ILS is based on the intracavity losses associated
with absorption in gaseous species (e.g., atoms, molecules, radicals, or ions) found within the optical resonator
cavity of a multimode, homogeneously broadened laser. These intracavity absorption losses compete via the
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in G. Atkinson, “Intracavity Laser Spectroscopy.” SPIE Conf.. Soc. Opt. Eng. 1637 (1992).

15 Prior art methods of performing ILS. however. while suitable for use in laboratory settings. are unac-
ceptable for commercial settings. The constraints of commercial reality. as briefly noted above. essentially dic-
tate that such a detector be conveniently sized, relatively inexpensive. and reliable. Laboratory models fail to
fully meet these requirements.

Additionally, in the commercial setting for which ILS detection can be applied. the gas sample may be

20 coniained in an environment whiéh is not ideal. In particular. for industrial processes. the gas sample is com=
monly contained in corrosive gas. For example, in the manufacture of semiconductor components. the ability to
detect the presence of a contaminant (such as water vapor) in the presence of a corrosive gas (such as hydrogen
chloride) would be particularly usefisl.

A laboratory demonstration of the feasibility of using ILS techniques for detecting small quantities of

25 water vapor in a nitrogen atmosphere with a Cr*":YAG laser is described in D. Gilmore. P. Cvijin, G. Atkin-
son. "Intracavity Laser Spectroscopy in the 1.38-1.55 pm Spectral Region Using a Multimode Cr"":YAG La-
ser,” Optics Communications 103 (1993) 370-74. The experimental apparatus utilized was satisfactory for
demonstration of operational characteristics, but undesirable for implementation in a commercial application
as contemplated by the present invention, e.g., for the detection of water vapor in a corrosive gas such as hy-

30  drogen chloride (HCI).

In accordance with various aspects of the present invention. the present invention provides a user
friendly, i.c., comparatively simple. detection system. having the advantages of direct absorption techniques
but with dramatically increased detection sensitivities, capable of detecting gaseous species in reactive and
non-reactive samples, in particular. in corrosive samples, at a commercially viable cost. In this regard. the pre-

35  sent invention addresses the long felt need for a method and apparatus for the high sensitivity detection of
contaminants in reactive and non-reactive samples. and in particular. in corrosive gas systems in commercial
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species in a gas sample is provided. The detection system comprises:

(a) a laser cavity;

(b) an ion-doped crystal therein:

(c) a pumping laser Iocated outside the laser cavity which has an output which optically ex-
cites the ion-doped crystal, thereby producing an output beam which exits the laser cavity; and

(d} a container for containing the gas sample in the laser cavity, the output beam of the ion-
doped crystal passing through the gas sample prior to exiting the laser cavity.

Additionally, a method is provided for detecting the presence of gaseous species in a gas sample con-
taining corrosive gas. The method comprises:

(a) sclecting a spectral region wherein (i) the gaseous species has at least one absorption
feature and (ii) the corrosive gas has essentially no absorption features:

(o) providing a Iaser comprising a laser cavity and a gain medium which resides therein, the
gain medium outputting light having a wavelength distribution at least a portion of which is in the selected
spectral region; |

{c) providing a gas sample cell having windows which are transparent to light in the selected
spectral region such that a beam of light can pass through the gas sample cell;

{d) inserting the gas sample cell in the laser such that output light from the gain medium
passes through the gas sample prior to exiting the laser cavity;

{¢) inserting the gas sample containing the corrosive gas in the gas sample cell such that out-
put light from the gain medium passes through the gas sample, the gas sample sealed within the gas sample
cell such that the corrosive gas does not react with the laser; and

(f) directing the output beam of the gain medium after exiting the laser cavity to a detector
assembly for determining the presence and/or concentration of the gaseous species in the gas sample.

~ The ILS gas detection system of the present invention preferably comprises a pumping laser used to
provide the optical excitement required to operate the ILS laser, a multimode ILS laser operated over the
wavelength region in which the species of interest absorbs. a gas sample cell placed within the optical resona-
tor cavity of the ILS laser which may contain a corrosive gas, a wavelength dispersive spectrometer capable of
spectrally resolving the output of the ILS laser, a detector capable of measuring the wavelength-resolved in-
tensity of the ILS laser output, and an electronic circuit which can read the signal from the detector and con-
vert it into electronic signal that can be processed by a computer. The ILS gas detection system may also in-
clude a chopping, pulsing, or modulating device designed to periodically interrupt the intensity of the pumping
laser beam and the output from the ILS laser,
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15 Preferred exemplary embodiments of the present invention will be hereinafter described in conjunc-

n

tion with the appended drawing figures. wherein Jike designations denote like elements. The drawings referred
to in this description should be understood as not being drawn to scale except if specifically noted.
FIGS. 1A and 1B are schematic block diagrams of a contaminant detector system in accordance with
the present invention: FIG. 1A shows the basic configuration, while FIG. 1B shows that configuration as em-
20 bodied in an exemplary embodiment shown in FIG. 2;
FIG. 2 is a more detailed schematic perspective view of the exemplary embodiment of a contaminant
detector system in accordance with the present invention;
FIGS. 3A-3C include schematic representations of simple laser devices and accompanying graphical
spectral outputs (intensity versus wavelength) obtainable from such devices;
25 FIG. 4 is a schermnatic perspective view of an ILS chamber including the chamber components depicted
in FIG. 2, some of the components shown in partially broken away fashion:
FIG. 5 is a perspective view of an exemplary ILS laser crystal holder and heat sink useful in connec-
tion with the contaminant detector system shown in FIG. 2;
FIG. 6 is an enlarged perspective view of an exemplary embodiment of a beam shaping assembly in-
30  cluding a chopper element which may be advantageously used in connection with the contaminant detector
system shown in FIG. 2;
FIG. 7 depicts plots showing exemplary water absorption spectra in Na and HCI gases over the wave-
lengths of 1433-1440 nanometers;
FIG. 8 depicts plots showing ILS water absorption in N» and HCI gases over the wavelengths of 1420-
35 1434 nanometers;
FIG. 9 depicts a plot showing water absorption intensity versus water concentration as determined by
permeation tube/volume expansion techniques; and
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15  asused herzin refers to molecular, atomic. radical. and ionic species such as may be present in gaseous mate-

rials, such as in the gaseous materials which are used in the fabrication of silicon films. i.e.. inlet lines. Alter~
natively, the term contaminant may also refer to the gaseous material itself. such as. for example when the de-
tector of the present invention is used to determine if a line (e.g., HCI line) has been sufficiently purged of the
gaseous material.

20 In accordance with a preferred embodiment of the present invention and with momentary reference to
FIG. 1A, a gas (contaminant) detection system 10 suitably comprises a pumping laser system A, an ILS laser
and associated chamber B, a spectrometer C. and a detector with associated electronics (e.g.. computer, digital
electronics, etc.) D. More particularly, and with reference to FIGS. 1B and 2, pumping laser system A suitably
comprises a pumping laser 100, a beam shaping optics assembly 200 and a beam modulation assembly 300;

25 laser and chamber B suitably comprises a chamber assembly 400 and an ILS laser 500: spectrometer C suitably
comprises a spectrometer assembly 600 and. detector D suitably comprises a detector assembly 700 and a
computer system 800. As will be described more fully herein, gas detection system 10 advantageously detects
gaseous species {contaminants) which are suitably contained in a gas sample. In general, pumping Iaser driver
system A pumps ILS laser 500, preferably at or near the threshold level such that a laser beam passes through

30  the gas sample thereby enabling the spectrum of the gas sample to be obtained. This spectrum is suitably de-
tected through use of detector/computer system D which, upon manipulation. enables the reliable and accurate
determination of the presence and concentration at high sensitivity levels of gaseous species (contaminants)
which may be contained within the gas sample.

With reference to FIGS. 3A-3C, and in order to more fully explain the scientific principles utilized in

35  accordance with a preferred embodiment of the present invention, the general principles of intracavity laser
spectroscopy (ILS) are illustratively shown. As is known, in its simplest terms, a laser can be described as
containing a gain medium, in which optical gain is produced, and a resonator, comprised of optical elements
such as mirrors. Optical losses may appear in both the gain medium and the optical elements comprising the

6
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spect r al pR&8 &Yorm a laser cavity 5. Mirrors 2A and 3A are typically coated to have high reflectivity surfaces over a
broad spectral range. For example, the mirror coating on mirror 2A may be totally reflective. while the mirror

5  coating on mirror 3A may be partially reflective thereby permitting some light to escape from the laser cavity
5. The spatial region between the reflective sarfaces of mirrors 2A and 3A in which the gain medium 1A is
placed defines the laser resonator or cavity, and in the context of the present invention relates to the so-called
"intracavity region.”

The intensity (I} of the laser output may be determined both by the wavelength region over which the

10 gain medium 1A operates (A) and the reflectivity of the resonator elements (e.g., mirrors 2A and 3A). Nor-

mally this output is broad and without sharp, distinctive spectral features. as is shown in the plot of I versus

wavelength (A) provided in Graph 3A of FIG. 3A.

By selecting different optical elements to form the laser cavity 5. the spectral output of the laser can be
altered or "tuned.” For example, and with particular reference to FIG. 3B. a tuned resonator cavity may include
15  adiffraction grating 2B which replaces the highly reflective mirror 2A shown in FIG. 3A. As shown, the laser

device therefore includes diffraction grating 2B, mirror 3B, and a gain medium 1B positioned therebetween. In
general. the result in spectral output from this tuned laser will be narrowed and appear as wavelengths within
the original spectral output of the laser defined by the gained medium 1A and the mirrors 2A and 3A (FIG.
10A). For example, a schematic plot of intensity (I) versus wavelength (A) iltustrating a narrowed output is

20  depicted in Graph 3B.

The faser output can also be altered by placing gaseous molecules, atoms. radicals. and/or jons in ei~
ther their ground or excited states inside the optical resonator (e.g.. cavity). With reference to FIG. 3C, a laser
so configured may include a highly reflective mirror 2C, a partially reflective mirror 3C with a gain medium
1C, and an intracavity absorber 4 placed therebetween. In this case. intracavity absorber 4 may comprise such

25  gaseons species (e.g., the sample containing contaminants). The effect of the intracavity gaseous species on the
laser output can be observed. For example. a plot of I versus 4 for such a device is shown in Graph 3C. Graph
3C comprises an absorption spectrum of the gaseous species contained within intracavity absorber 4. The dis-
tinct absorption features illustrated in Graph 3C arise from the intracavity species losses against which the la-
ser gain must compete.

30 Thus, the absorption spectrum of the intracavity species may appear in the spectral output of the laser.
In particular, the laser output intensity (I) at wavelengths where the stronger intracavity absorption features
compete effectively against the gain properties of the resonator are more reduced. As a result, as jllustrated.
instead of a relatively smooth continuous output, such as shown in Graph 3A. a structured laser output such as
shown in Graph 3C may be observed. The decreases in intensity (I). as shown in Graph 3C. are due to absorp-

35 tion by the gaseous intracavity species. i.¢.. the more intense the absorption features. the larger the decrease in
the laser output intensity. In accordance with the present invention, the absorption spectrum obtained by intra_-
cavity laser measurements in which an intracavity absorber is employed can be utilized for the high sensitivity
detection of such gaseous species. It has been found that each gaseous species can be uniquely identified by its
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15 case, the operation of the laser is separate from and unaffected by the gaseous species being measured.

With ILS detection. however. the operation of the laser is directly effected by the gaseous species. In
this manner, the ILS laser 500 itself acts as a detector. In particular. the output from the ILS laser 500 as it ex-
its the laser cavity 5 contains spectroscopic information about the gaseous species. This mode of operation is
unique to ILS detection and the ILS laser 500.

20 Accordingly, ILS lasers 500 are distinctly different from conventional lasers and possess operational
characteristics which are not typical of conventional lasers, For example, absorbing species which produce loss
are intentionally introduced into the laser cavity 5 of ILS lasers 500. These absorbing species effect the opera-
tion of the ILS laser 500 and alter its output.

Also, unlike lasers employed in conventional applications. ILS lasers 300 operate above but close to

25  threshold (e.g., within 10% of threshold power). However, operating near threshold often causes the output of
the ILS laser 500 to be unstable. Accordingly, additional techniques directed to stabilizing the output of the
ILS laser 500 may be required.

In contrast, conventional lasers typically operate well above threshold to maximize output. Maximiz-
ing output, however, is not the objective of ILS lasers 500. Consequently, laser media which are inefficient

30  and/or do not produce high output power may be employed for ILS detection when such laser media are unfa-
vorable for most other laser applications. The purpose of the ILS laser 500 is not to produce light, but to
monitor loss within the laser cavity 5. As described above. mode competition inside the laser cavity 5 enables
such loss within the ILS laser 500 to be detected with enhanced sensitivity.

;-:U

Since ILS detection possesses increased sensitivity beyond conventional optical spectroscopy tech-
35  niques. interferences from background gases having both weak absorption and/or extremely small absorber

concentrations may be significant, even if such interferences are negligible with conventional spectroscopy
techniques.
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15  detection can be applied. Examples of the latter include the total pressure of the sample, the sample size, and
the environment which the sample is contained.

Against the backdrop of these general principles, in the context of the present invention. the present
inventors have devised a commercially viable contaminant sensor system 10 which provides enhanced detec-
tion of contaminants in gaseous samples which may contain corrosive gases (i.e., gases which react with the

20  components comprising the ILS laser 500).

With reference now to FIGS. 1A and 2, and in accordance with a preferred exemplary embodiment of
the present invention, a gas detection system 10 suitably includes laser driver 100 and an ILS chamber assem-
bly 400 in which ILS laser 500 is contained. Spectrometer assembly 600 and a detector/computer system 700,
800 are suitably optically connected to the output from ILS laser 500 whereat the absorption spectrum is suita-

25  bly manipulated thus enabling the high sensitivity detection of the presence and/or concentration of gaseous
species (contaminants).

The ILS laser 500 operates in a wavelength region or spectral region suitable for detection of the
contaminant contained within the gas sample (e.g., water vapor). Within this spectral region a signature ab-
sorption spectram can be obtained. Since gas phase spectroscopy has been studied extensively, a large and di-

30  rectly useful literature exists which shows how gaseous species can be uniquely identified.

It will be appreciated that ILS detection can be used to monitor one gaseous species (¢€.g., water vapor)
in the presence of corrosive gas (e.g., hydrogen chloride) by selecting the appropriate spectral window within
which to measure absorption. In particular, a spectral region must be determined wherein (i) the contaminant
or gaseous species has at least one absorption feature and (ii) the corrosive gas has essentially no interfering

35  absorption features. By interfering absorption features is meant absorption features which overlap the absorp-
tion feature used to identify the gaseous species thereby causing the detection selectivity between the gaseous
species and the corrosive gas to be compromised. Many such spectral windows (where the corrosive gas has no
absorption or very weak absorption) exist within the absorption regions of a gaseous species. Since absorpuon
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by the corrosive gas is extremely weak (if measurable) within these spectral windows. ILS sensors 100 operat-
ing at these wavelengths can be used to detect the gaseous species without interference. Finding a wavelength
region where such a spectral window exists (in order to avoid interfering spectroscopic sig'n,als) may require
significant efforts. In particular, the enhanced detection sensitivity of ILS detection for measuring absorption
in gases means that even interferences from background gases having weak absorption and/or extremely small
absorber concentrations may be significant; even if such interferences are negligible with conventionsl spec-
troscopy techniques. Additionally, operation of an ILS laser 500 in a specific spectral region where a particular
spectral signature exist may also require considerable effort.

Nevertheless, unique spectroscopic identification of a specific gas species can be routinely expected.
Thus, selectivity in the gascous species detected can be achieved. The existence of these spectral windows,
however, may be evident only at high spectral resolution. Consequently, sufficient spectral resolution may be
required to separate absorption features that appear near each other.

It will be further appredatéd that the wavelength position and width of a specific spectral window de-
pends directly on the specific gaseous species and the specific corrosive gas. For example. for detection of wa-
ter vapor in hydrogen chiloride (HCI). a spectral region may be selected from the wavelength region between
about 1420 and 1434 nanometers (nm). Alternatively. a spectral region may be selected from the wavelength
region between about 1433 and 1440 nanometers,

Accordingly, the ILS laser 500 must output light having a wavelength distribution at least a portion of
which is in the selected spectral region. _

In order to drive ILS laser 500, gas detection system 10 requires a pumping source which delivers ra-
diation of sufficient power and within a suitable wavelength region so as to optically excite the ILS laser at or
slightly above its threshold. In this regard. it is important that ILS laser 500 operate such that the gain in the
laser medium exceeds the overall optical losses. including those associated with the gain medium. mirrors, and
non-mirror intracavity optical elements, as well as the absorption of any gaseous species within the optical
resonator cavity. Moreover, preferably laser 500 operates with muitipie longitudinal modes. i.c.. over a broad
wavelength region. Typically, a desirable bandwidth over which laser action occurs is between about 2 nm and
about 15 nm. While ILS laser 500 can also operate with more than one transverse resonator mode. such is not
necessary. In accordance with a preferred exemplary embodiment of the present invention, the laser driver
comprises an optical pumping laser 100. Suitably. the optical parameters (e.g., average power density, peak
power density, divergence and beam diameter) of pumping laser 100 advantageously match the optical re-
quirements of ILS laser 500. As will be appreciated. to do so it is necessary to determine how many photons
can be delivered within a specific volume and at a given distance from the pumping laser 100 over a particular
period of time. In general. in accordance with the present invention. such determinations are made in accor-
dance with known theoretical and quantitative equations such that the pumping laser 100 is suitably selected to
advantageously match the optical characteristics of ILS laser 500.

While other drivers may be utilized in the context of the present invention, preferably. a pumping la-
ser 100 is selected on the basis of its operational wavelength and on its optical parameters in a manner such
that it can alone be used to excite ILS laser 500. As will be described in greater detail hereinbelow, in cases
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5 I n accordance with the present invention a gas detection

system for detecting the presence of gaseous species in a gas sanple
is provided. The detection system conpri ses: (a)
| aser C¥KO 2409607 (b) an ion-doped PETEP&I3& Rer ei n:

(c) a punping | aser |ocated outside the |aser cavity which has an out put

whi ch ical |y, ex- . C] ol A
e DS o g B A o454 on L b1

cont ai nesuch ¥ beaw shaping iaysemis A0.crams besiliged. dlowever. frethese sases Wharpitheyradiation STBERE beam
of the igRs igser 100 suittPREcHE 4 uping RgRichehd @-g-gi.ﬂﬂi@ vbilkRe) 8PGe SR Binamdafuinon-t O

or ovi dad s wille B HFEOEh BB BEOY P SE e SPB el cb i 1 a gas. sanpl e con-
t alm nf ng corr %ch&dziﬂwmﬁﬁﬁxmﬁ%b&Wf df St Preseiiinvention. pumping laser 100 comprises ( a)
e el o G b e BB S TR,
absor pt i aruppresimareip $064 nm having an cutput power greater than about(2L§) waply W aTEMpo arlsyee mode
o e 552 B R R 4 A 6218 S LORSB Bt
portion ofpedicasr toghg planei & proprgakoncterably. the divezgeRee tof Hhe opigyi bspm (beam E) from
10 pumping laser 100 is on the order of less than 0.5 mrad and evidences a beam diameter on the order of less
than 5 mm. A particularly preferred pumping laser 100 is model T20-1054C from Spectra Physics of Mountain
View, CA. As will be explained more fully hereinbelow. use of such a pump laser 100 typically requires use of
beam shaping optics assembly 200.
It should be appreciated that driver 100 may comprise any suitable optical pumping source. either co-
15  herent or incoherent. continuous or pulsed. that will suitably excite ILS laser 500. As a result. even in accor-
dance with the previously recited preferred embodiment, pumping source 100 operates in a conventional man-
ner and emits radiation over a desired frequency band and having a desired bandwidth. For example, pumping
laser 100 may comprise a diode laser. Use of a diode laser as a pump laser 100, however. typically requires use
of a beam shaping optics assembly 200.
20 With continued reference to FIG. 2. ILS laser 500, in the simplest case comprises an optical resonator
cavity defined by the entire optical path length between respective mirrors 501. 503. 505.

However, in those cases where system 10 is used to detect gases (contaminants) within the sample
which do not chemically react with the components of the laser itself (e.g., gain medium or crystal. mirors,
mechanical mounting, and the like). the resonator cavity can be defined by the region between mirrors 501,

25 503, and 505. In such a case. the gas sample region (i.c.. the region where the gas sample resides) comprises
the region between mirrors 501, 503, 505 (excluding the laser crystal 507).

However. for gas samples containing corrosive gases. i.c., gases which chemically react with one or
more of the laser components, it is desirable to separate the gas sample region from such components (¢.g.,
gain medium, mirrors, etc.). In accordance with a preferred embodiment of the present invention. a separate

30  sample system 400A may be advantageously utilized to isolate the sample from the laser components.

With reference to FIGS. 2 and 4. in accordance with this preferred aspect of the present invention,
sample system 400A preferably comprises a gas sample cell body 406 suitably maintained within a gas sample
cell holder 407. Respective cell windows 404 and 405 are suitably mounted on the distal ends of gas sample
cell body 406 and provide optical access to the sample within the cell body. Windows 404 and 405 also suitably

35  seal cell body 406. As will be discussed in greater detail below. the region in which system 400A is suitably
placed is astigmatically compensated. Given this astigmatic compensation, windows 404 and 405 are not
"active” optical elements which significantly alter or perturb the output the ILS laser beam except with respect
to transmission. An inlet conduit 408 and an outlet conduit 409 are operatively connected to gas cell body 406.
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system 400A defines an opening (i... the opening in body 406) having a diameter on the order of about one-
cighth of an inch. Preferably, the opening in body 406 is symmetrically in the center of gas sample cell body
406, Preferably, the diameter of the opening in cell body 406 is suitably selected to be significantly larger than
the diameter of the incoming beam such that optical alignment of gas sample system 400A may be easily ob-
20  tained. _ ;
The thickness of windows 404, 405 is suitably selected to avoid interferometric effects which may inter-
fere with the quality of the ILS absorption spectrum obtained through operation of the gas detection system 10.
In accordance with this aspect. the material used in forming windows 404, 405 is optimally ¢hosen to mini-
mize absorption losses in the region over which ILS laser 500 operates. such as in the range of 1350 to 1550
25  nanometers (nm). For example, windows 404, 405 may be formed from an opticaily compatible material. such
as Infrasil™ available from Research Electro Optics of Boulder, CO, that is highly polished. Windows 404,
405 are suitably oriented at Brewster's angle so as to further minimize reflective losses from the window sur-
faces.

As 50 configured, gas sample cell 406 suitably permits beam H to pass through the gaseous sample to
30 be analyzed. Couplers 408, 409 with attached tubing are suitably selected to provide easy adjustment such as
may be required to realign and/or align windows 404, 405 within ILS laser 500 without significantly altering
the threshold pumping conditions. The resonator cavity, in the case where system 400A is employed. is suita-
bly defined by the physical length between mirrors 501, 503, 505 (including the laser crystal 507 and including
the region between windows 404, 405 as well as windows 404 and 405 themselves that comprise the sample
35  system 400A). However. in such cases where the sample does not chemically react with the laser components,
the sample cell may nominally be defined by the physical region between mirrors 501, 503. and 505, respec-
tively, (excluding laser crystal 507).
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be detected are suitably removed or eliminated such that the absorption spectrum of the sample obtained
through use of the gas detection system 10 is accurate as to the amount or presence of those gases
(contaminants) within the gas sample contained within system 400A. In accordance with a preferred aspect of
the present invention. chamber 400 advantagecusly evidences a sealed container which can be either purged of
gas(es) {(contaminant(s)) to be detected. or evacuated to remove gas(es) (contaminant(s)) to be detected. or in
which the level of gas(es) (contaminant(s)) ¢an otherwise be reduced below the level to be detected in the
sample system 400A. Continuous removal of the contaminants can be achieve. for example. by gettering, as
described more fully below.

Referring to FIGS. 2 and 4. in accordance with a preferred embodiment of the present invention, ILS
chamber 400 (excluding the sample system 400A) suitably comprises a container base 401 and attachable top
410. Respective windows 402, 403 are suitably positioned in the walls of body 401 in a suitable manner and
position relative to the optical resonator cavity defined therewithin. Container base 401 and top 410 suitably
comprise stainless steel or aluminum. Top 410 is advantageously secured to body 401 in accordance with any
conventional technique suitable to permit evacuation. purging and/or further removal of contaminants there-
within. For example, a gasket 410A or other suitable means together with sealing devices (e.g.. mechanical
assists. metal seals. adhesives, and the like all not shown) may be employed for such purposes. Desirably. base
401 and top 410 are effectively sealed prior to delivery to a user in a relatively tamper-proof manner.

For the purpose of purging or evacnating chamber 400, an inlet 411 for vacuum pumping and/or
purging as well as an outlet 412 for vacuum pumping and/or purging are provided.

Windows 402, 403 are suitably disposed in the walls of container 401, thereby providing optical ac-
cess to ILS chamber 400. Preferably. window 402 is suitably provided with an antireflective (AR) coating on
the crder of about 1000 to 1100 nm, and optimally about 1064 nm. On the other hand, window 403 preferably
comprises an optical window without an AR coating. Window 402 is suitably designed to provide for maxi-
mum transmission at the wavelength A, in this case. 1064 nm. Similarly, window 403 is suitably designed to
provide maximum transmission over the operational wavelength region of the ILS laser 500 (e.g.. 1350 nm to
about 1550 nmy).

More particularly, reducing gases (contaminants) in chamber 400 (excluding sample system 400A) to
an acceptable level may suitably comprise purging or evacuating sealable container 401 with top 410 such that
the level of gases (contaminants) is below that to be detected in the gas sample within the sample system. It
will be appreciated that the loss contributed by the gases in the chamber 400 will be corparable to loss con-
tributed by the gases in the gas sample cell body 406 when the ratio between (1) the concentration of gases in
the chamber and (2) the concentration of gases in the gas sample cell body is equal to the ratio between (1) the
length of the cavity (i.e., between mirror 501 and mirror 505) and (2) the length that the ILS laser beam trav-
erses in the cell body. :

In such cases where the contaminant comprises water vapor, it is necessary that water levels in cham-
ber 400 be reduced below those which are contained within the sample. In accordance with the present iriven—

tion, detection levels of less than 10 ppt (1 ppb in corrosive gas) are obtainable. While any now known or
-
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The gas sample is suitably communicated to system 400A by connecting a gas line to connectors 408,
409 and feeding the gas into sample system 400A.
As briefly mentioned above. ILS sensor 500 suitably optically detects gascous species (contaminants,

-

15  e.g., water vapor) contained in a gas sample placed within chamber 400. In accordance with the present inven-
tion, ILS laser 500 suitably comprises a crystal (gain medium) 507 mounted in a crystal holder 508.. Crystal
507 is suitably mounted in crystal holder 508 such that crystal 507 also is optimally placed with reference to
the incoming beam. As previously mentioned, the incoming beam is suitably shaped either by operation of
pump 100 or through use of beam shaping assembly 200 such that incoming beam F suitably matches the mode
20  volume of the ILS gain medium (e.g., crystal 507).

In generat, ILS laser 500 is suitably configured such that the laser beam in the intracavity region is
substantially parallel (i.e.. astigmatically compensated) in the region where the beam is directed to the gas
sample, e.g., as contained within system 400A. While a variety of optical configurations may be employed for
this purpose, these mirror configurations have been found to be particularly advantageous. Such a configura-

25  tiom permits the accurate astigmatic compensation of the ILS laser beam thus permitting simultaneous meeting
of the optical conditions necessary to pump ILS laser 500 at the lasing threshold and generation of a laser
beam which is substantially parallel as it is directed to the gas sample. such as contained within system 400A.

In accordance with this aspect of the present invention, respective mirrors 501, 505 and a folding mir-
ror 503 are suitably employed for this purpose. Mirror 501 preferably comprises an optical mirror having an

30 AR coating optimally centered about A, €.g., between about 1000 and 1100 nm, optimally 1064 nm. Mirror
501 also has a coating that effectively provides on the order of about 99.8% to about 100% reflectivity in the
desired spectral region of operation of the ILS laser 500 (e.g., about 1350 to about 1550 nm). Suitably, mirror
501 comprises a concave mirror. For example, mirror 501 may have a radius of curvature {(ROC) of about 10
centimeters (cm) and a diameter on the order of about 1.0 to about 1.30 cm. Preferably, mirror 503 comprises a

35  folding mirror which is configured similarly to mirror 501 and has a similar reflection coating. In accordance
with a preferred aspect of the present invention, mirror 503 has a coating suitable to achieve reflectivity of
about 99.8% to about 100% over the desired spectral region (e.g., about 1350 to 1550 nm).
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Through the appropnate desxgm placemsnt, and configuration of mirrors 501, 503, and 505 beam H is
substantially parallel (i.e.. collimated) 1n the region between mirrors 503 and 505. As a result, sample svstem
400A can be inserted swithin the intracavity region without significant deleterious effects in the performance of

15 ILS laser 500. It will be appreciated. however. that the disiance between any reflective surfaces (e.g., mirrors
and windows) within the ILS laser 300 must not be such that any interference occurs inside the ILS laser. In-
terference patterns are produced if the distance between the reflective surfaces equals an integer of number
wavelengths comparable to the wavelength at which the ILS laser crystat 507 operates.

As described above, ILS laser crystal 507 preferably operates in a wavelength region suitable for de-

20  tection of the contaminants contained within the gas sample (e.g.. water vapor) over which a signature absorp-
tion spectrum can be obtained. As previously mentioned, laser crystal 507 generally exhibits the properties of a
multimode laser system. It will be appreciated that the mode spacing of output of the laser crystal 507 is re-
quired to be small enough to accurately represent the absorption features of the gas sample. Light produced by
laser crystal 507 typically has a mode spacing of about 450 megahertz (MHz) to about 550 MHz, preferably

25  about 500 MHz. thus ensuring accurate spectral replication of absorption bands. While anv crystal may be
utilized in the context of the present invention, a Cr*":YAG or Cr™:lutetium (Lu)AG laser crystal may be op-
timally used in connection with the present invention {(e.g., for the detection of water vapor in HCl). Moreover,
other hosts for the Cr™* ions may be used and other doped ions into these host crystals may be substituted. The
present inventors have found that the low gain efficiency of a Cr** system in a gamet host (e.g., YAG or

30 LuAG) can be operated successfully as a laser using a crystal that is on the order of about 10 to 30 mm in
length and 5 mm in diameter. Preferably, the doped concentration is in the range of about 0.10% to 0.30% in
such garmet host. A particularly preferred laser gain medium 507 comprises a Cr*":YAG or Cr*":LuAG crystal
cut at Brewster's angle to minimize reflective losses. More particularly, a Cr*":YAG crystal cut at Brewster's
angle (e.g., for a crystal refractive index where n is about 1.82 and 65 is about 61.20) having a crystal length of

35  about 23 to 27 mm at about a 0.15% dopant level has been found to be particularly advantageous in the context
of gas detection system 10 in accordance with the present invention,

Laser crystals 507 currently available, while improving in efficiency, have considerable losses associ-
ated with them. The losses translate to heat. In accordance with the present invention crystal 507 suitably is
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mounted in a manner allowing for the effective removal of the heat thus generated in operatioun. It should be

appreciated, however. that as the efficiency of laser crystals 507 continue to improve as new crystals are devel-

oped. the need or requircments on heat removing devices will be reduced and likely, at some point. the losses

will be small enough that the need to remove the heat may be eliminated all together. However. using crystals
5 507 presently available, ILS laser system 500 preferably further comprises a heat sink system 500A.

With continued reference to FIG. 2 and additional reference to FIG. 5. heat sink system 500A is con-
nected to mount 508 and crystal 507 (not shown in FIG. 5). As shown best it FIG. 5. holder 508 preferably
comprises a two-part holder suitably arranged to mechanically hold the laser crystal 507. Heat sink system
S00A preferably includes a copper heat sink bridge 510, a thermal electric cooler 509, and a thermal electric

10  sensor 511. Additionally, an electrical temperature control interface 512 is provided in the walls of the body
401 of the chamber 400 (sze FIG. 4). Mount 508 together with bridge 510, cooier 509, and sensor 511 sexve to
properly align crystal 507 with respect to the other optical elements comprising ILS laser 500, as well as en-
able control of the thermal propcnies.of the crystal.
In accordance with the preferred aspect of the present invention. heat sink system 500A is in direct
15 physical contact with crystal 507. Heat produced by normal operation of crystal 507 through optical excitation
occasioned by beam F is effectively conducted away from crystal 507 thereby maintaining a relatively constant
operating crystal temperature. Preferably, crystal holder 508 comprises copper/aluminum which is operatively
connected to cooler 509 and heat sink bridge 510. Suitably. heat sink 510 comprises a copper heat sink located
in body 401 of chamber 400 such that excess heat is conducted away from crystal 507. Sensor 511 measures
20  the temperature of hoider 508, cooler 509, bridge 510, and crystal 507 such that optimum operating tempera-
tures are maintained. In accordance with this aspect of the present im}'emion, thermal management of crystal
507 is obtained, thereby eliminating the need for coolant liquids which may unnecessarily compromise and
complicate the operation of the gas detection system 10.
ILS laser system 500 is suitably arranged such that the angle (¢) of the beam exciting crystal 507 and
25  the reflected beam from mirror 503 is on the order of about 20° to 30°, more preferably from about 23° to 27°,
and optimally about 25°. This beam (beam H) is directed to the sample system 400A.

Output beam G from ILS laser 500 after passing through sample system 400A is directed to spec-
trometer assembly 600. Such direction can be obtained, such as shown in FIG. 2, through use of a folding mir-
ror 601 suitably mounted in a mirror mount 602. Mirror 601 preferably comprises a plane mirror containing a

30  coating for high reflectivity in the desired spectral region of operation of the ILS laser 500 (e.g., 1350 to 1550
nmj),

It will be appreciated that the output from the ILS laser 500 can alternatively be transmitted via an
optical fiber link to a remote site for spectral analysis. In particular. beam G can be coupled into an optical fi-
ber or an optical fiber bundle. The output of the ILS laser 500, after having passed through the gaseous species.

35  is thereby carried to the spectrometer assembly 600 which is located at the remote site. Under the proper con-
ditions. it has been demonstrated that such opticat fiber transmission does not distort the spectral data.

With continued reference to FIG. 2. spectrometer assembly 600 comprises dispersive gratings de-

signed to spectrally resolve a coherent beam. in particular, the absorption spectrum of the contaminant in the

/
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5 Ref erence is now made in detail to a specific enbodi nent
of the present invention which illustrates t he best node presently
contenpl at e the inventors for practicing the invent] ; ative
enbodi ?‘g‘%‘s@l are also briefly described as appli ca%?@.‘“sgé/ﬁg{gn

As previously briefly noted, the subject matter of the present invention is
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t he 1@r esmtamm in thesample wde detacted, g6t tetweenpbout 1009 nin iamel_SQ‘él.ug optiagilly IHQQ@)TL has
been suffici asifrauioR gratifEastiblidd 800A and 600BARHBBY LomptRe Répkclive diffraction gratings 607
and 609 mounted on respective diffraction grating mounts 608 and 610. As will be appreciated, mounts 608,

610 permit tuning and adjustment of diffraction gratings 607. 609 within spectrometer assembly 600.

Focusing lens assembly 600D preferably comprises a lens 611 containing an AR coating at the wave-
15  length at which the ILS laser 500 operates, e.g., between about 1000 nm and 1500 nm, optimaily 1400 nm.
The lens 611 focuses the output of the spectrometer 600 onto muitichannel array detector 701.
The spectral region over which the ILS laser 500 operates is produced by spectrometer assembly 600
and is displaced spatially across a plane where the multichannel array detector 701 is suitably fixed on a mount
702. An electronic board 703 containing the control and timing electronics required to operate and read infor-
20  mation from the multichannel detector 701 is operatively connected thereto. As a result, the entire spectrally
dispersed absorption spectrum of the particular contaminant sought to be identified through use of the gas de-
tection system 10 can be obtained. The positions and relative intensities of the specific absorption features of
the contaminant can be utilized to uniquely identify the detected gas (contaminant) as well as quantitatively
determine the amount of the gas (contaminant) so detected,
25 The detector 701 may comprise, for example. an InGaAs multichannel array detector with 256 pixels
having 100 um spacing. The light detected by multichannel detector 701 is preferably transduced into elec-
tronic signals at each detector element (pixel) with signals thereafter transferred to an analog-to-digital (A/D)
converter 801 through board 703. Converter 801 is suitably connected through a BNC connector and shielded
cable 704 such that the accurate transfer of information is ensured. Once the data is so converted. it is sentto a
30  computer 802 which may be suitably programmed to convert the electronic signals into spectral information
i.e., spectral signatures identifying a particular gas (contaminant) and concentration of gases (contaminants).
Alternatively, the output of the ILS laser 500 having passed through the gaseous species to be moni-
tored can be directed to a spectrometer assembly 600 having at least one dispersive optical element {e.g., dif-
fraction gratings 607 and 609) therein which can be scanned with respect to wavelength. The output of the
35 spectrometer assembly 600 can then be directed to a single channel detector. The spectral signature of the
gaseous species in the laser cavity 5 is obtained by scanning the dispersive optical element while the light
transmitted through the spectrometer assembly 600 passes through an appropriate aperture (¢.g., slit) placed in
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20 In accordance with a preferred enbodi nent of the present

I nvention and with nonentary reference to FIG 1A, a gas .
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can be desioxie apedi®lid state crystal laser and ILS crystal 507 comprises a Cr** YAG or a Cr*":LuAG crystal,

beam expansion of the pumping Iaser output maybe necessary.

e

As shown best in FIG. 6. system 200 suitably comprises a series of lenses and adjustable apertures. In
patticular, a frame 201 is provided which suitably includes respective upstanding walls into which respective

20  variable aperture devices 202 and 205 are suitably provided. While any appropriate means of varying the aper-
ture of the opening into which the output (e.g., beam E) -of laser 100 enters or exits system 200 may be em-
ployed, suitably, devices 202 and 205 comprise conventional aperture varying devices. System 200 also pref-
erably includes a focusing lens 203 and a collimating lens 204. Preferably. lens 203 comprises a focusing lens
and lens 204 preferably comprises a collimating lens both of which have an AR coating at the wavelength, A,

25  e.g., at about 1000 to 1100 nm, optimally about 1064 nm. As shown in FIG. 6. lenses 203 and 205 are suitably
attached to frame 201 to permit their respective alignment within beam E.

With continued reference to FIG. 2, in some applications. it may be necessary that the incoming beam
be appropriately focused into the laser gain medium (e.g., ion~doped crystal or glass) 507 within ILS laser 500.
In accordance with the preferred aspect of the present invention, a focusing lens 206 may be advantageously

30  mounted in a laser lens mount 207 such that the focusing lens is suitably located within the path of beam F. In
accordance with a particularly preferred aspect of the present invention. focusing lens 206 suitably comprises
an opticat focusing lens with an AR coating centered about a wavelength A, e.g., between about 1000 and
1100 nm and optimally 1064 nm coating. Focusing lens 206 may be suitably configured to evidence a plano-
convex or convex-convex configuration.

35 As will be appreciated by those skilled in the art, the quality of the quantitative information obtainable
through use of the gas detection system 10 depends, at least in part, on stable operation of ILS laser 500. In the
context of the present invention, the stability of laser 500 depends directly on how reproducibly ILS laser 500
reaches threshold. Desirably, pumping laser 100 suitably pumps ILS laser 500 continuously near threshold

I8 ) .
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containing a gain mediumin which optical gain is produced and a resonator
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tude and wavelength stability of the ILS laser 500 which may have an adverse impact on cost and thereby pro~
duce an adverse impact on the commercial viability of the gas detection system 10.

5 As an alternative to operating ILS laser 500 continuousty. and in accordance with a preferred em-
bodiment of the present invention. the ILS laser is operated in a "pulsed mode" or a "chopped mode®. As used
herein. the terms “pulsed mode” and “chopped mode" refer to processes for reproducibly exposing ILS laser
500 (i.e., ion-doped crystal 507) to pumping radiation such that the ILS laser will be switched on and off.
Chopping corresponds to causing the pump radiation to alternate between zero intensity and a fixed intensity

10 value at a fixed frequency and over a fixed (often symmetric) duty cycle. In contrast. pulsing corresponds to
causing the pump radiation to alternate between zero intensity and & non-zero intensity (which is not necessar-
ily fixed) over a duty cycle which may be varied and which is typically asymmetric. (Alternatively, the pump
radiation can be modulated such that the intensity of the pump beam does not reach zero intensity but fluctu-
ates alternately between at least two intensity levels which brings the ILS laser 500 alternately above and below

15  threshold.)

Through operation in the chopped mode or the pulsed mode. stable operation of ILS laser 500 consis-
tent with the quantitative spectral and concentration measurements may be obtained in a commercially viable
manner. Such intensity modulation (e.g., interruption) can be achieved utilizing, among other things, a me-~
chanically operated chopper. an acousto-optic modulator, a shutter. and the like.

20 Alternatively, the output intensity of pump laser 100 may be modulated instead of secondarily chop-
ping the output beam (beam E). In particular, if the pump laser 100 comprises a diode laser. the electrical
power supplied to the diode laser pump laser can be modulated to alternately obtain voltages just above and
below that required to cause the ILS laser 500 to lase. Consequently, the ILS laser 500 will be turned on and
off.

25 While any now known or hereafter devised manner of producing a chopped mode or a puised mode
can be utilized in accordance with the present invention, advantageously such modes are obtained through use
of modulation assembly 300.

In accordance with this aspect of the present invention, beam E is periodically prevented from reach-
ing ILS Iaser 500 by a rotating moduiator 301 which periodically blocks and transmits the pumping laser beam

30  E. Specifically, in FIG. 6, modulator 301 comprises a mechanical chopper. Mechanical chopper 301 is suitably
placed so that beam E is modulated before reaching ILS laser 500. While modulator 301 may be advanta-
geously placed before or after beam modification system 200, in accordance with a preferred embodiment of
the invention, the chopper is suitably placed at the focal point within beam modification system 200. Alterna-
tively, the chopper 301 may be placed in front of the pump laser 100. As best illustrated in FIG. 2. chopper 301

35  issuitably mounted in frame 201 of the beam modification assembly 200,

It should be appreciated that chopper 301 could be replaced by any device, ¢.g.. mechanical or electro-
optical, which periodically blocks or modulates the pumping laser beam. As previously mentioned. in accor-
dance with the present invention. the intensity of the pumping radiation emanating from pump laser 100 must

19
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the mrrors gxﬁ\aﬁﬂ@h@é&r(ﬁ { {Gtates between an open and closed position. Chopper 301 is suitably driven by

15 a chopper driver 303 connected to chopper through use of a suitable electrical connector(s) 302. As driver 303

causes chopper 301 to rotate to the open position. beam E reaches ILS laser 500, thereby bringing ILS laser
500 above threshold for laser activity. ILS laser 500 continues to operate until driver 303 causes chopper 301 to
rotate to the closed position. whereupon chopper 301 effectively blocks pumping beam E from reaching ILS
laser 500.

20 ILS laser 500 output exiting chamber 400 is suitably directed to modulator 304. In accordance with
various aspects of the present invention, modulator 304 comprises an acousto-optic modutator. It should be ap~
preciated. however that other available devices, for example. another mechanically operated chopper or even 2
shutter may be suitably employed for this purpose. As discussed above. to extract quantitative information from
the ILS laser 500 exiting beam. modulator 304 periodically samples the output of the ILS laser which contains

25  the absorption data of contaminants (c.g., gaseous species) contained in the particular sample. (It will be ap-
preciated that instead of employing modulator 304, detector assembly 700 may be alternatively switched on
and off to periodically sample the output of ILS laser 500 as will be discussed more fully below.)

While the specific form of modulation is variable. use of modulation enabies generation of a repro-
ducible, effective optical path length within ILS laser 500. Stated another way, by varying the generation time

30 (1), ie., the time period over which intracavity mode competition within ILS laser 500 is permitted to occur,
the effective absorption path length within the intracavity resonator can be controlled and selected to achieve
optimum quantitative application of the ILS gas detector 10.

Advantageously, modulation of the output of the pump laser 100 is advantageously synchronized with
modulation device 304 such that quantitative information from ILS laser 500 can be extracted in a time-

35  resolved manner. Pump radiation E is effectively delivered to ILS laser 500 intermittently by passing pump
beam E through chopper 301. Delivering radiation intermittently alternatively brings ILS laser 500 above
threshold and below threshold. After the generation time. t,, elapses as ILS laser 500 reaches its threshold. the
ILS laser output is deflected by modulator 304 to the entrance of spectrometer assembly 600 and detector as-
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speci es. pump laser HI8. fpiescribesiabeyscpuising corrssnondsite epmsingcthy phmpdadistien foplteragte bahyeen
decr e8S e zdrdlintensity and a non-zero intensity value over (which is not necessarily fixed) over a duty cycle which may
be varied. thereby bringing the ILS laser 500 alternately below and above threshold. Accordingly. the ILS laser
500 is turned off and on. The duration over which the ILS laser 500 lases may be varied by changing the duty
cycle of the output of pump laser 100: in particular. the duration over which the pump laser pumps the ILS la-
ser to threshold. Accordingly. the generation time (t,), i.e.. the time period over which intracavity mode com-
20  petition within ILS laser 500 is permitted to occur. is varied. In this case. the detector assembly 700 remains
continuously activated and the output of the ILS laser beam exiting chamber 400 is allowed to continuously
reach the spectrometer assembly 600 and the detector assembly.
As described above, however, the total optical pumping energy or integrated intensity delivered by the
pump laser 100 to the ILS laser 500 during each period of modulation must remain constant. even though the
25  duration over which the of the ILS laser outputs light is changed. To maintain a constant total optical pumping
energy, the intensity levet of the pump beam is adjusted with each different period of modulation over which t,
is to be varied. Accordingly, both the intensity of the pump beam and duration over which the laser diode
pump laser 100 pumps the ILS laser 500 to threshold. are a changed to provide different generation times.
Pulsing the output of the pump laser 100 can be achieved by externally controlling the transmission of
30 the pump beam with a "pulser”. Alternatively, if the pump laser 100 is a diode laser. the output intensity of the
diode laser pump laser may be modulated by varying the electrical power supplied to the diode laser. (As de-
scribed above, the electrical power supplied to a diode laser pump laser 100 can be modulated to alternately
obtain voltages just above and below that required to cause the ILS laser 500 to lase.)
Accordingly, the gas detection system 10 of the present invention may include any of the following
35  configurations each of which enables the generation time to be varied:
(1) The output of the pump laser 100 may be chopped with an external chopper (e.g.. chopper 301)
and the detector 700 may be continuously activated with transmission of the output from the ILS laser 500 to

the detector being controlled by a pulser (e.g., modulator 304) to enable periodically sampling:
RS St
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the |l aser output intensity. In accordance with the present invention, the
absorption spectrum obtai ned by intra- cavity | aser neasurenents

i n whi cw??@o;éarlracavi ty absorber is enployed can be uti 'pk:ﬁﬁ%ﬁ&?isﬂ he hi gh

sensitiv detection of such gaseous speci es. as been found
t hat each gaseous species can be uniquely identified by its
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500;
(3) The output of the pump laser 100 may be pulsed with an external pulser and the detector 700 may
S be contimuously activated with the duration of the interaction between the output of the ILS laser 500 and the
gaseous species being controlled by the duration of the pulses from the pump laser which cause the ILS laser to
lase;
(4) In the case where the pump laser 100 is a diode laser, the output of the diode laser may be pulsed
by varying the electrical power supplied to the diode laser and the detector 700 may be continuously activated
10 with the duration of the interaction between the output of the ILS laser 500 and the gaseous species being con-
trolled by the duration of the pulses from the diode laser which cause the ILS laser to lase:
(5) In the case where the pump laser 100 is a diode laser. the output of the diode laser may be chopped
by varying the electrical power sup;;lied to the diode laser and the detector 700 mayv be continuously activated
with the transmission of the output from the ILS laser 500 to the detector being controlled by a pulser (e.g..
15  modulator 304) to enable periodically sampling; and
{6) In the case where the pump laser 100 is a diode laser. the output of the diode laser may be chopped
by varying the electrical power supplied to the diode laser and the detector 700 may be pulsed on and off to en-
able periodically sampling of the output from the ILS laser 500.
In the embodiment of the gas detection system 10 of the present invention described above, the ILS
20  laser 500 has a laser cavity 5 formed from three mirrors (i.e., mirrors 501. 503. and 505) wherein mirror 503 is
a folding mirror. As described above, this conﬁguratioh of three mirrors is designed to provide an astigmati-
cally compensated or substantially parallel beam in the region between mirrors 503 and 505.
Alternatively, the gas detection system 10 of the present invention may comprise an ILS laser 500
having a simplified laser cavity 5. In such an alternative embodiment of the present invention. the laser cavity
25 5 is not designed to provide astigmatic compensation. Rather. the laser cavity 5 may be formed between two
mirrors thereby having a substantially linear configuration which does not provide astigmatic compensation.
However, the linear cavity design employed by such an aliernative embodiment of the present invention en-
ables a gas detection system 10 to be constructed which is substantially smaller and simpler. Consequently.
such an embodiment of the gas detection system 10 of the present invention is less expensive to construct as
30  well as easier to operate than the embodiment described above. Additionally, this alternative embodiment of
the present invention based on a linear laser cavity can be constructed to be more rugged or mechanically sta-
ble as is required by many practical applications.
By “linear laser cavity” is meant a laser cavity 5 that is equivalent to a laser cavity formed between
only two mirrors. In its simplest form. a linear laser cavity comprises a laser cavity 5 formed between a first
35  mirror and a second mirror. It will be appreciated that any number of additional mirrors which are planar may
be included to steer (i.e., alter the path) of a beam which travels from the first mirror to the second mirror. The
inclusion of these additional mirrors, however, does not modify the shape of the beam within the laser cavity 5
(provided that the distance between the first mirror and the second mirror is not changed). Accordingly, the
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The method for detecting the presence of a gaseous species in a gas sample containing a corrosive gas

|n t he

requires that a spectral region be selected wherein (i) the gaseous species has at least one absorption feature

and (ii) the corrosive gas has essentially no interfering absorption features. (As describe above. an interfering

absorption feature corresponds to an absorption feature which overlaps the absorption feature used for identify-

20  ing the gaseous species, such that, detection selectivity between the gaseous species and the corrosive gas is

compromised.) In accordance with the method of the present invention. a laser comprising a laser cavity 5 and

a gain medium 507 which outputs light having a wavelength distribution at least a portion of which is in the

selected spectral region. is provided. The ILS laser 500 is contained in a sample chamber 400. A gas sample

cell 406 having windows 404 and 405 which are transparent to light in the selected spectral region. such that a

25  beam of light can pass uuough the gas sample cell, is also provided. The gas sample cell 406 is inserted in the

ILS laser 500 such that output light from the gain medium 507 passes through the gas sample prior to exiting

the laser cavity 5. The gases (contaminants) in sample chamber 400 are reduced to an acceptable level. The

sample of gas to be detected is placed in the gas sample cell 406. The ILS laser 500 is pumped at or near

threshold and the optical output from ILS laser 500 is periodically sampled, preferably via modulation assem-

30  bly 300. The absorption spectrum of the gases (contaminants) within the sample is measured with spectrometer

600 and detection assembly 700. The absorption spectrum is analyzed to identify the gaseous species
(contaminants) and determine its concentration within the sample utilizing computer/software system 800.

More particularly, reducing gases (contaminants) in chamber 400 (excluding the gas sample cell 406)

to an acceptable level may suitably comprise purging or evacuating sealable container 401 with top 410 such

35  that the leve] of gases (contaminants) is below that to be detected in the gas sample within the gas sample cell

406. As discussed previously, other mechanisms for reducing the level of gases (contaminants) may be utilized

provided they can reduce the level to an acceptable level. Preferably, container base 401 is sealed to top 410

I
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uni que to ILS detection and the ILS [aser 500. 20 Accordingly,
ILS lasers 500 are distinctly different from conventional |asers and
possess operati onal characteristics which are n

convenBH@Pasers. For exanple. absorbing species V\h?%# roéuce | 0ss

are intentionally introduced into the |aser cavity 5 of ILS | asers 500.
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15 sembly 200 is suitably directed to ILS laser 500.

In accordance with this method. as beam F enters chamber 400 through window 402 disposed in the

wall of sealed container body 401, beam F is suitably directed to ILS laser 500. Additional focusing and direc-

tion of beam F may suitably be achieved as beam F passes from window 402 to focusing lens 206. where focus-

ing lens 206 suitably focuses beam F and directs it through mirror 501. Beam F suitably pumps crystal 507 at
20  or near threshold. and the output beam is suitably directed to the gas sample within the gas sample cell 406,
such as by mirrors 503 and 505. The exiting beam. containing the absorption data from the gas (contaminant)
sample, then exits gas chamber 400 through window 403 suitably disposed in a wall of sealed container body
401.
ILS laser 500 may be operated in a pulsed mode or a chopped mode using modulator 304, suitably
25  synchronized to moduator 301. and which periodically samples the output beam from the ILS laser and passes
the sampled output thus obtained 1o spectrometer assembly 600 and detector assembly 700. Alternatively, in
the case where the pump laser 100 comprises a diode laser, the electrical power supplied to the diode laser
pump laser may be modulated and synchronized with modulator 304. Suitably, mirror 601 directs sampled
output beam G from ILS laser 500 to spectrometer assembly 600 and detector assembly 700. Alternatively, in-
30  stead of using modulator 304, detector assembly 700 may be switch on and off to sample the output from ILS
laser 500.

The method for detecting gascous species in accordance with the present invention further comprises
analyzing the output beam G sampled from ILS laser 500. Preferably, spectrometer assembly 600 spectrally
resolves and detector assembly 700 suitably analyzes beam G from sampled ILS laser 500. Spectrometer as-

35  sembly 600 suitably spectrally disperses beam G from ILS laser 500 through beam expanding assembly 600C,
diffraction assemblies 600A, 600B and focusing assembly 600D, Spectrally-resolved ILS absorption data exit-
ing spectrometer assembly 600 is suitably displaced spatially to be detected by detector assembly 700 compris-

ing e.g., multichannel detector 701.

R
24
This Sheet Has Been Replaced R

T g




concentrations may be significant. even if such interferences are

negligible with conventional spectroscopy t echni ques.
g

WO 97/09607 PCT/US96/13879

It will be appreciated that the gas detection system: 10 and method of the present invention can be
utilized to obtain the absorption spectra for contaminants, such as water vapor, in a corrosive or reactive gas.
such as HCL or a non-corrosive gas. such as N,, over a variety of wavelength regions. In particular, FIGS. 7
and 8 show that the signatures of a water vapor in each environment (corrosive or non-corrosive) can be ob-

5  tained through operation of gas detection system 10. Specifically. FIG. 7 shows a plot of normalized laser in-
tensity/absorption vs. wavelength for water in HCI {curve 900) and in N, (curve 902) over the region of about
1433 to 1440 nm while FIG. 8 shows a similar plot of normalized laser intensity/absorption vs. wavelength for
water in HC! (curve 904) and in N» (curve 906) over the wavelength region of about 1420 to 1434 nm. The
spectrum displayed in FIGS. 7 and 8 were obtained with the spectrometer assembly 600 and by measuring the

10 output of diode 703. As will be appreciated. each data point illustrated results from a variety of measurements.

The data presented in the plots shown in FIGS. 7 and & demonstrate that water can be successfully
detected in hydrogen chloride using the method of the present invention. Additionally. the observation that the
water absorption spectra are the same, regardless of whether the measurement is made in hydrogen chloride or
nitrogen. demonstrates that there are no spectral interferences from hydrogen chloride even though it is present

15  atanextremely high concentration (e.g.. one atmosphere total pressure).

Given the relationship between intensity and conceniration. once a characteristic signature of the
contaminant gas. €.g., water vapor. is obtained. the concentration of the contaminant contained within the
sample can be readily obtained. In accordance with the present invention. computer 802 can be suitably pro-
grammed to interpret the data and provide an output indicative of the presence and/or conceniration of the

20  contarninant contained within the sample. Represemaﬁve plots of the water absorption intensity versus water
concentration in N. gas, as obtained through use of the present invention, are shown in FIGS. 9 and 10. Water
purification for the N> gas is based on a permeation device and an in-line purifier for FIGS, 9 and 10, respec-
tively.

(It will be appreciated that the absorption feature(s) found in the spectral signature must be calibrated.

25  Since intracavity laser spectroscopy offers increased sensitivity beyond prior art methods. weak transitions
previously not measured may become measurable for the first time with the gas detection system 10 of the pre-
sent invention. In such cases, these weak transitions can be used to identify the spectral signature and certify
the presence of the gaseous species. Such weak transitions can aiso be calibrated by the gas detection system 10
thereby enabling the concentration of the gaseous species to be determined by the intensity of the absorption

30 feature(s) corresponding to these weak transitions.)

While the present invention is shown above as applied to obtaining the absorption spectra for con-
taminants, such as water vapor, in a corrosive gas, such as HCL. it will be apparent by those skilled in the art
that other suitable contaminants and corrosive or reactive gases may also be employed in the practice of the
present invention, Examples of corrosive gases suitably employed with the present invention include. but are

35  not limited to, the following: N;O. NO, NO,, HONO, HNO;, SO. SOs, H;S0.. Cl:, CIO. C1;0,, HOCl, PH;,
OCS, Hl, HF, HBr, BCl;, NFs. BCl,, BCl, SO,, BF;, Bry, L, Fa, Oy, AsH;, NHj. SiHs, BHs, HNO;, HCN,
HNC, H,S, COF,, and CH,..X,, where X is F or Cl and x equals 1 to 4. It is not intended that the corrosive or

reactive gases specifically disclosed herein. including those listed above. are to be exhaustive: rather. other cor-
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The detection of gasee via ILS can be achieved by using a variety of |aser
systens. (As used herein. the | aser systemincludes both the ILS | aser

500 anqwélat; gygsp | aser 100.) These |aser systems each %ﬁ%ﬁoﬁ%ﬁ!’ _eral
|

conmon propertles which are required for extrenely high sensvity.
Prior art has identified three such properties. First, the laser
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Exanpl es of the latter include the total pressure of the sanple, the sanple

si ze and It shodid'e (REH 608 HIEML fo\‘@&ifi&e&&iﬁdoﬁm& o Lr@fe&eﬂ%@ﬁ&%ﬂembodiments of
15  the invention, and that the invention is not limited to the specific forms shown herein. Various modifications
may be made in the design and arrangement of the elements set forth herein without departing from the scope
of the invention as expressed in the appended claims. Moreover, the application of gas detection system 10 as
well as the location of the ILS gas detector. e.g., in a semiconductor fabrication assembly. ¢an vary as may be
desired. For example. the specific placement of the various elements within the ILS chamber 400 and the gas
20  detection system 10 itself may be modified so long as their configuration and placement suitably enables opti-
cal excitation of ILS laser 500 in a readily reproducible manner. These and other modifications in the design,
arrangement. and application of the present invention as now known or hereafter devised by those skilled in
the art are contemplated by the amended claims.
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Agai nst the backdrop of these general principles in the context of the
present invention the present I nventors have devised a conmercially
vi abl e contam nant sensor system 10 whi ch provi des enhanced detec-

ti on oWOrYM®ENTi nants i n gaseous sanples which may cont aPETASPH BBV e gases
(i.e.. gases which react with the 20 conponent s corrprl sing the ILS |aser
500) . Wth referenc to FIGS. 1
accordance with a preferred exenpl argl‘%dl ment of Hmm t

i nvention, a gas detection system 10 suitably include ”m Hﬂ WEFO and
an ILS R mﬁ@ﬂg bly 400 in which ILS | asér 500 I8 Cco ned.
Spectroneter assenbly 600 and a detector/conputer system 700. 800
are suitably opticalty connected to the output fromILS [ aser 500 whereat
the gbsorptiqgn Asgae&&ercﬁumsbs&nﬁwf&dem%ﬁg the prédedce OPgAbeBM! silcRinlaESsaRpie MaipRg: t he
high sensitivity detection of the presence and/or concentration of gaseous
speci es M&cont am nant s) . The ILS | aser 500 operates in a
wavel engt h regi on (9 1saRedw @). regi on suitable for detection of the

contam nant contained.within t sarrple (eg., water vapor). Wthin this
spectral region a aﬁﬁgfdu?’g q%ug’atﬁe’ sorption spectrum can be obtai ned.
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15 2. A method for detecting the presence of gaseous species in a gas sample using the gas detection sys-
tem (10) of Claim 1, said method comprising the steps of:
(a) directing the output beam of said pumping laser (100) to said ion-doped crystal (507); and
(b) directing said output beam from said ion-doped crystal (507) after exiting said laser cavity
(5) to a detector assembly (700) for determining the presence and/or concentration of gaseous species in said
20  gassample.

" 3. A method for detecting the presence of gaseous species in a gas sample containing corrosive gas,
comprising the steps of:

(a) selecting a spectral region wherein (i) said gaseous species has at least one absorption

25  feature and (ii) said corrosive gas has essentially no interfering absorption features:

(b} providing a laser (500) comprising a laser cavity (5) and a gain medium (507) which re-
sides therein, said gain medium (S07) outputting light having a wavelength distribution at least a portion of
which is in said selected spectral region;

(c) providing a gas sample cell (406) having windows (404, 405) which are transparent to

30  light in said selected spectral region such that a beam of light can pass through said gas sample cell (406);

(d) inserting said gas sample cell (406) in said laser (500) such that light output from said
gain medinm (507) passes through said gas sample prior to exiting said laser cavity (5);

(e) inserting said gas sample containing said corrosive gas in said gas sample cell (406) such
that light output from said gain medium (507) passes through said gas sample. said gas sample sealed within

35  said gas sample cell (406) such that said corrosive gas does not react with said laser (500); and

(f) directing said light output from said gain medium (507) after exiting said laser cavity (5)
to a detector assembly (700) for determining the presence and/or concentration of said gaseous species in said
gas sample. 3
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or gaseous species has at Teast om absorption feature and (ii) the
corrosive gas has essentiall rin absorption features.
By i nt grd e1doeey absor ption f%ﬂl’ﬁ@'ﬂ@l U Eabsor ption bepiudb@fssydi ch

overlap the absor p- sed to identify the gaseous
speci es thereby causing the detection select|V|ty bet ween t he gaseous

speci.es and the corrosive gas to be conprom sed. Many such spectral w ndows
(where the CoMhoGkM& %@ﬁ:inbﬁx%hé?ﬁn said corrosive as?cﬂ%%% #ag Seiddfed K&ﬁ%eg?o@#consm- .
absorption) exist wthin t sorption n aseous gFCIES. Si nce
absor pt ling HCIL. Nzo NO. NO: HONO., HNO:, SO, 503. HzSOq, 2 Cl10, C1,0,, HOCl, PH,, OCS. HF, HBr,

g b BCly, NF;. BCl, BCL.SO,, BF,, Bﬁb I, Fs, Os.o%sﬂg. NH;, SiH,. ByH,, HNOs, HCN, HNC, H.S. COF., and
u SSt 't ex iw eXxs)-Z C?axpdtxeeq slto?

5. The method of Claim 3 wherein said gaseous species comprises water,

6. The method of Claim 4 wherein said selected spectral region is selected from the wavelength region
10 between about 1420 and 1440 nanometers.

7. A gas detection system (10) for detecting the presence of gaseous species in a gas sample contain-
ing corrosive gas using the method of Claim 3, said system (10) comprising:
(a) said taser cavity (5):
13 {b} said gain medium (507) which resides therein. said gain medium (507) outputting light
having a wavelength distribution at least a portion of which is in said spectral region;
{c) said gas sample cell (406) which is contained in said laser (500):
(d) condnits (408. 409) for inserting said gas sample containing said corrosive gas in said gas
sample cell (406): and
20 {c) said detector assembly (700) for determining the presence and/or concentration of said
gaseous species in said gas sample. said light output from said Iaser (500) being directed to said detector as-
sembly (700).

8. The gas detection system (10) of Claim 7 wherein said gain medium (507) is pumped by a pump
25  laser (100) selected from the group consisting of a solid state crystal laser and a diode laser.

9. The gas detection system (19) of Claim 7 wherein said laser cavity (S) is contained within a cham-
ber (400) configured to be evacuated of said gaseous species to be detected.

30 10. The gas detection system (10) of Claim 7 wherein said gas sample is contained in a region of said
laser cavity (5) which is astigmatically compensated to reduce astigmatism in said light output from said gain
medium (507).
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by the corrosive gas is extrenely weak (if neasurable) within these
spectral w ndows. |LS sensors 100 operat - ing at these wavel engt hs
can- be g{iﬁgi&g&ndet ect the gaseous SR? es without interference, Finding a

wavel en regi on where suc spectral wi ndow e§F§’1U§9? ¥brder to
avoid interfering spectrscopic signals) may require sigificant
efforts. In particular, the enhanced detection sensitivity of ILS detection
for measuring absorprTomN 'h gaces nEans t frat—ever—tnterferereesy from
background gases havi ng weak g@bsorption and/pr extrene smal |
absorber concentratfions may b nslgnlfl cant even if sucl interferenges are
negligible with con Ce trosco t hn| que '
Addi tional ly, oper | asey 500 |n a s Ci region
where a particul ar speEt@al si gnatufe emsat re
consi derable effort Q. > Nevert hel ess u Q bopi o
identification of specific species canj be rcm_t Eﬁl 10
Thus, selectivity ijn the gasep@s specifps detpcted 5 The
exi stence of these spectral wjndows kghever be gsu denf only at
hi gh spectral resol equent | y| suf fi tient Spectral réSolut]lon may
be required to separ ate absorption features |that appear near each
ot her. It will be fufther appreciatjed that the wavel ength
position and width of a |specific spectyal w ndow de- pends
directly on the specifi @ gaseous specips and the speg fic corrosive gas.
For exanple. for degeetHen—efwa- 15| ter aper—H—ydagen—chlori de
(HCl).” a spectral riegion nay pe sgl ectpd fromt he m&el qut h regi oh between
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about 1420 and 1434 nanoneters (nm. Alternatively a spectral region may be
sel ected fromthe wavel ength regi on between about 1433 and 1440
nanone Accordjnaly, the ILS | aser gg7oout put

l'i ght &‘gi?-’ﬁog%‘g wavel ength distri but#}(}% at |least a port il:)é_r)lgg?dm

which is in the selected spectral region. 20 In order to drive
| LS | aser 500. gas detection system 10 requires a punping source which
delivers ra- diation of sufficient power and within a suitable
wavel ength region so as to optically excite the ILS | aser at or

slightly_abgve its threshold. In this regard it is inportant that ILS |aser
500 oper ab jy s qesRepleqed gain in the gl nedi um exceeds the
overal | opiiisieaaNiaH#Hli ncl udi ng t hoseSassoci at Nt he gain nmedium

m rrors amni@RufIRkRd ror intracavitywoptical “ as well as the

absorption of any gaseous species withiy the Optical 25 resonat or
cavity. Moreover, preferably |aser 200 opgrafes w | tiple |ongitudinal
nodes. i.e.. over a broad g\/avel erigt h reg . Typically, a
desirabl e bandw dth over which | axersacti oq_occur S between about 2 nm
and about 15 nm Wi | enIES taser 58Q al so operate with nore
than one transverse resonator No@e slg¢h & NY necefsary. In
accordance with a preferred ex®hyp| a ‘*?\s‘.;!:b.,f‘ of the presef& invention
the laser driver | conpei -@%{‘\g\ QUNPi ng | ager DQQ.
Suitably, the optical parametgr® ‘e L7 .@:&&ve"yo“ densi BA_ pea 30
power density, divergence 3_; -‘r\é.;_; Bf punpi ng | aser \10Q

advant ageously match the optigak A\l'/ qui renments of\JL R\ aser
500. As will be appreciated t@ do~Sg I 3\fecessary to deter & Myw many
phot ons can be de|%Nver eg id é\apé:ific vol ume ana gi ven

di stance fromthe punping | &ef £8Q VXK /7 part$tul ar
< N7
\\‘\/
BN

-
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period of tinme. In general in accordance with the present invention such
determ nations are nade in accor- dance with known theoretical
and quagd ' equations such that the punping |aser 1 ' | Lably

sel ect eﬁ%MWB 5 advant ageousl y 3#t0ch the opti cal c%g‘rr{a% %ﬁé’?l cs of

I LS | aser 500. Whil e other drivers may be utilized in
the context of the presegt invention. prefgrably a punpingcha-

ser 100 is selected on t®e basis of its op®rational wavel efgth and on its
optical paraneters in a fanner such -S_ that it can-@l one be used to
excite ILS | aser 500. As®wi || be described® n greater detai® hereinbelow in
cases O] 0] 10
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where punping | aser 100 is not effective alone to drive (e.g. punp) ILS
| aser 500, beam nodification optics,... such as beam shapi ng assenbly 200,

can be utilized. Exanples of beam nodification optics i ishd racti ve
opti cs WO EH988% | ve optics, gradient fhtex optics wherei E&E@%@fsr active

I ndex varies axially, gradient index optics wherein the refractive index
| ey el Moo RIGEQ- OPti €S, and comipation thereofey However, in those
.: Eemﬂﬁrt ifon emanating fr | aser 100 suiw=ably matches the
' (I EER
wi t hi n 1RSI S ! such beam nodi

(e.g. node vol
I n accordance with one exe
punpi ng | aser 100 conprj

me)of the ILS gai"TT medi um cont ai ned
i cation optics e unnecessary.
lLgent of the sent invention

operating at evetengt h, (which is

this case is a solid s a8 AG| oper ng at
approxi mately 1064 having t | t ha utt2.-8 watts
wth a TEM er rg transveitse nypdef stfu r L4, a bhea pr opagati ng
from punpi ng |&$ 100 has 4 p | 4 is o abI<E
-
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perpendi cul ar to the plane of propagation. Preferably, the divergence of
t he out put beam (beam E) from punping |aser 100 is on the order of |ess
than 0.'5 nrad and evi dences a beam di aneter on the Orde@c%&gh@?ﬁiﬁ han 5 mm
A part iQPHPISY7 pr ef erred punping | aser. 100 i s nodel T20- fom Spectra
Physics of Mountain View. CA As mjgfube expl ai ned nore fully hereinbel ow
use of such a punp laser 100 typically requires use of beam shapi ng optics
assenbly 200. It should be apreciated that driver 100 rmay conprise
any suitable optical punping source either co- herent or incoherent
continuous or pulsed that will suitably excite ILS | aser 500. As a result,
even in accor- dance with the previously recited preferred enbodi nent
punpi ng source 100 operates in a conventional man- ner and emts radiation
over a desired frequency band and having a desired bandw dth. For exanpl e,
punpi ng | aser 100 may conprise a diode |aser. Use of a diode |aser as a
punp | aser 100. however, typically requires use of a beam shaping optics
assenbly 200. Wth continued reference to FIG 2. ILS |aser 500.
in the sinplest case conprises an optical resonator cavity defined by the
entire optical path | ength between respective mrrors 501. 503. 505.
However, in those cases where system |0 is used to eftect gases

(contam nants) within the sanple which do not chenﬁgally react with the
conponents of the laser itself (e.q.. gain nediumgpcrystal. mrrors.
mechani cal nounting, and=the I|i Q resonator/cavity can be defined by
the regi on between nirrdSs 501. \d 505. |IfN such a case, the gas
sanple region (i.e.. theregio anpl e resi des) conprises
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the region between mrrors 501. 503. 505 (excluding the l|aser crystal 507).
However, for gas sanples containing corrosive gases. i.e.. gases which
chemcally react with one or nore of the |aser conponents it is desirable
to sepWOPE0IE gas sanpl e region fromsuch conponents (BECHUS/1FEOn nedi um
mrrors. etc.). In accordance with &lgbefered enbodi nent of the present

I nvention a separate sanple system 400A may be advantageously utilized to
i solate the sanple fromthe | aser conponents.
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Wth reference to FIGS. 2 and 4. in accordance with this preferred aspect
of the present invention. sanple system 400A preferably conprises a gas
sanmpl e cell bod‘y 406 suitably maintained within a gas sanple cell hol der
407. ReSPREVMFY cell windows 404 and Qg are suitably nodiTEE9A3¥FRe distal
ends ©of gas sanple cell body 406 and 7Zr ovi de optical access to tie the

sanpl g, Wt hi QRCEL' body. W ndows 404 and 405 al so suitably seal cell
body 4UBesientasii (i i scussed in greater detail below the region in which
syst em it | |t |y plaued is astigmatically conpensated. Gven this
asti gne on wi ndows 404 and 405 are not "active" optical

el ements which significantly alter or perturb the output the ILS | aser beam

except with respect to tr ﬁfé hpl et conduit 408 apd an outl et
?Q'ﬁc@onnegt@e'éié¥?))\}é1

conduit 409 are operative as cell body 406.~
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: {ute sheet - 22 ‘Sept enber 2000 Wth reference to
. couplings 408 and 409 are advantageously enployed to ensure
ient and ef ecti ve passage of a gas sarrpl e into and out of gas

y t em fgkgﬁ#a%{yﬁ gm%lr)\%r, f&abﬁyrg%fgﬂo%g%es &t ?x[\ﬁ,a}c ﬁm md&;ﬁ Gnodes, ie., G@Sa BRLECtI ON

esent Ion_can con nmoni tor a, flow ng gas
var i afsrelengh gsaiey r'ré%“"‘“Y» a desirpbiphapdyiiddoveg Whﬁﬂ@ﬁﬂ% é°°“‘FHb6‘§’F‘i“éH‘P“é? nmpgth " yse

f the gbdt s Menile BiS! tastr B0y coft Qo Gpeid@ Nith GREFah Yoadvbriresoingor ade, ssh is not
eration ngcess% heln al‘c§rd!uﬁ§ @F]th ?%Qefewgcp &e&ﬁ?ﬁ? léll;lfaor&gne?thcﬁ’%e yﬂt idedion) "ieSRddl ﬁlru)épl ch

Is differe spheric pressure or
the Pr e§8fmféesfﬂepp%ﬁl R&‘meéser 199. Pyirgldly. theaeptienb piramsises (w P5RE POPY JrBty: tlch a

gas power IEHBH mv@gehde alkDdyim dibkGeter) (ﬁﬁﬁdi}ﬁxgvli?;bﬂ 100 Ranthigéobiitemateh thoopaehiequi@- when

nonitorin Vi ng ff

pressur & g'ts afwgga?fr ?‘ﬁpp‘? f@ ?&ggb’ d\?\é% éslmcessgﬁ iE &%tldﬁ% thpgmom & cell
body 40@lelivkiedwithin a specific vshlatbhm,i abpgiven disigree @bmttnq@mms lpspesiop owoepwlaapegak

S arml e mamhm Rndpdi, %M&nwm&%sengﬁvea&d@ﬁmfemmaﬁwwe i@ hccdfance witthe

re ur hth ILLS |.aser was n IV as
n.f} gucg ?ﬂd @gagxma%ve NS ons such thgt pgg %E% A\%)]Ot is suétap seegag%dr beo agxigan
pressurgequlymktcltﬂmophta&fhrasmsncsm&\)asr@@& gnh to Iase (e.g.. when a vaccum

exi sts in t NeuGAGHe UGG 64 bilQ DYindQfdxt o kst Bddntidh, p&ﬂ%ﬁblﬂ,&%uﬁﬁﬂg)lhﬁr cel |

body 406 enabl es stabl e operation of .
100 1s selected on the basis of its operational wavelength and on its optical parameters in a manner such that it
can alone be used to excite ILS laser 500. As will be described in greater detail hereinbelow, in cases where

1# 15 pumping laser 100 is not effective alone to drive (e.g., pump) ILS laser 500, beam modification opncs, such as

beam shaping assembly 200, can be utilized. Heweve:
—Examples of beam modification optics include diffractive optics, refractive optics, gradient index

optics wherein the refractive index varies axially, gradient index optics wherein the refractive index

varies radially, micro-optics, and combinations thereof.—-
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the - .LLS | aser 500 for a gas sanple having a pressure which fluctuates.
Sui tably, cell body 406 conprises a stainless steel body-hevtng Ui S
suitably in the range of 10 15 to 90 nillineters (nm).|iREPABE Meth ngt

a particularly preferred aspect of the present inventiof.
system 400A defines an opening (i.e.. the opening in bogly|4@6 hayifsl? o

di aneter on the order of about one- ei ghth of ap iinch. Preferably
the opening in body 406 is symmetrically in the center ¢f ssanpl e cel
body 406. Preferably, the dianeter of the opening in cell body 4
Is suitably selected to be sianificantly |arger than ‘ the dianeter
of the incom ng beam such that optical alignnent of gas sanple system 400A
may be easily ob- 20 t amed. The thickness of wi ndows 404.

405 is suitably selected to avoid interferonetric effects which may inter-
fere with the quality of the ILS absorpti-en—spectrum obtai ned t hrough
operation of the gas dctection system10. In accordance with this
aspect the material used in formng wi H@ﬁmﬂs optimally chosen to
m ni - m ze absorption | osses i ,1 ver which ILS |aser 500

operates such as in the range of 1350 t Yl nanoneters (nn). For
exanpl e, wi ndows 404. 405 may be forned fron1an optically conpatible

mat erial, such as Infrasil[err] available from Research Electro
Optics of Boul der. CO that is highly polished. Wndows 404. 405
are suitably oriented at Brewster's angle so as to further mnimze
reflective | osses fromthe w ndow sur-

- - - N e - - . -

ed: However, in those cases where the radiation emanating from laser

100 suitably matches the pumping requirements (¢.g., mode volume) of the ILS gain medium contained within
ILS laser 500, such beam modification optics are unnecessary.
In accordance with one exemplary embodiment of the present invention, pumping laser 100 comprises
20 alaser operating at a wavelength, A,, (which is this. case is a solid state crystal laser, i.e., a Nd:YAG, operating
at approximately 1064 nm having an output power greater than about 2.8 watts with a TEM,, transverse mode
structure). Suitably, a beam E propagating from pumping laser 100 has a linear polarization and is rotatable
perpendicular to the plane of propagation. Preferably, the divergence of the output beam (beam E} from pump-
ing laser 100 is on the order of less than 0.5 mrad and evidences a beam diameter on the order of less than 5
25  mm. A particularly preferred pumping laser 100 is model T20-1054C from Spectra Physics of Mountain View,
CA. Asg will be explained more fully hereinbelow, use of such a pump laser 100 typically requires use of beam
shaping optics assembly 200.
€ It should be appreciated that driver 100 may comprise any suitable optical pumping source, either co-
herent or incoherent, continuous or pulsed, that will suitably excite ILS laser 500. As a result, even in accor-
30  dance with the previousty recited preferred embodiment, pumping source 100 operates in a conventional man-
ner and emits radiation over a desired frequency band and having a desired bandwidth. For example, pumping
laser 100 may comprise a diode laser. Use of a diode laser as a pump laser 100, however, typically requires use
of a beam shaping optics assembly 200,
With continued reference to FIG. 2, ILS laser 500, in the simplest case comprises an optical resonator
35 cavity defined by the entire optical path length between respective mirrors 501, 503, 505.

However, in those cases where system 10 is used to detect gases (contaminants) within the sample
which do not chcxﬁically react with the components of the laser itself (e.g., gain medium or crystal, mirrors, me-
chanical mounting, and the like), the resonator cavity can be defined by the region between mirrors 501, 503,
and 505. In such a case, the gas sample region (i.e., the region where the gas safnple resides) comprises the re-

40  gion between mirrors 501, 503, 505 (excluding the laser crystal 507).
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As ‘so ‘configured, gas sanple cell 406 suitably pernmts beamH to pass
t hrough’ the gaseous sanple to 30 be anal yzed. Couplers 408. 409 with
attached tubing are suitably sel ected tg provi de easy adj ust mrent such as

may be rqgulh gﬁ&t ehelpFitnt b n%gzr cmgp lc é‘n,evE%ﬁ Cf%hmfgbou‘ﬁ shaser

500 wi t hout &{ ?
condi t i ortsout P °I'Q§§t§r4§ﬂf SP?P&WW“ erg - Blpput @é%@‘%éﬁéﬁ"‘é system 400A i s enpl oyed,

is suita- prefembtybhﬁ&oﬂﬁfslc&eﬁixséax fiktREred? (USE £ 3. vdaﬁ?gmcmmeerbnmmer@h&m'é01

503. 505 di the L ser, crys regi on
et ween AiPHABLE o s B3 Wbt it S p G cro9e infor dssieg e
conpri se gidn@téampbfehc ILS laer 500, sy.SewmenllOfiind atidonistomm. Thevtietgdr 98 ebminbreios t he
sanpl e doegiRlundoliedn cal Iy react with the | aser conponents t he
sanple cell may nomnally be defined by the physical regi on between mrrors
501. 503. and PEHB Yrsé":,f"ﬁ&*d’f‘“’m' 505 are 3“““?‘V\‘)’é4g§d Onie aga05t RFj O 3t AL WELe P {FE LT °607) .

about 0.5 to about 3.0 degrees, optimally about 1.0 degree. The present inventors have found that wedging such
surfaces in this manner tend to minimize undesirable reflections which may lead to interference effects.

Mounts ‘502, 504, and 506 enable mechanical adjustrment to optically align the ILS cavity within
chamber 400. For example, the present inventors have found that the efficiency of the ILS laser 500 is opti-
mized for a laser configuration in which mirrors 501 and 505 are aligned for a beam incident angle of about 0°
and mirror 503 is aligned for a beam incident angle of about 12.5°.

Through the appropriate design, placen.xent, and configuration of mirrors 501, 503, and 505 beam H is
substantially parallel (i.e., collimated) in the region between mirrors 503 and 505. As a result, sample system
400A can be inserted within the intracavity region without significant deleterious effects in the performance of
ILS laser 500. It will be appreciated, however, that the distance between any reflective surfaces (e.g., mirrors
and windows) within the ILS laser S00 must not be such that any interference occurs inside the ILS laser. Inter-
ference patterns are produced if the distance between the reflective surfaces equals an integer of number wave-
lengths comparable to the wavelength at which the ILS laser crystal 507 operates.

As described above, ILS laser crystal 507 preferably operates in a wavelength region suitable for de-
tection of the contaminants contained within the gas sample (¢.g., water vapor) over which a signature absorp-
tion spectrum can be obtained. As previously mentioned, laser crystal 507 generally exhibits the properties of 2
multimode laser system. It will be appreciated that the mode spacing of output of the laser crystal 507 is re-
quﬁed to be small enough to accurately represent the absorption features of the gas sample. Light produced by
laser crystal 507 typically has a mode spacing of about 450 megahertz (MHz) to about 550 MHz, preferably
about 500 MHz, thus ensuring accurate spectral replication of absorption bands. While any crystal may be util-
ized in the context of the present invention, a Cr*:YAG or Cr™:lutetium (Lu)AG laser crystal may be optimally
used in connection with the present invention (e.g., for the detection of water vapor in HCI). Moreover, other
hosts for the Cr™ ions may be used and other doped ions into these host crystals may be substituted. The present
inventors have found that the low gain efficiency of a Cr*™ system in a garnet host {e.g., YAG or LuAG) can be
operated successfully as a laser using a crystal that is on the order of about 10 to 30 mm in length and 5 mm in
diameter. Preferably, the doped concentration is in the range of about 0.10% to 0.30% in such garnet host. A
particularly preferred laser gain medium 507 comprises a Cr*":YAG or Cr*":LuAG crystal cut at Brewster's an-
gle to minimize reflective losses. More particularly, a Cr*":YAG crystal cut at Brewster's angle (¢.g., for a crys-
tal refractive index where n is about 1.82 and 8, is about 61.20) having a crystal length of about 23 to 27 mm at

about 2 0.15% dopant level has been found to be particularly advantageous in the context of gas detection sys-

—_— REPLACEMENT SHEET
This Sheet Has Been Replaced TIPS STELT HAS BEEN | 01 ni 197
i e |




Substitute sheet - 22 Septenber 2000 It w be appreci ated
that .it.i's necessary that any gases (contam nants) withijn 0 [
R QUCﬁM %gﬂa

are to be detected are suitably renoved or elimnate

absorption spectrum of the sanple obtained t hrough yse of the gas
detection system 10 is accurate as to the amount or pregericd &fﬁ%dﬁ% gases
(contam nats) within the gas sanple conggined within system.400A__1n

accordance with a preferred aspect of 5 t he present invention chanber
400 advant ageously evi dences a seal ed contai ner which canr-be-either purge

of gas(es) (contam nant(s)) to be detected or evacuated to renove }
gas(es) (contamnant(s)) to be detected or in whi ch the | evel of
gas(es) (contami nant(s)) can otherw se be reduced below the | evel to be
detected in the sanpl e system 400A. Conti nuous renoval of the
CoRLAFN I, for exanple. by gattering, as descri bed
more fu FJAI%%FQMR brese'nm eation. Referring to FIGS. 2 and 4. in accordance

Wi {-mepﬂeebébﬂled IsabagsaRE070hat &8 B G588l efayl% $ed ﬁﬁme'ﬂf&em inventiG{' 3P %f
SUI ta onpri ses a COI’I{‘l al ner ase

400 (excl u e sa Ie system 400A
of%llg e th %&@P O, CrIAGRESH S AGe EmGSﬁﬁs EA’OXLB}OBE&W’*%& abl y

PO IVRRRG, bt Wﬁ“ mPRfly 3, a

position reII_{ai)tl‘\t:Ig1 tot egff)ptl caI reséﬂxé 8&’ ngar e'nae;t? gﬂélpev}"?l

CoPm#iTh1: YbEs dnfOglans) -TmSCa 10 SOAPLTN*: YOS, Tm™:YSGG, Tm*:YAG, Y'b’*.YAG,
CrForsterite, Er:Yb:Glass, Co®":MgF,, Cr*":ZnSe, Cr**:ZnS/ZnSe/ZnTe, Ti**:AL,0,, and Ni**:BalLiF 5

Laser crystals 507 currently available, while improving in efficiency, have considerable losses associ-

ated with them, The losses translate to heat. In accordance with the present invention crystal 507 suitably is

-_
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conprise stainless steel or alumnum Top 410 is advantageously secured to
body 401°in accordance with any 15 conventional technique : >

permt evacuation. purging and/ or further renoval of conta

wi thin. For exanple, a gasket 410A or other suitable means

seal ing devices (e.g.. nechani cal assists netal sed

and the like all not shown) nmay be enpl oyed for such purpo$
base 401 and top 410 are effectiyely sealed prior
user in a relatively tanper-proof manner. For the purposg of purging or

evacuating chanber 400 an inlet 411 for vacuum punpi ng and/o 0

as well as an outlet 412 for vacuum punpi ng and/ or purging are provide

W ndows 402. 403 are suitably disposed in the walls of container 401,

t her eby providing optical ac- cess to ILS chanber 400. Preferably

wi ndow 402 is suitably provided with an antireflective (AR) coating on

the order of about 1000 to 1100 nm and optimally about 1064 nm On the

ot her hand, w ndow 403 preferably conprises an optical w ndow

Wi t hohgse efffL\Rsec 5% ronagditighalroedification of the antriut efldkiver defsis geeesshry. Glopévay ikBosh Or NMaIXI -
25 lcaéalm&ertﬁmﬂmnﬁsx @ phs xﬂghﬁm\ﬁamdne&@mob @af i tarlsfBrrdah e GRS G Grecick® b %.I,m”m
imlar e naxi hmm

tr anscﬁisﬁéogr#‘]’f?\f‘@? sufiably ‘6‘;5“3&&"?‘3‘&%1‘“ lgﬁ"é’ﬂ%ﬁlﬁ' FaEt gﬁh"b?‘gﬁﬂ‘équ_‘fsﬂ PEFB®r 500

(e. g.laser] BB (Chemmriodification system 2@fbwuy be gtgxgqy tm@cmtate such volume matching. Nor e

o A’ OB RS LTI Sl e i st

syste SUi npr'iSe pur ging
or evptitkawvhagirstel Rbhaiveonisi ﬂﬁiesdditiallvy hudienp ifdk cptich whiesdin the refractive index

varies radially, micro-optics, and combinations thereof.--
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30" " the | evel of gases (cont aifn' nants) is bBE%CFMgNTt%ﬁﬂ tiet ect ed 'I

gas sanple within the sanple system It Wi TT"Bg] appr eci at ‘edt E}
the I oss contributed by the gases in the ¢hgniflef 400 ‘047 |{ bp conpar abl et i
| oss con- . ‘ tributed by the gasg ?ql t he gas sanpj ef cel | body 406

when the ratio between (1) the concentratdion of gases In ~ the
chanber and (2) the concentration of gases in the gas sanpl g celelitsisouesti s
equal to fe béaaitmaifbsicnecem 24) préfbrebly comprises an oph‘ﬁngf:hopefuseﬁﬁl&: PMizd Ye (aidm&u

bet ween rﬁefx\regsd gﬁ@% 1a§9‘§06%53f %&Em{t&g’)e%u t?ph%%é adf E{ mtg Q‘gtcprregngctméqud H‘t Ume oE?‘%ﬁr

beam tr
cases V\/n e&“@ meiamobe Beilaseintreciispiyr heaa gwmneqn SygIOI00 isjugeditasaltatheruaping it

wat er | evgrldsvet moe&kamthe requirements oPIES ladd6oobe reduced bel ow those whi ch are
cont ai ned Wlthlln e sa

grgqance sent nve
tion detection Ia‘éc\? ers° ot rﬁp}hégrese{ﬁﬁ%i’n C"fﬁ (ol (’#%B‘B’ ¥ %m Oﬁr"g‘g ’Epné%fsa)begrr‘ &
obt ai nabl g;nduwpﬂ{:seop&rsyecmgquykm owincagrs where pumping laser 100 comprises the preferred Spectra Physics
diode pumped solid state crystal laser and ILS crystal 507 comprises a Cr** YAG or a Cr*:LuAG crystal, beam

expansion of the pumping laser output maybe necessary.

As shown best in FIG. 6, system 200 suitably comprises a series of lenses and adjustable apertures. In
particular, a frame 201 is provided which suitably includes respective upstanding walls into which respective
variable aperture devices 202 and 2035 are suitably provided. While any appropriate means of varying the aper-
ture of the opening into which the output (e.g., beam E) of laset 100 enters or exits system 200 may be em-
ployed, suitably, devices 202 and 205 comprise conventional aperture varying devices. System 200 also pref-
erably includes a focusing lens 203 and a collimating lens 204. Preferably, lens 203 comprises a focusing lens

- and lens 204 preferably comprises a collimating lens both of which have an AR coating at the wavelength, A,
e.g., at about 1000 to 1100 nm, optimally about 1064 nm. As shown in FIG. 6, lenses 203 and 205 are suitably
attached to frame 201 to permit their respective alignment within beam E.

With continued reference to FIG. 2, in some applications, it may be necessary that the incoming beam
be appropriately focused into the laser gain medium (e.g., ion-doped crystal or glass) 507 within ILS laser 300.
In accordance with the preferred aspect of the present invention, a focusing lens 206 may be advantageously
mounted in a laser lens mount 207 such that the focusing lens is suitably located within the path of beam F. In
accordance with a particularly preferred aspect of the present invention, focusing lens 206 suitably comprises an
optical focusing lens with an AR coating centered about a wavelength A, e.g., between about 1000 and 1100
nm and optimally 1064 nm coating. Focusing lens 206 may be suitably configured to evidence a plano-convex
or convex-convex configuration.

As will be appreciated by those skilled in the art, the quality of the quantitative information obtainable
through use of the gas detection system 10 depends, at least in part, on stable operation of ILS laser 300. In the
context of the present invention, the stability of laser S00 depends directly on how reproducibly ILS laser 500
reaches threshold. Desirably, pumping laser 100 suitably pumps LS laser 500 continuously near threshold
where its greatest sensitivity may be obtained. However, not all drivers are capable of reliably operating in a
continuous fashion. [n addition, operating continuously tends to require substantial effort to mainrain amplitude
and wavelength stability of the ILS laser 500 which may have an adverse impact on cost and thereby produce an
adverse impact on the commercial viability of the gas detection system 10.

As an alternative to operating ILS laser 500 continuously, and in accordance with a preferred embodi-
ment of the present invention, the [LS laser is operated in a "pulsed mode” or a "chopped mode™. As used

herem, the terms “pulsed mode” and “chopped mode” refer to processes for reproducibly exposing ILS laser 500
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SUbSt Int ut e Sheet _ 22 Sept enber 2000 - . her eaf t er dev| Sed --'I:--"_.-._--._--.,-....‘ ;

renovi ng contam nants (e.g., water) fr om chanberr49¢- \CALIUUItv ______
syst em 400A) can be practiced within the contextf-BEPkATEM j

preferably. chanmber 400 is appro- pri ately seatred—amd-rne

such as nitrogen are punped therein. In sone insaHCQ§@|Q”pam5pe

to - further evacuate the chanber 400 so as{tq create vacpu

renoves substantially all contam nantsggn- 5 tar nea-rhererm.

may be useful to heat the chanmber 400 whil e evaguating. Applicati

heati ng or "baking" will enable a higher ['evel  oT "vVacuurmrto be
achieved if the chanber 400 is subsequently cooled while continually

bei ng egﬂf@g{,,zépe #5‘&( @legfc%ﬂ %&wo%&f Ciim® Whérkingnidampeatdian (0% @ngsise

i nvent |

may be advant ageousl I
camﬂ&ryéﬁpma@erm @ﬂbdedﬁmtﬁwgmhpmomlsu);@rﬁt %%méﬁog@; o M‘“ Y% \?\1?/ &&bt he
hanb As Il b . I 3 h t .,
Scﬁowemr AFrES6GeErRNLE, 11 ?‘l AR s R i %?o% ‘Zgijﬁg
e, b t Tm>t gad’] arm matk S
wﬁ?h?&g’tg’hconcentr ﬁ1t Yﬂ? h?ﬁb {Tb fyma el }1

hat is to be detectedlnt cel l
4%”( ¥OS, Tﬁ%@@aﬁnﬁﬂYm )Yb”’ YAG, Cr:Forsterite, e Y bj&dassa 9 PeMggz, 5@?{2@6

comuni cated to sys 4 necting a gas Ilne to connectors 408
105 Zas Anse g, TheAGl A0S BATERa: oy st om 400A

--12. (New) The gas detection system (10) of Claim 8 wherein said pump laser (100) has output
that is shaped by beam shaping optics (200) selected from the group consisting of diffractive optics,
refractive optics, gradient index optics wherein the refractive index varies axially, gradient index optics

wherein the refractive index varies radially, micro-optics, and combinations thereof.—-
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br'iqefly mentioned above. ILS sensor 500 suitably optically detects
gaseous species (contamnants, 1 5 eg., water vapor) contained in a gas
sanpl e pl ace_d—w—t—m—ﬁ—cha‘rrber—zroo In accordance with the present inven-

tion. ILS | as orrprl ses a crystSabstigsersheet- thMasoRr 268ht ed
in a crystal }!I lﬁ!‘i}, 507 |s“s’ﬂT‘t—abT“y'"ﬁ'D‘UTTt“e'd"““ﬁ’e‘r7st al

hol der 508 su 7 also is optinally pl eﬁgpméﬁq@r I to
ab y

the incom ng bean. As previously nmentioned, the inco

shaped either by operation of punp 106FTME hr ough ude oF Heam SHapihg
assenbly 200 such that incoming beam F suitably matches the H@deﬂMQO
vol ume of thgyhdscQiiedsMedi Um (e. g. crystal 507).

In general, ILS laser 500 is suitably configured suc
in the intracavity reglon_ls substantlally p
astigmati gal |y cohpfetisdseswp-sisep-tidendeitpinpitemfrerpe-2rHeesy SHPPTD t he
gas sgople, e. g as contalned W t hin systen1400A VW|Ie a variety
of optical configurat Q0N dBV pl oyed for t his purpose these
mrror configurations have heen fc L 0. be partlcularly advantageous Such
a configura- 25 tion permts. '

t hat the | aser
raIIeI

¢am

the ILS | aser beam t huSrapernrstesHf [Civiis

Opt i cal dondiedli-GRiesRAriOeSapidsmite-(DTEe: $udigein-cR0-bat-wiirh-editsrmiddaserici 0
and generati of a | aser beam Whl chis substant ially par al | eI as
it is directed to the WA

| n accordance wit h th| S/ aspect

; =3+ A method for detecting the presence of gaseous species in a gas sample containing corrosive gas,
comprising the steps of:
(a) selecting a spectral region wherein (i) said gaseous species has at least one absorptien
25  feature and (if) said corzosive gas has essentially no interfering absorption features;
(b) providing a laser (500) comprising  laser cavity (5) and a gain medium (507) which re-
sides therein, said gain medium (507) outputting light having a wavelength distribution at least a portion of
) which is in said selected spectral region; _
(c) providing a gas sample cell (406) having windows (404, 405) which are transparent to - -
30  lightin said selected spectral region such that a beam of light can pass through said gas sample cell (406);
td}‘inserting said gas sample cell (406) iu said laser (500) such that light output from said gain
medium (507) passes through said gas sample prior to exiting said laser cavity (5},
{2} inserting said gas sample containing said corrosive gas in said gas sample cell (406) such
that light output from said gain medium (507) passes through said gas sample, said gas sample sealed within
35 said gas sample cell (406) such that said corrosive gas does not react with said laser (500); and
{f) directing said light output from said gain medium (507) after exiting said laser cavity (5) to
a detector assembly (700) for determining the presence and/or concentration of said gaseous species in said gas

samnple.
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- EPLACEMENT SIEET |
501; al so has a coating th tR'e!flfALé‘ Vély “mIOJl des an the order of about

99.8% to about 100%refl egtifvit i,n t he desired spectral region of
operation of the ILS laseri 300 &g i8bout | 1350 to about 1550 nnj.
Suitably mirror 0 rorrpr| Ses_a_fopcasSebstitute Ehedtor 7eWaraN 2000

mrror 501 may have a radjus of curvature (ROCof—abour 10

centineters (cm and a di ter.on the order of about 1.0 to about 1.30 cm
Preferably, mrror 503 corrpris&s a 35 folding mrror which is

confi gured si g asshe mohdlliof Cigti F5ekei0@Al chiRivedasbiiinkeak gas efeb@ChkdnORe ARLIAG. | N

;{s‘r:g(r)?aggg . o8 of ECL N/, BB, ﬁopé&icﬁg&tégsggaﬁe% sogfcx,,td?@ dti’b CHB6E i, W@, @8, HBe
99. 8% to about": 58”?{5\7@% ?ﬁeé gaé-f fda é’[fé I g‘%ééqu %CNO@BD}&? Pis7d o

1550 am. CH, X, where X is F or Cland x equals 1 to 4.
14 s 1
__3z $-The method of ClaimZ-wherein said gaseous species comprises water,
2

f—:.. &+ The method of Claim.‘::whcrcin said selected spectral region is selected from the wavelength region
between abaut 1420 and 1440 nanometers.
10
___5=__ =PrA gas detection system {10} for detecting the presence of gaseous species in a gas sample containing
corrosive gas using the method of Claim*% said system (10) comprising:
R (a) said laser cavity {5)
(b) said gain medium (507) which resides therein, said gain medium (507) outputting light
15 baving a wavelength distribution at least a portion of which is in said spectral region;
(<) said gas sample cell (406) which is contained in said laser (500);
(d) conduits (408, 409) for inserting said gas sample containing said corrosive gas in said gas
sample cell (406); and
() said datector assembly {700) for determining the presence andfor concentration of said

20 gaseous species in said gas sample, said light output from said laser (500) being directed to said detector assem-
bly (700).
¢ 5
____6_____ 85 The gas detection system (10) of Claim & wherein said gain medium (507) is pumped by 2 purp la-
ser {100) selected from the group consisting of & solid state crystal laser and a diode laser, .
25 5 ‘
7 =9=The gas detection system (10) of Ciaim?wherein said laser cavity (5) is contained within a chamber
{400) configured fo be evacuated of said gaseous species to be detected.

N7 . 5

8 =H-The gas detection system (10) of Claim ¥ wherein said gas sample is contained in a region of said

§

30 Iaser cavxry (5) which is astigmaticaily compensated to reduce astigmatism in said light output from saxd gain
medium (:07)

RO
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Pgerably mrror 505 conpLi.ses Mrror (ROC = [err]). Wth
‘ ~! 1 ror 505. the side facing mrror

505 is advantageously priov,.ded flective coating in the desired
spectral region for} | b | aSubstifite shept -bEMareh 205D and
about 1350 nm The ot her | of mir rior 5057TS sultabl'y uncoat ed.
5 Prferabl y} s ‘ f r 505 are suitably wedged one
against the other at an & of about 0.5 to about 3.0
degrees. optinmally about A . e present inventors have found that
wedgi ng such surfaces in thls manner tend to mnimze undesirable
reflections which may lead to interference ffects Mount s

502. 504. and 506 enabl e nechanical adj usum=:=|‘1th t| ca ({anﬁhhggm&{;gs LS
cavity wit hﬁnaawemc)mhsmﬁéwnmst@%}m AP “F‘ﬁém entors have
f ound th €rySkf Mg&pgaccga £biind kSup @EEInEBOCK: ”s';méqst'ﬂAG @ YSOnCs 6§ A Por a
| dser Qgratlon I n {%%pé}g%ﬁ éﬁlH%nQ§885H@Wﬁﬁattgnedmfﬁm”&ﬂbeam

i nci dent ﬁlh B f EsGRitE Bf e )
Tr'":Ho'YAG, Tm'™: CafY SOAP, Tm'":YLF, Tm™:Tb™:YLF, Tm'glass, Tm'™:Ca La SOAP,
Co¥:MgF,, Cr iZnSe,

Td™: YOS, T YSGG, Tm'™YAG, YBYAG, Cr:Focsterite, Er:Yb:Glass,
CémZaSiZaSe!ZaTe, TiALQ;, and Ni*:BaliF,.—

£
10 —E=LdewyThe gas detection system (10) of ClaimS-wherein said pump laser (100) has output

that is shapéd by beam shaping optics (200) selected from the group counsisting of diffractive optics,

™~ refractive optics, gradient index optics wherein the refractive index varies axially, gradient index optics
wherein the refractive index varies radially, rxiicro—optics, and combinations thereof.—
L
N
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and myror 503 is align -fjci dent angle of about 1 2.5[err].
Through the appropria %E@gggm{:hﬂ ateeht{ and conflguratlon of mrrors 501.
503. and 505 beam H i stbstantijal |y parallel (i.e.. collimated) in
the re_gl on between m pr ,{50@- ﬁ(% 5.1 As a S@by’aiute%hléb’teﬁyﬁ\pﬁlmooo
400A can be inserted Wi thiln® tfe intracality region w thout significant

del eterious effects inm t e pf 15 ILS | aser 500. It wll be

appreci ated however that the distance between any reflective surfaces

(e.g.. (mrrors Within the ILS | aser 500 nmust not be
such that any interference occurs inside the ILS |laser. In-

terferen Qﬁerpﬁ.ﬁﬁpﬁc* na%er@[)@ is H&t Qﬂ‘é&ﬁﬁq}oh; totdnee (g g 3;5%&8)9[1,9 ﬁge\f\@&ﬁ betaQQnoﬁﬁutx :frpwtxé./s
surfaces eq ueLI inte of nunbe el en S cor‘rl)? able to the
wavel engfi® &i°Hhi ?ﬁngt"ﬁsé W@"i %%?r““&%”%s‘%"é’l”?‘ﬁo’f b‘ﬁﬁ‘é‘%‘(%‘m opties ehude difacive

As descr pyvied refipasiveoptitsl Sadieasiedex optiysiiateinShy e fordk drdabiayiesapiatyagratient indea optics
wavel eng tvberen‘i @xg Qe lnh@(bvjm%s fraq{allyd gncro-%gcs, an(i%%ﬂuﬁ@o %eréop eH&iQ:Oér axmtﬂa@encta&

cont ai ned WI&EI n the gas sa qﬂ wat er vapor) over which a si %nature
absorp- Y tl°i°6ﬂa“§‘i5‘§3?‘? ?’rf ﬁ““B Y BHehat ‘ﬁ%ﬂ‘mﬂ%mﬁ}’r‘r@‘i‘}?"&&% FoifeRmeré d

| aser cr ysiled ga’@@{eémm]contag:eﬂemaﬂ 1L§11aex5®b,budh$eatnheodﬁim‘pe¢sntmsas: ubfecsary.

mul ti node | as i reciated that the node spacing of
out put of t heﬁl glc?e/drg&ccr W ?m F‘*%Eh“’ °r§b°g§‘8m ofthe present TP EE BE SPPPERough
t 0 accurwdes! SFeREpREs ermeicmeaamm pthisopsefsgatliy ses: cofaltidie. igas NgAMNE. eperalingght

pr oduceda yproximarely 1064 hxaﬁﬁrlfng ek Mﬁu?ﬂowé ?ca&b’tﬂinca%ulz Y s BAS win %W&r@%a@g

about 45 a a erably 25 about 500
thus ensgr?ll ng a%%hlf %mm% P?"é‘fn"?@‘ﬁl"f“&%{f@lﬁs b&oé‘ﬁssao?“ﬁirlpﬁlﬁ“’a‘éﬂ?ﬁd SVRFPRE any

%dt al mﬂwf to the plane Oupfpﬂagme;td Preferdblyethe divergsats aifihet dugpupbeamebdami EyviRdat | on.

[ er rﬂu)ﬁ%ﬁd@is:xabb@d’ d'n] the drdét &tlésyﬁln(d-yég’d a?@g{deﬁxﬂaw dx%ﬁt){e' ke tl?%rde' f less
tlmall &m |n conne 0 \gl th the present 1 nvention ; ?1
det ect i oRi O? Rat* gamcu aﬂ‘f’ ISJK{] S ﬁ@mmg'\}ﬁf e189/§|m°<1°’ T20-1034C from Specura thsxcs of Mountain

View. CA. As will be cxplamcd moere fully hereinbeiow, use of such 2 pump laser 100 typically requires use of
beam shaping opucs assembly 200.

It should be appreciated that driver 100 may comprise any suitable optical purping source. either co-
herent or incoherent. continuous or pulsed. that will suitably excite ILS laser 500. As a result, even in accor-
dance with the previously recited preferred embodiment. pumping source 100 operates in a conventional man-
ner and emits radiation over a desired frequency band and having 2 desired bandwidth. For example, pumping

laser 100 may comprise 2 dicde laser. Use of a diode laser as 2 pump laser 100. however. ypically requires use
of a beam shaping optics assembly 200.

With condnued reference to FIG, 2. [LS laser 500. in the stmplest case comprises an optical resonator
cavity defined by the entire optical path length between respective mirrors 501. 503. 505.
However. in those cases where system 10 is used to detect gases (contaminants} within the sample

w which do not chemically react with the components of the laser itself (e.g., gain medivm or crystal. mirrors.

mechanical mounting, and the like). the resonator cavity can be dafined by the region between mirrors 501,

503. and 305. In such a case. the gas sample region (i.e.. the region whers the gas sample resides) comprises
the region berwean mirrors 301, 503. 503 {excluding the laser crvsial 307).

However, for gas samples containing corrosive gases. i.e.,
more of the laser

gases which chemically react with one or
components. it is desirable to separate the zas sample region from such components (e.g..

gain medium. mirrors, etc.). In accordance with a preferred embodiment of the present invention. a separaie

sample system 400A may be advantageousty utlized to isolate the sample from the laser components.
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ot her ;hosts for the Cr[err]

t hese host crystals may be subst.i

have foéund that the | ow ga
host (e.g.. YAG or 30

using a crystal t hat
|l ength and 5 mmin dianete
range of about 0. 10%to O.
particularly preferred | ase

is anijt

ions may be used and ot her doped ions into
present inventors
CIORENTCSHBET 4 Cr[err] systemin a garnet
per Subdtitute sheet ul1l4y Apsil 2008ser
ord gRko 10 to 30 mMmin

.i/ ferab%y tihel doped concentration is in the
ICT( LW s DR such garnet host. A

r gain nediunp 507 conprises a Cr[err]: YAG or

REP

oY,

Cr[err] LUAG cyst al
e oot Ve | AR el

Br ewst er'

AL

Gt Brewster's angle to mnimze

t%é:ylxxggcl:%fdaﬂc‘%{hqu;g% ﬁX&r@e SF @k pfebthe @ention,

ractive i ndex mhere n

i's abomtm!zlc Soeggos é?‘?‘f‘[’lé Fyrprifesa gap Haplesdl td)40f &WWM%W SGP 2|25 gTRe

35 R0 tblder 30t (Redpber LA wiriBOLU04 &m&o; 1:5 Yaighp Abiniel 6V @k disaiSentod Rasf samﬂd t o be
par ti cul gLy Belyala0eous 0 Lhe oM XL e oo oy, winluelaBl Lo HSEESLA0
system I'n accor pre
. seal czll body 406. As wﬁi be discussed in greater de:azl be‘ow the n,gion in which system 4002 is suitably
pia::d"xs astigmatically compensated. Given this astigmatic compensation. windows 404 and 403 are not
"active® optcal elements which significantly alter or perturb the output the ILS laser beam except with respect
to transmission. An inlet conduit 408 and an outiet conduit 409 are operativaly connected w gas cell body 408.
7/
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Exanpl.es of other |aser crystals 507 that can be suitably enployed in the
present invention are as follows: C:TmHo: YAG C[err]:YSO OCr[err]:YAG
Crferr]: YSAG Er:GSGG Er[err]:YLF, Er[err]:Yb[err]glass, Ho[err]:YSGG

Ho[err]:Tn{err]:LUAG Tnferr]:Ho[err]:YLF, T8ubstifuteishest } 14ASpril 2000
Trierr]:Ca Y SOAP, Tnierr] :YLF, Tnferr]:Tb[err]:YLF, Tnierr]

: gl ass,
Tnierr]: Ca LiaefSE@AR mifa{ser wihprns¥QRa MinpeROL:¥8GEjth Eifearend FIGAG onedfeax mjr- : YAG
Cr: For Sltoﬁfolattﬁe suﬁrtacy‘{% ng‘ra'%& xs 5: sh E\[u?cﬁ lzvllh Qe&l&:ﬁ@ ca:zx'ﬂ§?n the desired spectral
Cr[err]:znS/ ZnSe/

o yat al SSSDY Bk G §S APt mh R Tt

consi deswh seitdbyasegiedissoci ated with them The | osses translate to heat
accq dance %&ngibmgegm::r 365 ‘?e%ka@x@ w%z)f@&n@lwaﬁx@&he%ﬁx’ertﬁm M\O!cgn the order of

about 0.5 1o about 3.0 degress, optimally about 1.0 degres. The present inventors have found that wedging such

In

surfaces in this manaer tend 10 minimize undesirable reflections which may lead to interferencs effects.
Mounts 302, 504, and 506 enable mechanical adjusument to optcally align the ILS cavity within
chamber 400. For example, the present invenrors have found that the efficiency of the [LS laser 500 is opti-
10

mized for a laser configuration in which mirrors 501 and 505 ars aligned for a beam incident angle of about 0°
and mirror 503 is aligned for a beam incident angle of about 12.5°.

Through the appropriate design, placement, and configuration of mirrors 301, 503, and 505 beam H is
substantially parallel (i.e.. collimated) in the region between mirrors 503 and 305. As a result. sample sysiem
400A can be inserted within the intracavity region without significant deleterious effects in the performance of
TLS laser 500. It will be appreciated. however. that the distance between any reflective surfaces (e.g.. mirrors
and windows) within the ILS laser 500 must not be such that any interference occurs inside the ILS laser. In-

s

terferencs patterns are produced if the distance between the reflective surfaces equals an integer of number

wavelengths comparable to the wavelength at which the ILS laser ¢rvstal 507 operates.

e e As described above, ILS laser crystal 507 preferably operates in a wavelengih- region suitable for de-
20.. .1 tection of the contaminants contained within the gas sample (e.g.. water vapor) over which 2 signature absorp-
ton spectrum <an be obtained. As previously mentoned. laser crystal 507 generally exhibits the properties of a
multimede laser system. It will be appreciated that the mode spacing of output of the laser crystal 307 is re-
quired to be small enough to accurately represent the absorption features of the gas sample. Light produced by

laser crysial 507 typically has 2 mode spacing of about 430 megahertz (MHz) to about 350 MHz. preferably

25 © .about 500 MHz. thus ensuring accurate spectral replication of absorption bands. While any crystal may be

utilized in the context of the present invention. a Cr'™YAG or Cr™ihutetium (Lu)AG laser erystal may be op~

timaily used in connection with the presen: invention (e.g., for the detection of water vapor in HCI). Moreover,

X other hosts for the Cr™ ions may be used and other doped ions into these host crystals may be substituted. The

present inventors have found that the low gain efficiency of a Cr' system in a garnet host (2.g.. YAG or

LuAG) can be operated succassfully as a laser using a crysial that is on the order of about 10 to 30 mm in

30

length and 5 mm in diameter. Preferably. the doped concentration is in the range of about 0.10% to 0.30% in
such garnet host. A particularly preferved laser gain medium 307 comprises a Cr™”
cut at Brewsier

‘YAG or Cr'™:LuAG crvsal
s angle to minimize reflestive losses. More particularty. a Ce: Y AG crvsial cut at Brewster's

angle (e.z.. for a crvsial refractive index whera n is about 1. 32 and €5 is sbour 6 1.20) having a ¢1¥ stal length of

about 23 to 27 mm at about & 0.15% dopant level has beeri found to be particularly advaniageous in the context
of gas detection system 10 in accordance with the present invention.

35
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Examples of other laser crystals 507 that can be suitably employed in the present invention
are as follows: CrTmHo:YAG, Cr*:YSO, Cr*:YAG, Cr'":YSAG, En:GSGG, Er":YLF, Er":Yb™:glass,
Ho™:YSGG, Ho™Tm™:LuAG, Tm™Ho™YLE, Tm’":Ho™:YAG, Tm’:Ca Y SOAP, Tm’":YLF,
Tw*™:Tb*:YLF, Tm™:glass, Tm™:Ca La SOAP, Tm’:Y0S, Tm™YSGG, Tm':YAG, YW™:YAG,
Cr:Forsterite, Er:Yb:Glass, Co®™:MgF,, Cr*:ZnSe, Cr*":ZnS/ZnSe/ZnTe, Ti*":A1,0;, and Ni*:BalLiF;.
Laser crystals 507 currently available, while improving in efficiency, have considerable losses associated
with them. The losses translate to heat. In accordance with the present invention crystal 507 suitably is
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front of the single channet detector. The intensity of the light transmitted through the spectrometer assembly
600, i.e.. the output of the spectrometer assembty 600, is recarded as the dispersive optical element is scanned.
With reference now to Figure 2. as previously mentioned. the gas detection system 10 detects the
spectrally resolved region over which the ILS laser 500 operates once pumping taser 100 causes the LS laser
to operate at or near its threshold level. In cases where the optical characteristics of driver 100 suitably match
those of ILS laser 500. no additional modification of the ourput of driver 100 is necessary. However, in those
cases where the volume of the pumping radiation from driver 100 that is ransferred to the gain medium (i.e.,

crystal 507) does not suitably match the volume that must be optically excited within the gain medium of ILS

laser 500, beam modification system 200 can. be utilized to facilitate such volume

matching. Examples of beam modification optics include diffractive  optics, refractive optics,
gradient index optics wherein the refractive index varies axially, gradient index optics wherein
the refractive index varies radially, micro-optics, and combinations thereof, In its simplest
form. beam modification system 200 preferably comprises an optical telescope useful to optimize the radiation
delivered to ILS laser 500 by focusing the required photon density into the corrsct locaton and volume of the
gain medium of the ILS laser. Specifically, beam modification system 200 is used to alter the pumping radia-
ton of driver 100 to mest the requirernents of ILS laser 300.

In accordance with the present invention. beam modification system 200 may comprises a beam ex-
panding telescope. Specifically. in such cases where pumping laser 100 comprises the preferred Specura Phys-
ics dicde pumped solid state crystal laser and ILS crystal 507 comprises a Cr'™” YAG or a Cri:LuAG crystal.
beam expansion of the pumping laser output maybe necessary.

As shown best in FIG. 6. system 200 suitably comprises a series of lenses and adjustable apertures. In
particular, a frame 201 is provided which suitably includes respective upstanding walls into which respective
variable aperture devices 202 and 205 are suitably provided. While any appropriate means of varying the aper-
ture of the opening into which the ourput (e.g.. beam E) of laser 100 enters or exits system 200 may be em-
ploved. suitably, devices 202 and 205 comprise conventonal aperture varying devices. System 200 aiso pref-
erably includes a focusing lens 203 and a collimating lens 204. Preferably. lens 203 comprises a focusing lens
and lens 204 preferably comprises a collimating lens both of which have an AR coating at the wavelength, A,
¢.g.. at about 1000 to 1100 am. optimally about 1064 nm. As shown in FIG. 6. lenses 203 and 205 are suitably
attached to frame 201 to permit their respective alignment within beam E.

With continued reference to FIG. 2. in some applications, it may be necessary that the incoming beam
be appropriately focused into the laser gain medium (e.g., ion~doped crystal or glass) 507 within ILS taser 500.
In accordance with the preferred aspect of the present invention. a focusing lens 206 may be advantageously
mounted in a laser lens mount 207 such that the fecusing lens is suitably located within the path of beam F. In
accordance with 2 particularty preferred aspect of the present invention. focusing lens 206 suitably comprises

an optical focusing lens with an AR coating centered about a waveleagih &, 2.2.. between about 1000 and

1100 mum and optimally 1064 nm coating. Focusing lens 206 may be suitably configured to evidencs a plano-~
convex or convex-convex configuration,
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As will be appreciated by those skilled in the art, the quality of the quantitative information obtainable
through use of the gas detection system 10 depends. at least in part. on stable operation of ILS laser 500. In the
context of the present invention, the stability of laser 500 depends directly on how repreducibly ILS laser 500

reaches threshold, Desirably, pumping laser 100 suitably pumps ILS laser 500 continuously near threshold
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Substi.tute sheet -Rﬁféﬁ%%f]ﬁ?‘}éﬂ@é‘ﬁ% 0 mounted in a manner allow ng

for the effectivg enoval of thg heat thus generated in operation. It
shoul d’ be ppr édi AR 288vaver, that as the efficiency of |aser
crystals 507 contifiue to inprove BEXIVY VSt Substititedsheet - 14 April 2060, the
need or requirengnts on heat renovj ng devices i kely,

at sone point thg |l osses W

be s that the need to renove
t he heat whatyls Oireddilsti nat ed al | toget her. Howeveﬁmiﬁ"lﬂsw Eﬂ ’ﬂlﬁp 507
presently available. ILS | aser system 500 prefe rises a
heat sink system 500A. Wth continued refrenhce to FIG 2
and additi onal $&F&FETFeRsyREn HPXERr dtecipgRe Presepi o5ZFEPEITPSIGDIA 2183 saBHe compris-

nect ed t@gnount 508 and crystal 507 (not shown in FIG 5). As shown best in

FIG 5. hol der 508 E ﬁfegr g,lglal conprises a two-part hol der suitably
arranged to rrechan AR t he | aser crystal 507. Heat sink system
500A preferably i n® efdle!gd%ed@uptpléﬁo‘fhbatin'si nk bridge 510. a thermal electric

cool er 508. and a Idehiibing e ¢iob) Geabfousice SEDRAF ca%&J(s) 5) AR nbd QRFEA iR Bo-
I'S

el ecml cal tenperature control in

t he cally exches mwb?%wswa%é&mmwe@w'@nbm WH FILS B Bisqr Yy ﬁér
wth br| gige 510. cool er 509. and sensor 511 serve to

(d) a conuainer (400, 406) for containing said gas sample in said laser cavity (5). said output

beam of said ion-doped crystal (507) passing through said gas sample prior to exiting said laser cavity (5).

15 2. A method for detecting the presence of gaseous species in a gas sample using the gas detection svs-
N7 tem (10) of Claim 1. said method comprising the steps of:

{a) directing the output beam of said pumping laser (100) to said ion-doped crystal (507): and

(b) directing said ourput beam from said ion-doped crystal (S07) after exiting said laser cavity

{S) to a detector assembly (700) for determining the presence and/or concentration of gaseous species in said
20  gas sample, .

3. A methed for detecting the presence of gaseous species in a gas sample containing corrosive gas,
comprising the steps of:

(a) selecting a spectral region wherein (i) said gaseous species has at least one absorption

25 feature and (ii) said corrosive gas has essentially no interfering absorption features: .

(b) providing a laser (500) comprising a laser cavity (3) and a gain medium (307) which re-
sides therein. said gain medium (507) outputting light having a wavelength distribution at least a portion of
which is in said selected spectral region;

\"w (<) providing a gas sample cell (406) having windows (404, $05) which are transparent to
30 light in said selected spectral region such that 2 beam of light can pass through said gas sample cell (406);
{d) inserting said gas sample cell (406) in said laser (500) such that light output from said
gain medium (S07) passes through said gas sample prior to exiting said laser cavity (5);
(e) inserting said gas sample containing said corrosive gas in said gas sample cell (406) such
that iight output from said gain medium (507) passes through said gas sample, said gas sample sealed within
35  said gas sample cell (406) such that said corrosive gas does not react with said laser (500); and
(f) directing said light output from said gain medium (507) after exiting said laser cavity (5)
to a detector assembly (700) for determining the presence and/or concentration of said gaseous species in said

gas sample,
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properly alj ith respect to the other optical elenents
conpri si ng ‘iﬁll ﬁ%@” wel |l as en- abl e control of the thernal
properties In accordance with the preferred
aspect of the present |nvent|on heat sink sysBebsﬁﬁﬂé\sheetnm Apuit 2@90

physical contagi wt 507... Heat produced
crystal 507 t'h?%) CQ ﬁ%’ﬁ‘l’ VAR $Uq ogTIve gas comenses @ asssgl%n C¥ﬁ tée%%n %BI
ef f ect i vieg ¢f }@MQCNQCN%V\WNQ R, épy%Q:a%SQO?l’t(H@{@&] HRGL R QS - & HBr,

relati Veédi @@rpﬁc@znhm SOs, BF;, Brf REF2b), A, CRYS i@l BLieMRR0AHUNEHNENRS arGy)| and
crystal hol der g C@%E” es cogper/ al um num which is operatively
connect et FBTF &S & °FRAL ° nk bridge 510. Suitably. heat sink 510

conprises a copper heat sink | ocated in body 401 of chanber

400-such that uBPRYs fohBRReClavest al  507. Sensor 511
measures 20 ;%9%@@%2&&&%&%&1&%@ 5}0&80 gool er 509. bridg 510. and

crystal 507 such that optinmum operating tenpera- tures are

mai nt ai ned | B. € ERih6tEGT CRinVM Wrilkretn3hi8 sehSBEScrtlflregidnes spiéces &nin tierwaedtdnptbmegtoher mal
mana of AN 35@3:1 1440mmmet§97 i s obtained, thereby elimnating the need
for ooI a qU| wf“iu unnecessarily conpronise and

conplicate the operation of the gas detection system 10.

ILS | aser systvenbéQQ:eézﬁn Szbtérﬁ aby &fe&aggﬁgxe&u&m fabdds shdaRs RNRGaEsatmpR fcbritgin-Of

t he beamexmt]n cr %? C$l Eﬂg {l reflected beamfrommrror 503
is on thé’gé?‘m?f‘e TP RGTER Y BBPE St ef erabl y from about
23[err] to 27[err] (a)samlasercawna-ﬁd optimally about 25[err]. This beam (beamH

is disected to the HamRlen SYSLLEYA N resides th said gain mediumQdd# Y@Mz from
ILS | aser 500 after paséﬁf&g t hr ough samsx es se§/sxsnt an 400A is directed to spec-

t redfet er MAEREATYSSBEHSTEIOR 27e5d SO PL B BAR B SHH T REESuch as shown in FI G

2. through use of acfsaili ghsmaprpl¥icslt(406) which is contained in said laser (500):
(d) conduits {408, 409) for inserting said gas sample containing said corrosive gas in said gas
sample cell (406): and )
20 (e} said detector assembly (700) for determining the presence and/or concentration of said
gaseous species in said gas sample. said light output from said laser (500) being directed to said detector as-
sembly (700).

8. The gas detection system (10) of Claim 7 wherein said gain medium (507) is pumped by a pump

25 laser (100) selected from the group consisting of a solid state crystal laser and a diode laser.

9.-The gas detection system (10) of Claim 7 wherein said laser cavity (5) is contained within a cham-

ber (400) configured to be evacuated of said gaseous species to be detected,

30 10. The gas detection system (10) of Claim 7 wherein said gas sample is contained in a region of said
laser cavity (5) which is astigmatically compensated to reduce astigmatism in said light output from said gain
medium (507).
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ror 601 suitaMMror rmunt 602. Mrror 601 preferably
conprises a pla \ﬂﬂ“ﬂﬁ“&\m ng a coating for high reflectivity
in<the desired gmﬂ“ operatlon of the ILS | aser 500 (e.g.

1350 to 1550 - |3ub@t|kmtebaqamprmmir¢<2000at
the output fromthe ILS Iaser 500 can altnatively be transmtted via an
optical fiben, |imbeea d&edh&ﬂi?ﬁt&n gbiadaﬁms»p&ﬁi saitl gain malliyei(307) dompyey 4 lassul ar

beam G ca be (Lo an o Qitiv@al, fiber
bundl e.® {?ec?? IWI assnr gféé{r °e¥A aci};l ﬁgbpgfsggbt hragg,gh t he

gaseousﬁrﬁﬁéﬁ Bﬁ 'YL BB -Yb”FE@SSE He' - ¥BYG.cRa 1 Téﬁ%ﬁtﬁ& SRy Hogd88np| y
300 wWhi i3 v S6AH, %gwm gy emmhm hsd,Jndxé‘rCatﬂmquomf* YO0 T YSGG, .

itions_I nst.r s i 3§ n does
not di sT‘B;F'P{Af%hXQ}e%égt E’gﬁ%‘s&%’gﬁ% o, W22 %gcr(‘)gne{zlgﬁie% J;éie %rence
t o Fl G aid Ni¥%Padfsr omet er assenbly 600 conprises di sper5| ve gratings de-

signed to spectrally resolve a coherent beam in particular, the absorption

i geCt rum of tzhe C%{;tgi‘s eag‘tﬂ)% s}';strém (10? of Claim 8 wherein said pump laser (100) has output that is

shaped by beam shaping optics (200) selected from the group consisting of diffractive optics, refractive optics,
gradient index optics wherein the refractive index varies axially, gradient index optics wherein the refractive

index varies radially, micro-optics, and combinations thereof,
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sanple to be detected. Suitably, the spectral dispersion of the
spectroneter 600 is sufficiently large to clearly resol ve the
absorption features of such contam nant thus enabling the identification of
the signature of each contam nant and thgubstititetshiceye 2APri2080 on
of the concentration of the contam nant. Wi | eany Tnow RTTOWN— OT
hereafter devised spectroneter e utilized in accordance with the.
present invention (g)rsé’fdedFlé%"I’ §ss?§§%f$bf?éfké’rmm€éémc°6%ﬁ CES IO T r gsgidi on
grating &5SenitciesinGagAasarepie 608 ihpwirat fomgaidrinse ¢PA) wivg tdiresied vyt gig detector as-gn
optical hemw @pandi ng assenbly 600C and a focusing | ens assenbly 600D.
.Opti cal beant expani di ng as- senbly 600C preferably conprises ‘lenses
603 and 605 suitably nounted within the gas detection system 10
t hr ough use off - e EIssicEnian gRtR QOGS Clims vBESN pidepiormshily (FGhis PIu8esd b2 AERRAL | ve
| ens and hengod Q@i @bRRRRIY, consisting € ORIM ESESvsal 1604 okl PBEdNGer] ENS each
preferably having an AR coating centered about the absorption spectrum of
10 the contam nant in the sanple to be detected, between about 1000 nm
and 1500 nma th'i,"sqsrgq dyt@gmgstmﬁl Y of Claim 5 whersin said lassr caviry (3) is contained within a cham-

ber (400) configured 10 be svacuated of said gaseous spesies o be detected,

8 . The gas detecton system (10) of Claim 5 whersin said gas sample is contained in a region of said
laser cavity (5) which is asigmatically compensated (o redvee astigmatism in said light ourput from said gain
medium (S07).

9. The gas detection system (10) of Claim 3 %%erein said gain mediu; {307) comprises a laser
crystal matedial selected from the group consisting of CoFM:Ho:YAG, Cr'":¥SO, Cr":YAG, Cr*":YSAG,
ErGSGG, EPV:YLF, EF": Yb™glass, Ho'":YSGG, Ho™: Tm*"LuAG, Tw’™: Ho™YLF, T’ Ho™:YAG,
Tr®*:Ca Y SOAP, Tm™YLF, Tm™: Tv™YLF, Tm’":glass, Tm*":Ca La SOAP, Tm’":YOS, Tm™":YSGG,
T :YAG, Yb*"'YAG, CrForsterite, Er:Yb:Glass, Co*"MgF, Cr'"ZuSe, Cr'":ZnS/ZnSe/ZnTe, Ti":AL:0;,
and Ni¥*:BaLiF;.

10. The gas detection system (10) of Claim 6 wherein said pump laser (100) has output that is
shaped by beam shaping optics (200) selected from the group consisting of diffractive optics, refractive 'optics,
gradient index optics wherein the refractive index varies axially, gradient index optics wherein the refractive

index varies radially, micro-optics, and combinations therzof.
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Diffraction grating assenblies 600A and 600B suitably ‘conprise respective

diffraction gratings 607 and 609 nounted on respective diffractian
‘grating nmounts 608 and 610. As will be appreciated nmounts 608. 610
perm-t tuning and adjusnment of diffraction gratings 607. 609 within
spectronmeter assenbly 600: Sub&ftufd Siiedteng2aseineiiber 2000

preferably conprises a |l ens 611 containing an AR coating at the wave- 15.
| engt'hi- at which the ILS | aser 500 operates eg.. between about 1000 nm and

1500 nm optinmally 1400 nm The | ens 611 f ocus . t he
spectronmeter 600 onto multichannel array detector 101%@%’&:\%%?33}{5?1* The
spectral region over which the ILS Iaser 500 operates §s_produc @Qby .
spectroneter assenbly 600 and is displaced spaHZlIZI WE&CE sia|pl ane
where the multichannel array detector 701 is suitablly Lixed on.a . noint

702. sAn el ectroni c board 703 containing the control fjand timng el ectrqnics
required to operate and read infor- 20 mat i on frlem.the nultichanndl

detector 701 is operatively connected thereto. As a result the entire
spectral ly di spersed absorption spectrum of the particul ar
cont am nant sought to be identified through use of the gas de-

tection system 1QUCERASENSITVEBETECTEON@F CONTAMINANTES @NiGAS i ntensiti es

of the specifi absorption features of t he cont am nant can be
utilized to uniquely V& RTROCAYVITYdATRRIFEQEROEERPYadht ) as wel | as
quantl?tatlvel y determ ne the amount of the gas (contam nant) so
det ec The detector 701 nmay conprise, for exanple an

| nGaAs nul ti channel array detector with 256 pixels havi ng 100 um
spacng. The light detected by nul}charas! ector 701 is preferably
transduced into elec- tronic signals at each detector el enent

(pi xel) with signals thereafter transffered to an analog-to-digital (A/ D)
This invention relfates. generally. to the detection of contaminants in gases. and more particularly, to

f-S . the high sensitivity detection of gaseous molecules, atoms. mdxmls and/or ions by laser techniques generally
termed intracavity laser spectroscopy (ILS).

BACKGROUND OF THE INVENTION

20 In the preparation of high quality semiconductor material (e.g., silicon films) for use in the microelec-
trogics industry. it is well known that contaminants must be controiled. Failure to control contaminants, 2s is
alsawelilmuwnandappreciamd.mnrsuninmelossofsigmﬁcnmmmsasthcfcéuhamprddup!sare
typically not usaful for their intended purposes.

Generallv the starting materials in the fabrication of silicon films consist essennallv of gases, typi-

25 caﬁy denoted either "bulk” (e.g., nitrogen or argon) or "speciaity” (¢.g.. hydrogen chiloride, hydrogen bromide.
boron wichloride). The successfil operation of 2 fabrication facility designed to prepare semiconductor materi-

©  alsdepends directiy on the purity of the starting gases, as well as the gas handling capabilities available to pre-
serve gas purity during the delivery of the gases to the process chamber and while material processing is taking
placs. Suitable control of the purity of such stanting gases (i.e.. monitoring and inhibiting high levels of con-

30  taminants 35 may be contained in the gases) is essential,

' Many molecular. atomic, radical. and ionic species are present in the bulk and specialty gases used in the
preparation (e.g.. chemical vapor deposition or "CVD®) and processing (doping and etching) of semiconductor
materials that can be viewed as “contaminants.” Such contaminants can degrade either the quality of the fabri-
cared semiconductor material or the efficiency with which the semiconductor matexial is preparsd.

35 The first step in controlling and/ar eliminating these contaminants is their detection in the bulkk and
speciaity gases used as starting materials. While this is generaily recognized. heretofore practiced methods are




converter 801 throulgREPLAREMEN SHEBher ter 801 is sui tably connected

t hrough a BNC connect Prand SHielrdad | cable 704 such that the = -
acCurate transfer N ogr o 3800 § gnsured. Once the data is so converted,
it is sent to a conput er 8@2 {which may be suitably programred to

cogvert the electrognic signals Tnto gpect rqypstififte'shBbt 22 September 2600
spectral signaturesiidentifying a particular gas (contam nan?) and

c ﬁ ncent r gérdedlly Q\fadegﬁﬁaes‘ffs( iC@nlia [ﬂrg&%ﬂ{ %) the situation xgeateﬁ by mﬁngm everAhdrQEiNEbipee! v,
the outp I i n a .t hrou the oa i es
to be. moe k) o R hye S0 (o ARE SERE 0 f gl ABERNERREE! OO
havi ng atwhilepesformgnes sereifignions hava besp injepsified- dheapraimeie foggas pefjty (.e.. absence of micro-
fracti on ghahiniigs) diderad. 609) therein which can be scanned with respect

to wayel ength., The qutput af fhe 35 spectronet er assenpbly 600 ,can then,
be di Pected t OA%’?i%%lwag‘%E“ﬁ‘éh‘ﬂé pkeéré% SEY gpt sPRLmeEmepLericds @fﬁéﬁ‘%ﬁ’a@ BiEhe
gaseous spedrwasenrss: ({rbsclugsigrctigasisttiyinSisially atdas paskpdyots ovmirs sfgast tircules in

di sper si e ARl (o ﬁk@ﬁ@hx@é@k bbb cdnlafitant molecutes per 10%baRSHIsk Woflelly @)D

t he spectroneter asse 6 passes through an appropriate aperture (eg..
sli t) p| SPEis fe}fcuvuy ot the capability 10 measure the concentration of one species in the presence of other species:

{3) rapidity of measurements 1o obtain a desired signal to noise ratio: (4) capability of monitoring contaminants

10 in both non-reactive and reactive gases: and (5) linearity and dynamic range of gas concentrations that can be
measured,

The current state-of-the-art devices for contaminant detection (e.g.. water) encompass 3 variety of
measurement techniques. For cxamplc.' current state-of-the-art devices for water vapor detection utilize con-
ductivity and electrochemical. direct absorption spectroscopy. and atmospheric pressure ionization mass spec-

) 15 troscapy (APIMS) measurement techniques. Each of these methods. however. fail‘s to adequately address these
requirements.

In particular. direct absorption spectroscopy generally refates to the passing of light though the sam-
ple from an external source and measuring the reduction in light intensity caused by molecular. atomic, radi-
cal. and/or ionic absorption in the sample. Detection sensitivity depends directly on the subtraction of two largé = -

20  numbers (light intensity from the external source before it pass;zs through the sample and its intensity after it ™
" exits the sample). This limits the detection sensitivity to the extent that direct absorption is generally consid-
ered 3 low sensitivity methodology.

In the context of the present invention. laser technology, specifically intracavity laser spectroscopy
(ILS). is disclosed as being used as a detector (sensor) to detect gaseous species (contaminants) at very high

25  sensitvity levels. In connection with this application. laser technology offers distinct advantages o gaseous £
species (contaminant) detection over known methods and. particuiarly. to water vapor detection.

In convenrional applications of lasers to the detection of gaseous species (contaminants). laser pro-
duced radiation is used to excite the gas sample exiernal to the Iaser in order to produce a secondary signal
(e.g.. ionization or fluorescencs). Alternatively, the intensity of the laser after it passes through a gas sample,

30  normalized to its initial intensity, can be measured (i.e., absorption).

Some twenty years ago. another detection methodology, intracavity laser spectroscopy, was first ex-
plored in which the laser itseif is used as a detector: ses, e.g., G. Atkinson, A, Laufer. M. Kurvio, "Detection of
Free Radicals by an Intracavity Dye Laser Technique." 59 Journai Of Chemical Phvsics, July 1. 1973.

Intracavity laser spectroscopy (ILS) combines the advantages of conventional absorption spectrascopy

. 35 -with the high detection sensitivity normally associated with other laser techniques such as laser-induced fluo-
rescancs {LIF) and multiphoton ionization (MPI) spectroscopy. ILS is based on the in&acavity losses associated
with absorption in gaseous species {e.g., atoms. molecules. radicals. or ions) found within the optical resonator
cavity of 2 multimode, homogeneousty broadened laser. These intracavity absorption losses compete via the

I
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|{ el ement i s scanned. - Wth
reference now to}Fi viously ripstiite dhbbe- a5 sd &nogystem
10 detects the spectrally resol ved regi on over which the ILS | aser
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telesc Opecr}@%&dhy M&W&s@@xﬁﬁ&.@h&&ﬁc and pyroiytic decompositions. and supersonic jat -
expansions. ILS has been further used to obtain quantirative absorption information {e.g.. line strengths and
collisional broadening coefficients) through the analysis of absorption lineshapes. Some of these are described

in G. Atkinson, “Intracavity Laser Spectroscopy.” SPIE Conf.. Soc. Opt. Eng, 1637 (1992).

is Prior art methods of performing ILS. however. while suitable for use in laboratory semings. are unace
ceptable for commercial sentings. The constraints of commercial reality, as briefly noted above. essentially dic-
ate that such a detectar be conveniently sized, refatively inexpensive, and reliable. Laboratory models fail to
fully mest these requirements.

Addirionaily, in the commerciai setting. for which ILS detection can be applied. the gas sample may be
20  conmined in an environment which is not ideal. in particuiar, for industrial processes, the gas sample is com-
monly contained in corrosive gas. For example, ia.the manufacture of semiconductor components. the ability to
detact the presence of a contaminant (such as water vapor) in the presence of a corrosive gas (such as hydrogen
chioride) would be partcularly useful,
A laboratory demonstration of the feasibility of using ILS techniques for detecting small quantities of
water vapor in a nitrogen atmosphere with a Cr*:YAG laser is described in D. Gilmore, P. C'n]m. G. Atkin-
son. "Intracavity Laser Specuroscopy in the 1.38-1.55 pm Spectral Region Using 2 Multimode Cr*: YAG La-

ser,” Qutics Communications 103 (1993) 370-74. The experimental apparatus utilized was satisfactory for
demonstration of operationat characteristics. but undesirabie for implementadon in 2 commercial application

25

as contempiated by the present invendon, ¢.g.. for the detection of water vapor in a carrosive gas such as hy-
30  drogen chioride (HCD.

In accordance with various aspects of the present invention, the present invention provides a user
frieadly. i.c.. comparatively simple. detection system. having the advantages of direct absorption techniques
but with dramatically increased detecrion sensitivities, capable of detecting gaseous species in reactive and
non-reactive sampies. in particular. in corrosive samples. at 2 commercially viabie cost. In this regard. the pre-
sent invention addresses the long felt nesd for 2 method and apparawms for the high sensitivity detection of

contaminants in reactive and non-reactive samples. and in particular. in corrosive 3as systems in commercial
seuings.

o
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15 {a) selecting a speczxal tegion wherem {1y the gaseous species has at least one absorption

feature and (ii) the corrosive gas has essentially no absorption feamres:
(b) providing a laser comprising 2 laser cavity and a gdn medium which resides therein. the
gain medium oumuuing. light having a wavetcngth distribution at least a pordon of which is in the selected
_ spectrai region; _
20 (c) praviding a gas sampie csll having windows which are transparent to light in the selected
" spectral region such that 2 beam of light can pass through the gas sample cell:

(d)mcungthegassamplcceﬂmthchsersuchthatoutputhghtﬁommegmnmedmm
passsthmugh:hcgassamplepﬁortomnngmelasermqr;

(c) inserting the gas sample containing the corrosive gas in the gas sample cell such that out-
put light from the gain medium passes through the gas sample, the gas sampie sealed within the gas sample
cell such that the corrosive gas does not react with the laser: and '

S (f) directing the output beam of the gain medium after exiting the laser cavity to a detector
assembly for determining the presence and/or concentration of the gaseous species in the gas sample.

The ILS gas detection system of the present invention praferably comprises a pumping laser used to

provide the optical excitement required to operate the ILS laser, a multimode ILS laser aperated gver the

wavelength region in which the species of interest absarbs. a gas sample call placed within the optical resona-

25

30

tor cavity of the ILS laser which may contain a corrosive gas. a wavelength dispersive spectrometer capable of
specurally resofving the ourput of the ILS laser. 2 detector capable of messuring the wavelength-resolved in-
tensity of the ILS laser aurput. and an eteconic circuit which can read the signat from the detector and con-
vert it into eloctronic signal that can be processed by a computer. The ILS gas detection sysiem may also in-

clude a chopping, pulsing, or modulating device designed to periodically interrupt the intensity of the pumping
laser beam and the ourput from the LS laser,

W
W
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18 o& Ppﬁ@eén R IVACY Y gltech!ijgr‘%kr ga%or it HCL, a sofid-state laser with an ion~doped crystal me-
5

divm’ and opcranng in the 1300 nm to 1500 nm spectral region preferably serves as the detector. A gas sample
containing gassous coataminant species (¢.g., water vapor) and corrosive gas fe.g., HCD) is placed inside the
optical resonator cavity of the laser (between reflective surfaces or mirrors) and on one side of the active me-
dium, Laser media having Cr*:YAG and Cr'":LuAG are described here. but other gain mediums such as other
ton-doped crystals having multipie longirudinal and transverse cavity modes can be used as well, Alternative

10 lasers systems may be emplaoyed as well. For example, a diode laser pumped solid state laser with an ion-doped
crystal medium may be optically configured to provide ILS detection.
BRIEF DESCRIPTION OF. THE DRAWINGS
15

Preferred exempiary embodiments of the present invention will be hereinafier described in conjunc-
ton with the appended drawing figures, wherein like designations denote like clements. The drawings referred
w0 in this description should be understood as niot being drawn to scale except if specifically noted.

FIGS. 1A and 1B are schematic block diagrams of a contaminant detector system in accordance with

_ the present invention: FIG. 1A shows the basic configuration, while FIG. 1B shows that conﬁgurauon as em-
20 bodxedmanmphxyembochmmshownmﬂﬁ.

FIG. 2 is a more detailed schemaric pctspecuve view of the exemplary embo&imem of a contaminant
demorsystemmamrdanmwuhthepmcntmvenmn,

FIGS 3A-3C include schernatic representations of simple laser devices and ac:umpanvmg graphical
spectral qutputs (intensity versus wavelength) obtainable from such devices:

F1G. 4 is 2 schematic perspective view of an ILS chamber including the chamber ccmponems depxc:ed
in FIG. 2, some of the components shown in partiaily broken away fashion:

FIG. 5 is a perspective view of an exemplary ILS laser crystal holder and heat sink useful in connec-
- ton with the contaminant detector system shown in FIG. 2;

25

FIG. 6 is an enlarged perspective view of an exemplary embodiment of a beam shaping assembly in~
cluding a chopper elememt which iiiay be advantageousiy used in connection with the contaminant detestor
system shown in FIG. 2;

FIG. 7 depicts plots showing exemplary water absorpton spectra in Ny and HCl gases over the wave-
lengths of 1433-1440 nanometers;

FIG. 8 depicts plats showing [LS water absorpton in N; and HCI gases over the wavelengths of 1420~
1434 nanometers;

i)
W

FIG. 9 depicts a plot showing water absorption intensity versus water concentration as determined by
permeation tubefvolume ¢xpansion techniques: and

(v 3
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those skilled in the fart—the-auati4 yjof the quantitative information :
obf ai nabl e t hrough juge g)? $@$ %g? Het ecti on system 10 depends at least in
part on stabl e opetatii on”o L asef 500. In the context of the present
inyention, the stali ITTy offaser—50D depg@stifits 8hbéy— PP Septensidr @00 bl y
I LS | aser 500 reacles threshold. Desjrably punping | aser 100 suitably punps
-ILS | aser 500Fﬁ9_ rﬂ) héw:gli%loyshmﬁg wakei"a‘ Q\Iigtcnsity versus water concentration in the 1420-1430

nm region as determined by an in-line purifier.

DESCRIPTION O? THE PREFERRED EMBODIMENTS

Reference is now made in detail to a sp_eciﬁc. embodiment of the present invention, which illustrates
the best mode presently comemplatcd by the inventors for practicing the invention. Alternative embodiments
are also briefly described as apphcablc.

As previously briefly noted. the subject maner of the present invention is particularly well suited for-

10  use in connection with the manufacture of semiconductor components. and thus, a preferred exemptary em-
bodiment of the present invention will be described in that context. It should be recognized. however, that such
description is not intended as a limitation on the use or applicability of the subject invention. but rather is set
forth to merely fully describe a preferred exemplary embodiment thereof.

{n this regard. the present invention is particularly suited for detection of gontaminams. Contaminants

15 as used herein refers to molecular, atomic, radical, and ionic species such as may be present in gaseous mate-
rials. such as in the gaseous materials which are used in the fabrication of silicon films. i... inlet lines. Alter-
natively, the term contaminant may also refer to the gaseous material itself, such as. for example when the de-

tector of the present invention is used to determine if a line (2.g., HCl line) has been sufficienty purged of the
gaseous material. ' '

20 In accordance with a preferred embodiment of the present invention and svith momentary reference to
3

FIG. 1A. a gas (contaminant) detection system 10 suitably comprises a pumping laser system A, an ILS laser
and associated chamber B, a spectrometer C. and a detector with associated electronics (e.g.. computer, digital
e!ectromcs. etc.) D. More particularly, and with reference to FIGS. 1B and 2. pumping laser system A suitably
compnses a pumping laser 100, a2 beam shaping optics assembly 200 and a beam modulauon assembly 300;
laser and chamber B suitably comprises 3 chamber assembly 400 and an ILS laser 500: spectrometer C suitably
comprises a spectrometer assembly 600; and, detector D suitably comprises a detector assembly 700' and a
computer svstem 800. As will be described more fully herein, gas detection system 10 advantageously detects
gaseaus species (contaminants) which are suitably conmined.in a gas sample. In general, pumping laser driver
system A pumps [LS laser 500. preferably at or near the threshold level such that a laser beam passes through
the gas sample thereby enabling the spectrum of the gas sample to be obtained. This spectrum is suitably de-
tected through use of detector/computer system D which. upon manipulation. enables the reliable and accurate
determination of the presence and concentration at high sensitivity levels of gaseous species (contaminants)
which may be contained within the gas sample.

With reference to FIGS. 3A-3C. and in order to more fully explain the scientific principles utilized in
accordance with a preferred embodiment of the present invention, the general principles of intracavity laser
spectroscopy (ILS) are illustratively shown. As is known, in its simplest terms. a laser can be described as
containing a gain medium. in which optical gain is produced. and a resonator, comprised of optical elements

such as mirrors. Opticat losses may appear in both the gain medium and the optical elements comprising the

6
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laser cavaty {e.g.. the resonator), With DarGeHar Thterence to FIG. 3A. a laser devics in us simplest form can

be schematically illustrated as inctuding 2 gain medium 1A around which respective mirrors 2A and 3A are
placed to form a laser cavity 5. Mirrors 24 and 3A dre typically coated to have high reflectivity surfaces over a
broad spectral mange. For example, the mirror coating on mirror 2A may be totally reflective, while the mirror
coating on mirror 3A may be partially reflective thersby pcrmining some light to escape from the laser cavity
5. The spatial region between the reflective surfaces of mirrors 2A and 3A in which the gain mediom 1A is
placed defines the laser resonator or cavity. and in the context of the present invention relates to the so-called
"intracavity region.”

The intensity (1) of the laser output may be determined both by the wavelength region over which the
gain medium 1A operates (i) and the reflectivity of the resonmator eiements (e.g., mirrors 2A and 3A). Nor~
mally this output is broad and without sharp. distinctive spectral features, as is shown in the plot of I versus
wavelength (\) provided in Graph 3A of FIG. 3A. -

By selecting different optical elements 1 form the laser cavity 3. the spectral output of the laser can be
altered or "tuned.” For example. and with particular referencs to FIG. 3B. a tuned resonator cavity may include
2 diffraction grating 2B which replaces the highly reflestive mirror 2A shown in FIG. 3A. As shown, the laser
devics therefore includes diffraction grating 2B. mirror 3B. and 2 gain medinm 1B positioned therebetwesn. In
general. the resuit in spectral output from this tuned laser will be narrowed and appear as wavelengths within
the original spectral output of the laser defined by the gained medium 1A and the mirrors 2A and 3A (FIG.

10A). For example, a schematic plot of intensity (I} versus wavelength () illustrating 2 narrowed output is
depicted in Graph 3B. '

The taser output can aiso be altered by placing gaseous molecules. atoms. radicals. and/or ions in ¢i-
ther their ground or excited states inside the optical resonator (¢.g.. cavity). With reference w FIG. 3C, a laser
so configured may include 2 highly reflective mirror 2C. a partally reflective mirror 3C with a gain medium
1C, and an intracavity absorber 4 placed therebetwesn, In this case, intracavity absotber 4 may comprise such
gaseous species {e.g., the sampie conaining contaminants). The effect of the intracavity gaseous species on the
lager qutput can be observed. For example. a plot of [ versus A for such a &c:vic.-: is shown in Graph 3C. Graph
3C comprises an absarption spectrum of the gasecus species contained within inﬁ-acavity absorber 4. The dis-
tinct absorpron feanures illustrated in Graph 3C arise from the intracavity species losses against which the la-
ser gain must compete.

Thus, the absorption spectrum of the intracavity species may appear in the spectral output of the laser,
In particular, the laser output intensity (I} at waveleagths whers the stronger intracavity absorption fearures
compete sffectively against the gain properties of the resonator are more reduced, As a result, as illustrated.
instead of a relatively smooth continuous owtput. such as shown in Graph JA. a structured laser output such as
shown in Graph 3C may be observed, The decreases in intensity {I). as shown in Graph 3C. are due to absorp-
tion by the gaseous intracaviry species. i.s.. the more intense the absorption faarures. the larger the decrease in
the laser curput intensity. In accordance with the present invention, the absorption spectrum obtained by intra-
cavity laser measurements in which an inracavity absorber is empioved can be utilizad for the high sensitivity
detection of such gaseous species. It has been found thar each gaseous species can be umquely identified by its

-
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tespective absorption spectrum (signature) and thus can be used to confidently identify such gaseous species
{contaminant).

The present inventor has found that the appearance of the absorbing species (gaseous elements) within
the laser resonator before and/or during the competition between gain and losses which naturally occur as the
laser system approaches threshold give rise to enhanced detection sensitivity through use of ILS. In view of the
fact that the losses dssociated with the intracavity absorber become part of the competition between the gain
and losses within the laser, even a small absorbance associated either with a weak absorption transition and/or
an extremely small absorber concentration is amplified dramatically during the gain/loss competition. As a re-
sult. such competition clearly appears in the output of the [LS signal (see Graph 3C). Thus. using these prin-
ciples, ILS can be utilized to detect both weak absorption and/or extremely small absorber concentrations.

ILS detection differs significantly from other spectroscopy methods which employ tasers. As described
abave, the output of a laser used for spectroscopy typically excites in a gaseous species. a secondary phenomena
which is then monitored. Alternatively, output of a laser may be passed through 3 gaseous species and the ab-
sorption of selected wavelengths in the output of the laser provides means for characterizing the gas. In either
case. the operation of the ldser is separate from and unaffected by the gaseous species being measured. '

With ILS detection, however, the operation of the laser is directly effected by the gaseous species. in
this manner. the ILS laser 500 itseif acts as a detector. In particular, the output from the ILS laser 500 as it ex-
its the laser cavity 5 contains spectroscopic information about the gassous species. This mode of operation is
unique to ILS detection and the ILS taser 500,

Accordingly, ILS lasers 500 are distinctly different from conventional lasers and possess operational
characteristics which are not typical of conventional lasers. For example, absorbing species which produce loss
are intentionally introduced into the laser cavity 5 of ILS lasers 500. These absorbing species effect the opera-
tion of t.he ILS laser 500 and alter its output.

Also, unlike lasers empioyed in conventional applications. ILS lasers 500 operate above but close to
threshold (e.g., within 10% of threshold power). However, operating near threshold often causes the output of
the ILS laser 300 to be unstable. Accordingly, additional techniques directed to stabilizing the output of the
ILS laser 500 may be required.

In contrast. conventional lasers typically operate well above threshold to maximize output. Maximiz-
ing output. however, is not the objective of ILS lasers 500. Consequently, laser media which are inefficient
and/or do not produce high output power may be employed for ILS detection when such laser media are unfa-
varable for most other laser applications. The purpose of the ILS faser 500 is not to produce light, but to’
monitor loss within the laser cavity 5. As described above. mode competition inside the laser cavity 5 enables
such loss within the ILS laser 500 to be detected with enhanced sensitivity,

Sincs ILS detection possesses increased sensitivity beyond conventional optical spectroscopy tech-
niques. interferences from background gases having both weak absorption and/or extremely small absorber

concentrations may be significant, even if such interferences are negligible with conventional spectroscopy
techniques.
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The detection of gases via LS can be achieved by using a varicty of laser systems. (As used herein,
the laser system inciudes both the ILS laser SO0 and the pump laser 100.) These laser systems each share sev-
¢ral common properties which are required for extremely high detection sensitivity, Pror art has identified
three such properties. First, the laser systems sxhibit multimode operation near the energy threshald for lasing.
Second, the laser systems possess an oi:erational wavelength bandwidth that is substantiaily broad relative t0
the absorption features of the gaseous species or contaminants (i.e.. molecuies, atoms. radicals. and/or ions)
being monitored. Third. the laser systems maintain stable intensity and wavelength.

Ir will be appreciated that a variety of ILS laser systems baving different physical and optical charac-
teristics mest these above-listed criteria for axtremely high detection sensitivity. The different physical and op-
10. tcal characteristics of the laser systems may also provide distinct advantages such as with regard to the ex-
perimental conditions (e.g., data acquisifion times) under which ILS measurements are made. Additionaily,
these different physical and optical characteristics may influence one or more of the following: (1) the gaseous
species or contaminam (i.e.. molecules. atoms, radicals. and/or ions) that can be detected: (2) the respective
concentrations of each gaseous species that can be determined: and (3) the practical types of samples to which

&e:ec:ion ¢an be applied. Examples of the latier inciude the towl pressure of the sample, the sample size, and
the environment which the sample is contained.

15

Against the backdrop of these general principles. in the context of the present invention. the present
inventors have devised a commerciaily viable contaminant sensor system 10 which provides enhanced detec-
tion of contaminants in gaseous samples which may contain corrosive gases (i.e.. gases which react with the . -

20  components comprising the ILS laser 500).

With reference now to FIGS. 1A and 2, and in accordance with 3 preferred exemplary embodiment of
the present invention.  gas detection system 10 suitably includes laser driver 100 and an ILS chamber assem-
bly 400 int which ILS laser 500 is contained. Spectrometer assembly 600 and a detector/computer system 700,

800 are suitably opticaily connected (o the output from ILS laser 500 whereat the absorption spestrum is suita-
bly manipulated thus enabling the high sensitivity detection of the presence and/or concentration of gaseous
species (contaminants), ' .

The ILS laser 500 operates in a wavelength region or spectral region suitable for detection of the
contaminant contained within the gas sampie {¢.g., water vapor). Within this spectral region a signature ab-
sorption spectrum can be obtained. Since gas phase spectroscopy has besn studied extensively, a large and di-
rectly usefil literaturs exists which shows how gaseous species can be uniquely tdentiffed.

It will be appreciated that [LS detection can be used to monitor one gaseous species (€.g.. water vapar)
in the presencs of corrosive gas (e.g., hydrogen chioride) by selecting the appropriate spectral window within
which to measure absorption. in particular, a spectral region must be determined wherein (i) the contaminant
or gasecus species has at least one absorption fezmure and (ii) the corrosive gas has essenu'ﬁlly no incesfering

35  absorption features. By imterfering absorption features is meant absorption featurss which overlap the absorp-
tion feature used (0 identify the gaseous species thereby causing the detection selectivity betwesn the gaseous
species and the corrosive gas to be compromiséd. Many such spesural windows (where the corrosive gas has no
ahsorpdon or very weak absorption) exist within the absorpdan cegions of a gaseous species. Since absorption

9
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required 10 separate absorption features that appear near each other.

It will be further appreciated that the wavelength position and width of a specific spectral window de-
pends directly on the specific gaseous species and the specific corrosive gas. For example. for detection of wa-
ter vapor in hydrogen chioride (HCI). a spectral region may be selected from the wavelength region between
about 1420 and 1434 nanometers (nm). Alternatively. a spectral region may be selected from the wavelength
region between about 1433 and 1440 nanometers,

Accordingly, the [LS faser 500 must output light hzmng a wavelength distribution at least 2 porton of
which is in the salected spectral region.

T In order to drive ILS las:r 500 gas dezecuon svstem 10 requires a pumpmg source whxch delivers ra-
d:atmn ‘of sufficient power and w:thm a suitable wavc!cngv.h region 5o as to opumllv excite the ILS laser at or

'“sﬁghtly abave its threshold. In this regard. it is tmponam that ILS laser 500 cperate such that the gzm in the

_Iaser medxmn excézds the averall optical losses. mciudmg those associated with the gaxn medmm. furrors, and
non~mm:or intracavity optcal elements, as well as the absorption of any gaseous speciés w::hm ‘the optical
resonator cavity. Moreover, prefetablv Iaser 500 operates with muluplc longitudinal modes. 1 c.. over 2 broad
wavelength region. Typically, a desxrznle bandwidth over which laser action occurs is betwesn about 2 nm and
about 15 am. While ILS laser 300 can also operate with more than one transverse resonator mode, such is not
necessary, In accordancs with a preferred exemplary embodiment of the prasent invention. the laser driver
comptises an optcal pumping faser 100. Suitably. the optical parameters (e.g., average power' density, peak
power density, divergence and beam diameter) of pumping laser 100 advantageously matwch the optical re-
quirements of ILS laser 300. As will be appreciated. 0 do so it is necessary to determine how many photons
<an be delivered within a specific volume and at a given distance from the pumping laser 100 over a particular

period of time. In general. in accordance with the present invention. such determinations are made in accor-

dance with known theoretical and quantitative equations such that the pumping faser 100 is suitably selected to”

advantagequsly match the optical characteristics of IL.S laser 500,
While other drivers may be utilized in the context of the present invention, preferably. 2 pumping la-
ser 100 is selected on the basis of its operational wavelength and on its optical parameters in a manner such

that it can alone be used to excite ILS laser 500. As will be described in greater detail hersinbelow, in cases

10
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structure). Suitably, a beam £ propagating from pumping laser 100 has a linear polarization and is rowuble
perpendicular to the plane of propagation. P_rchab]y. the diverzence of the output beam (veam E) from
purping taser 100 is on the order of less than 0.5 mrad and evidencss 3 beam diameter on the arder of tess
than 5 mm. A particularly greferred pumping laser 100 is madet T20-1054C from Spectra Physics of Mounain

View. CA. As will be explained more fully hereinbelow. use of such 1 pump laser 160 typically requires use of
bearn shaping optics assemblv 200,

It should te appresiated that drivar 100 may compris': any suitabls optcal pumping sourcs. sither co-
herent or incoheranat. contnuous or pulsed. that will stiably excits ILS laser 500. As a resuit. aven in acsor-
dance with the previously recited preferred embodiment. pumping sourcs 100 aperates in a conventional man-
ner and emits radiation over a desired frequency band and having a2 desirsd bandwidth. For example, pumping

lasee 100 may comprise a diode laser. Use of a diode laser as a pump taszr 100, hm\_':\ er. gpically requires use
of 2 beam shaping optics assembly 200.

}Vuh continued reference to FIG 2 IS laser 300. in the symplest case comprises an optical resonator
cavity defined by the entire optical path lermh bem-e-n respective mirrors 501. 503. 505.

However. in those cases where system 10 is used to detsct gases {contaminants) within the sample

which do not chemically react with the components of the laser itself (e.g., gain medium or crysual. mirrors.

mechanical mounting, and the like). the resonator cavity can be dsfined by the rzgion betwesn mirrars 501,

303. and 305. [n such a case. the gas samplc region (i.2.. the region whers the gas sample resides) somprises

the region berwesn mirrors 501, 503. 505 (e xcluding the laser crysial 507).

However. for gas samples contining corrosive gases. 1.2, gases which chemically react with one ar

more of the iasar components. it is dasirable o separate the gas sample region from such componemts {e.2.,
gain medinm. mirrors, ¢c.). In accardances with a preferred embediment of the pressat invention. 2 segarats

sample system 400A may be advantagsousty utilized to isolate the sample from the laser components.
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19 - il body 409 a.tl:g) urov?'ae optical ac2ass to the sample within the czll bedy. Windows 104 and 403 also suiably

seal coll body 408, As will be discussed in graater dewil below, the rzgion in which sysiem {00A is sutbly

plaued is astigmartically compensated, Given this asdgmatic compensation. windows 404 and 403 are aot
“acive" optical slements which significancly alter or permurd the queput the LS taser beam axcapt with respect

t0 gansmission. An infet conduit 408 and an cutler canduit 409 ars operativaly connectad w© gas csll bady <06,
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sui tably dul at es the outteut bean of Ias er 500 that eXits- chanber 400.
t her eby iagmsghtnc pressure or the pressure for wiuch the ILS laser was desxzncd to tase. Without such a gas

sample cell body 406. lasing would be difficult to achieve when monitoring a gas sample having a different
pressure from the pressure at which the ILS laser 500 was aligned. Thus. the gas sample ceil body 406 allows
stable operation of the ILS laser 500 for a gas sample having a pressure in excess of atmospheric pressure or
the pressure which the ILS laser was design to lass. Alternatively, the gas sample may have a pressure less
than atmospheric pressure or the pressure which the ILS laser 500 was design to lase (e.2.. when 2 vacuum

exisis in the gas sample cell body 406). Additionally. the gas sample call body 406 enables stabie operation of
the ILS laser 500 for a gas sample having a pressure which fluctuates,

10

) Suitably, cell body 406 comprises a suiniess stee! body having dimensions suitably in the range of 10
IS5  to 90 millimeters (mm). In accordance with a particularly preferred aspect of the present invention, sampie
system 400A. defines an operding (i.c.. the opening in body 406) having a diameter on the order of abourt one-
cighth of an inch. Preferably, the opening in body 406 is symmetrically in the csmer of gas sample call body
406, Preferably, the diamerer of the opening in czil body 406 is suitabiy selected to be significantly larger than
the diameter of the incoming beam such that optical alignment of gas sample system 400A may be easily ob-
20  cained, , '
The thickness of windows 404, 405 is suitably selected to aveid interferometric effects which may inter-
fere with the quality of the ILS absorption spectrum obtained through operation of the gas detection system 10.
In accordance with this aspect, the material used in forming windows 404. 405 is opr.imaﬂy chosen to minj-
mize absorption losses in the region over which ILS laser 500 operates, such as in the range of 1350 to 1530
nanometers (nm). For example. windows 404. 405 may be formed from an optically compatible material, such
as Infrasil™ available from Research Electro Optics of Boulder. CO. that is highly polished. Windows 404,
405 arz suitably oriented at Brewster's angle so as to further minimizs reflective losses from the window sur-
faces.

As so configured, gas sample ceil 406 suitably permits beam H to pass through the gaseous sample to
be analyzed. Couplers 408, 409 with attached tubing are suitably selected to provide easy adjusument such as
may be required to realign and/or align windows 404, 405 within ILS laser 500 without significandly altering
the threshold pumping conditions. The resonator cavity. in the case whers systam 400A is empioved, is suita-

30

bly defined by the physical lengrh berwean mirrors 501, 503. 503 (including the laser crvswal 507 and including
the region betwesn windows 404, 405 as well as windows 404 and 405 themselves that comprise the sample

L)
in

system 400A). However. in such cases where the sample does not chemicaily react with the laser compenents,

the sample cell may nominaily be defined by the physical region betwesn mirrors SO1. 503. and 305. respec-
tively, {excluding laser crystal 507).



cally sanpling thejout u[__ — Sil aser. Suitabl y,. nodul ator 301
alternatively bl ocks ME&@Q@%$ from reaching ILS | aser 500 gain
medi um (eg., crystdl BO7Ty WA TE npdyil ator 304 alternatively blocks ILS

| aser beam éxijt ing cpantf88 400 from reaching both spectromneter

assenbly 600 and ddt ctor assenbl yi 700. Sgubsiute shesre2238dptenilisr 2000
bet ween_an open and closéd position Chopper 301 is suitably driven by 15

a chopper drive 303 connected to chopper through use of a suitable
el ectrical CQMﬁ%& aiipkedihtediat it id¥ecctaly WAL ang @es (conaminanGRuLGASchaniep fIOthaB &4 wt 0

roLate 19 LICORE B9 Lol o DEAMLE LAAGNGE Lk 38ln 808 {Jﬁg&s@mb&wgl ng

l'aser activit aser
cont i nuekropgh @péﬁfe{?’egﬁn#ﬁ“"ﬂrsl’w 1‘2393”%&%%6@@1‘“ 3'0&“’1“’6“’ of those g3s6% ot

t 0 the ClshtRthap@swithiDte mmup%&heﬁmem&elooat fraeidwed withi grefiased pspagpioh g

beam E from reachin L 5 2 00
out put  eRF PTHRE C mm %ﬁwc %‘Tfﬁ"%’b]‘ dg’(ﬁl‘sr s OB Lo VI i o#ﬁf&%g §| o
accor danm(qm(qohtanunamts» o Mmsorm@@@ ghove E@iwﬂ@w(m@ﬁﬁ |"6?F‘=d-|ﬂﬁél‘hl at or

304 CONMPLASE the WVel At ki OctRirifand M ShdPise telredi@ Ulich B 10010 be detected in the
preci ated. however thét .0t her avai | abl e devi ceSe for npl e.. anot.h

mechani. ¢ AP SEFRT P8y THBIBLF TR & fonpmanans St = T g°f °’P?1§'91°bbv S i.'atﬁ y
enpl oyed déseribed hors fiflpbgiayse. As di scussed above to extract quantitative
por i o0 cal |y o i FIGS, 2alfs, o Syl Eicp dretiis duRdad e BREM. ilcRlon 109
absor pti 6?1"‘%?{ Wg"f“ Ef"é‘e"(‘ 4008 suisaly %ﬂgn‘?p?é‘:ﬂ"é%‘f baé%‘r’q({‘zi‘f’%@"ﬁd‘g% W‘ue
parti cul an0. Raspkies wifidws P2, K03aze sjsably positioned in fhe eellsaf Bdy #1idt 2 isngtle gshnerfand
enpl oyi ”%&%ﬁ%ﬁ’é@'&o zﬁgﬁmm@ %@gsp&“am@w% EEhairdCoatt 408 LRAh) ’J@lthablv
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15  conventional technique suitabie to permit evacuation. purging and/or further removal of contaminants there-

within. For example. a gasket 410A or other suitable means together with sealing devices {e.g.. mechanical
assists. metal seals. adhsﬁes. and the like all not shown) may be emploved for such purposes. Desirably. base
401 and tap 410 ars effectively scaled prior to delivery 10 a user in a relatively tamper-proof manner.
e e For the purpose of purging or evacuating chamber 400. an inlet 4] L-for vacuum purnping and/or
2520 . purging as well as an outlet 412 for vacuum pumpmg and/or purging are provided:’
Windows 402, 403 are suitably dxsposed in the walls of container 401, thereby providing optical ac-

. cess t ILS chamber 400, Preferably. window 402 is suitably provided with an antireflective (AR) coating on

the order of about 1000 to 1100 nm. and optimally about 1064 nm. On the other hand, window 403 prefexably

comprises an optical window without an AR coatng. Window 402 is suitably designed to provide-t'or maxi-

25 mum wansmission at the wavelength A, in this case, 1064 am. Similarly. window 403 is suitably designed to

’ provide maximum transmission over the operational wavelength region of the LS laser 500 {e.g.. 1350 .xun to
about 1550 nmy).

More particularly. reducing gases (contaminants) in chamber 400 (excluding sample system 400A) to
an acceptable levet may suirably comprise purging or evacuating sealable container 401 with top 410 such that
30 the level of gases (comaminants) is below that t¢ be detected in the gas sample within the sample system. It

will be appreciated that the loss comtributed by the gases in the chamber 400 will be comparable to loss con-
tributed by the gases in the gas sample c2il body 406 when the ratic betwesn (1) the concentration of gases in
the chamber and (2) the concentration of gases in the gas sample csil body is equal to the ratio betwesn (1) the
length of the cavity {i.c.. between mirror 301 and mirrer 505) and (2) the length that the [LS .laser heam trav-
35 erses in the cell body.
In such cases where the contaminant comprises water vapor. it is necessary that water levels in cham- -
ber 400 be reduced below those which are conmined within the sample. In accordance with the present inven-.

tion, detection levels of less than 10 ppt {1 ppb in corrosive gas) are cbtainable. While any now known or

13
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within the chamber. As will be appreciated by those skilled in the art, a getter {e.g., 2 molecular sponge) hav-
10 ing the capacity for continuously absorbing water may be utilized to reduce the level of water (conwminants)
- below the water concentration that is to be detected in the gas sample cell 406 (e.g., less than 10 ppt).
The gas sample is suitably communicated to system 400A by connecting a gas line to connectors 408,
409 and feeding the gas into sample system 400A.
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As briefly mentioned above. ILS sensor 500 suitably optically detects gaseous species (contaminants,
e.g., water vapor) contained in a gas sample placed within chiamber 400. In accordance with the present inven-
tion. ILS laser 500 suirablfr.comprises a crystal (gain medium) 507 mounted in a crvstal holder 508. Crystal
507 is suitably mounted in crystal holder 508 such that crystal 507 also is optimally placed with reference 10
the incoming beam. As previously mentioned, the incoming beam is suitably shaped either by operation of

pump 100 or through use of beam shaping assembly 200 such that incoming bearn Fsuitably matches the mode
20+ volume of the ILS gain medium (e g., crystal 507). RS

15

In general, ILS laser 500 is suitably configured such that the laser beam in the intracavity region is
substantially parallet (i.c.. astigmatically compensated) in the region where the beam is directed to the gas '
sample, .g., as contained within system 400A. While a variety of optical configurations may be employed for
this purpose, these mirror configurations have been found to be particularly advantageous. Such a configura-
tion permits the accurate astigmatic compensation of the ILS laser beam thus permitting simultaneous mesting
of the optical conditions necessary to pump ILS laser 500 at the lasing threshold and generation of a laser
beam which is substantially parallel as it is directed to the gas sample. such as contained within system 400A.

25

In accordance with this aspect of the present invention, respective mirrors 501, 505 and a folding mir-
ror 503 are suitably employed for this purpose. Mirror 501 preferably comprises an optical mirror having an
AR coating optimaily centered about X, e.g., between about 1000 and 1100 nm. optimally 1064 nm. Mirror
301 also has a coating that effectively provides on the order of about 99.8% to about 100% reflectivity in the
desired spectrai region of operation of the ILS laser 500 (e.g., about 1350 to about 1550 nmy). Suitably. mirror
501 comprises a concave mirror. For eﬁcample. mirror 501 may have a radius of curvature (ROC) of about 10
centimeters {cm) and.a diameter on the order of about 1.0 to about 1.30 cm, Preferably. mirror 503 comprises a
folding mirror which is configured similarly to mirror 501 and has a similar reflection coating. In accordance
with a preferred aspect of the present invention. mirror 5303 has a coating suitable to achieve reflectivity of
about 99.8% to about 100% over the desired spectral region (.., about 1350 to 1330 nm).

30

35
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Through the aporopriate design. placsment. and configuration of mirzars 30L. 303, and 303 team His
substantially paralief (i.z.. callimated) in the ragion betwesn mirrars 503 and 305. A3 3 rasult, sampls system
T 400 A can be inserted within the intracavicy region without significant deieterious eFasts in the garformance of

15 LS laser 500. it will be appreciated. however. that the distancs betwsen aay redlestive surfaces (e.g.. mirrors

and windows) within the ILS laser 500 must aot be such that any interferance ccsurs inside the LS laser. In<
terferencs patierns acs preducad if the distancs betwesn the reflestive sucicss equals an inwegse of number

wavelengths comparable 10 the wavelength at which the (LS taser erysat 307 gperates.

o B et

Ag described above, {LS laser erystal 507 prafaracly aperatas in a wavelengih- region suitable for da-
20. .. tecdon of the contaminants cantained within the gas samgle (e.g.. water vagar) over which a signature agsorp-

ton spectrum ¢an be cbuined. As praviously mentioned. laser crystal 307 generity sxhibits the propertes of a
mulimode laser svstem, [t wﬁi be appreciated that the mede spacing of output of the faser crystal 307 is re-
quired to be small enough to accurately represent the absarption features of the gas sample. Light preduced by

taser crvs:al 507 cypically has 2 mode spacing of about 430 megahenz (MHZ) about 530 MEHz. preferably
25 .

abaut 300 MHz. thus ensuring accurate spectral replicadan of absocption bands. While any <rymal may be

utilized in the context of the present invention. a Ce*-YAG or Cc™ lutetium {LuIAG laser crysial may be op~

timally used in connection with the present invention {e.g.. for the detestion of water vapar in HCl). Moreaver,
cther hasts for the Cr™*

ions may be usad and athar doped ions into thesz host Srystals may te substmed, T

2d. The
present inventors have found that the low gain eficiency of 3 Cr'” system in a gamet hast (2.3.. YAG or

LuAG) can be operated successiuily as 2 laser using a crystal dhat is on the order of about 10 W@ 30 mm in
langth and 3 mm in diamessr, Praferbly. the daped conc

30

satmation is in the rangs of about 8.10% to 0.530% in
e . v I A QP
such gamet host. A gartculacly praferred lager gain medium 307 comerises 2 Cet v AG ar CeYilw s G erysual

cut at Brawstar's angle to minimiza reflective losses. More pacticularty. 2 C:*YAG arysial cut at Brmwstar's

angle (2.2.. for a crvsal rafracive index whers is abour £.82 and By is 3cout 61.20) having 1 crvswal lengeh of
abqut 23 ta 27 mm a¢ abour 3 0.13% dopant levet has besn found t© be particularty advaniagesus in (he tantaxt

aof gas dezectian systam 10 in accardancs with the present :avendon.

[ ]
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The generation tine. d%EH.AﬁEME%’E SHEETeld wi t hout the use of nodul ator 304-

by pul sing the out put t-he unp | aser 100. As described above

pul sing corresponds t¢ ?ﬁ?rﬁﬁ unpl radi ation to alternate between 15

zero intensify and a hon- o’ nten5|b% val ue over (whi.ch is not

necessarily fixed) over -a-duty—cycte- CISu'EE’Mtute sheet b@z/sé%@%sé?ezm

bringing the ILS | asef 500 alternately pel ow and above thres

Accordingly. the ILS Faset BS00~1TSs turned of f and HERKT on

cover whi ch’ t hexdnipBs lofimerr BO civaate §07Tntyt d9@ by KB °B‘91°¥:°H mQKL ‘mﬁ ,dut¥

cycle of ;Lhe fawwp%rﬁaawm tasao, tPOYAG, rr::ﬁarrsaﬁc'én“@GG tEheY uEAt DS BV er

; whi ch the pu B‘ he kS Ho* Q) teidaresioald. Tm™:YLF,

xAccordln ‘atlon |ne ([err]) gh 0¢ ,OUalG, MAEAG,

Lintr acavr:t::;?‘‘ﬁ:b’(;l‘éLFco'ﬁf!!i g, Tmpé;t‘l b SRR (T &?{S T‘agg(?é 5%8 i's penmtied to

occur is éé%és@ﬁ'te EM i, Cottwgh,hertatecCsrZaagee@ly 06 Penti®nt

conti nuourr:l6 actl ‘a?zeﬂf}%zﬁlfb‘fe %ﬁet)%mqgg tnhgﬁdwla& hevs esnsidardin !eswt swgtthanmber
I

400 is a o con I nuous SR GREdOBL RN sossmBRlisy 600
and the d@ebe@ﬂbr Thes Bespipyysle © heae. Tn sccortah€ 38 %esscrl bed above however the

total optical punping energy or integrated |nten5|ty delivered by the
punp laser 100 to the ILS |aser 500 during each period of nodul ati on nust
remai n constant even though the 25 duration over which the of the ILS
| aser outputs light is changed. To naintain a constant total optical

punpi ng energy, the intensity level of the punp beamis adjusted
with each different period of nodul ation over which [err], isto
ibe varied. Accordingly, both the intensity of the punp beam and duration
over_whi ch the | aser diode punp | aser 100 punps the ILS | aser 500
to. threshold are a changed to provide different generation tines.

PuIS|ng t he output of the punp |aser 100 can be achi eved by cxternally
*controlllng t he transn133|on of

3
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- 30 the punp beam] - Al ternatively if the punp |aser 100 is
~a diode |laser the o HI Pﬁ@ﬂ@@ﬁm&f t he - diode | aser punp |laser
may be nodul at ed by varyl ng the elgct|ri cal power suppplied to the diode
| aser. (As de- 2 c5FPedliBbdve the electrical power supplied to a

diode | aser punp |gser 100 can be nodul at gdbkfturd sResEL A2ySeptember 2000 ai n
vol tages just abovg and bel ow that required to cause the ILS laser 500 to

| ase.) Accordingly, the gas detection system 10 of the
present  ingifddlih QAnafikY aliciil tl e AR mmﬂ of Bk hatf\mgmms irDoperaidaNfeisiguilddk i ONS

(D) e SEEEIReTES oI e TR o s 7 it B e i p
chopper ¢redgthe nesth ofypRurenzgts pn hﬂt removing dmwlﬁemm Beely70 Gomropping dhe losses
cont i NUOGA de sl babakieh We hddd hr:aﬂ@mﬁaoaap& cmea@uﬁ Rigdehek. HUCh Gsidg Bsh@SEr
3% (8 e bl Yo B Akl e Ao had St~ 0! 2 07
With continued reference to FIG. 2 and additional reference to FIG. 5, heat sink system 500A is con-
nected to nmum 508 and arystal 507 (not shown in FIG. 5). As shown best in FIG. 5. holder 508 preferably
comprises a two-part holder suitably arranged to mechanically hold the laser crystal 507, Heat sink system
S00A preferably includes a copper heat sink bridge 510, a thermal slectric t.;oolef 509. and a thermal Mc
sensor 511. Additionaily, an electrical temperature control interface 512 is provided in the walls of the bedy
401 of the chamber 400 (se2 FIG. 4). Mount 508 together with bridge 510, coolsr 509, and sensor §11 serve to

properly align crystal 507 with respect 10 the other optical e!emems comprising ILS laser 500, as well as en-
able control of the thermal properties of the crystal.

10

In accardance with the preferred aspect of the present invention. heat sink system S00A is in direct
physical contact with crystal 507. Heat produced by normal operation of crvstzl 507 through optical exciution
occasioned by beam F is eﬁ"eéﬁvely conducted away from crystal 507 thereby maintaining a relatively constant
‘operating crystal temperature, Preferably. crystal holder 508 comprises copper/atuminum which is opératively
connected to cooler 509 and heat sink bridge 510. Suitably. heat sink 510 m@ﬁw a copper heat sink located
in body 401 of chamber 400-such: that excess heat is conducted away from crystal 507. Sensor 511 measures -
the temperaturs of holder 508.{.-;:0019.: 509. bridge: 510. and crystal 507 such that optimum operating tempera~
tures are maintained. In accordance with this aspect of the present invention, thermal management of crystal
507 is obained, thereby eliminating the need for coolant liquids which may unnecessarily compromise and
complicate the operation of the gas detection system 10, ' '

15

ILS laser system 500 is suitably arranged such that the angle (p)of the beam exciting crystal 507 and
the reflected beam from mirror 503 is on the order of about 20° to 30°, more preferably from, about 23° to 27,
dnd optimally about 25°. This beam (beam H) is directed to the sample system 400A.

- Output beam G ffom ILS- laser 500 after passing through sample system 400A is directed to spec-
trometer assembly 600, Such direction can be obtained. such as shown in FIG. 2. through use of a folding mir-
ror 601 suitably mounted in a mirror mount 602. Mirror 601 preferably comprises 2 piane mirror containing a
coating for high reflectivity in the desired spectral region of operation of the ILS laser 500 {e.g.. 1350 to 1550
om).

It will be appreciated that the output from the ILS laser 500 can altermatively be transmirted via an
opticai fiber link to a remote site for spectral amalysis, In particular. beam G can be coupled into an optical fi-
ber or an optical fiber bundle. The ourput of the ILS laser 500, after having passed through the gaseous species.
is thereby carried 0 the spectrometer assembly §00 which is located at the remote site. Under the proper con-
ditions. it has been demonstrated that such optical fiber transmission does not distort the spectral data.

With continued reference to FIG. 2. spectrometer assembly 600 comprises dispersive gratings de-
signed to specirally resoive a coherent beam. in particular. the absorption spectrum of the contaminant in the

35
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(2) The output o
chopper
off to enable pe

500;

(e.qg.. choj
of the output fromthe ILS | aser

RHP&AQEM@NTQﬁﬁETl-O may be chopped with an external '
nd the detector 700 may ‘be pul sed on and

) VI jut{ of the punp laser 100 may be pulsed with
an. external pul ser

with the duratio;
500 and the - GaSeOtS—

of the interactl

tof 700 m&(bstitute shBetOR2 Bupterhbera@doyat ed
n between the output of t I LS | aser

belng controlled by the duratloq of the
pul ses Fampl ©Re deierng. Juiiblyy the Feqml disprrion of the SPoRDmPLERSR isgspficiently larg
(4) 1N tLevens shsavhiindeatuns of suiRorkntadiit 3 Gribinghdlit@dBaticDe the ‘simmfm of
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20

25

sembly 600C preferably comprises leases 603 and 605 suitably mounted within the gas detection system 10
through use of mounts 6§04 and 606. Lens 603 preferably comprises 2 negative lens and lens 605 preferably
comprises 2 collimating lens: each preferably having an AR coating centered about the absorpdon spectrum of

the comtaminant in the sample to be detected, ¢.g., berween about 1000 nm and 1500 am. optimaily 1400 am.

Diffraction grating assemblies 600A and 500B suitably comprise respective diffracton gratings 60‘5
and 609 mounted on respective diffraction grating mounts 608 and 610. As will be appreciated. mounts 608,
610 permit tuning and adjustment of difftaction gratings 607. 609 within spectrometer assembly 600.

Focusing lens assembly 600D preferably comprises a lens 611 conuining an AR coating at the wave-
length at which the ILS laser 500 operates, e.g.. berwesn about 1600 nm and 1500 am, optimally 1400 am.
The lens §11 focuses the ourput of the spectrometer 600 onto multichannel array detactor 701.

The spectral region aver which the ILS faser 300 operates is produced by spectrometer assembly 600

" and is displaced spadally across a plane whers the umlnchannei array detectar 701 is suirably fixed on 2 mount
,702. An electronic board 703 containing the control and mmng electronics required to operate and+read infor-
mation from;the muitichannel detector 701 is apemwclv connected thereto, As a cesuit, the entire spectmally -

d:spensedahsarpucnspmmnofthepamaﬂxcanmmmmsoughtmbexdmnﬁedmmughuseoﬂhegasdg-
tection system 10 can be cbuained. The positions and reladve intensities of the specific absorption featres of

mcmnmmmanbemhzedmumq\xdymnfymcdetwedgas{mmm)aswe!lasqmﬂmlr_

dmmzthcamomofthcgas(mnumm)sodueaed.

Thedaecmrmlmzycnmpnsc,formmpl&anlnGaAsmuInchameiamvdﬂmrmthzﬁpmls '

having 100 wm spacing. The light detected by muitichannel detector 701 is preferabiy transduced into elec-
tronie signals at each detector element (pixel) with signals thereafier transfarred 10 an analog-to-digital (A/D)
converter 801 through board 703. Converter 30! is suitably connected through 2 BNC connector and shielded
cable 704 such that the accurate mansfer of information is ensured. Ones the data is so converted. it is sentto 2
compﬁzcr 802 which may be suitably programumed to convert the slectronic signals into spectral information
i.e., spectral signatures identifying 2 particular gas {contaminant) and concentration of gases (contaminants}.
Alternatively, the ourput of the ILS laser 500 having passed through the gaseous species to be moni-
tored can be directed to a spectrometer assembly 600 having art least one dispersive optical clement (e.g., dif-
fraction gratings 607 and 609) therein which can be scanned with respect 1o wavelengrh, The output of the
spectrometer assembly 600 can then be directed to 3 single channel detector. The spestral signamwe of the
gaseous spesics in the laser cavity 5 is cbtained by scanning the dispersive optical element while the light
twansmitted through the spectrometer assembty 600 passes through an approprate aperture (€.3.. slit) placed in

17
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. o REPLAGEMENT SHEET
(5) In the case wher

100 is a diode |aser. the output of
t he. di ode | aser may jbe

chopped by varying the electrical power
supplied to the diode aggr ggﬁdmgﬁe detector 700 may be conti nuously
activated Wi tih 554 oM of the output fromthe ILS | aser 500

to the detector being controlled by a puI S%ﬁb&ﬁtu@e | at,or fb to
enabl e periodically LCE § Elp e t he

n reated
punp | as&PMEHES s@"‘é l&f“gg‘&‘*“x slé?' inRE bt bt “BFPRETY RO E TASEr nay be
chopped 600, i.e.. thhaurppeaf Y pryctiohiaer gdseaysPE alecprdves m‘s%ﬁsﬁm @G‘*%"b*‘f"ﬁé sdrokE | aser
and the det ectyggn %QQndI&x‘dw Reri R G@prg«rbuﬂ’nﬁtcsﬁfxfci ttﬁl: ﬁﬂde:ccuon svstenlBl et the
periodical | li.n the o the | aser..290. s s
I n-the erff)"t)%?l EP‘ gf‘ggt’%‘ % wm“hd'g'i ‘gi%" i s §1e m“:i[f)mm)]E %h (1 pr aeent FAvent i on
descr iSbede sdyereet phrsar)its Sumid level] nswses \BEOO mha@c:a dl‘*é?é‘éffsnifai/‘i"t"y' 180 pstel ettt r om
th ree M reRQE 8¢ L6 1oer .:ao(r.jrhcr :rdﬂlﬂcgmld%mﬁ@&« (hd B Qﬁi]}m:\ml@)l’ze !zda..sni\*i‘ mﬁ}:&oa o
a folding mr escribed ahove S £ Jrors
i s designgt® f”é“” i 5% iy °é%¢ AEPing Fgppen from Wk &8%\ {*gy%%n%gnsg j(f Sl
subst ant i a¥sky 3%3#&1‘ hab puitRipach #\ct‘ﬁﬁﬂfr‘b’gm%tl%veﬁ“ﬁ Wi & 5’(‘}‘3“"&?1‘6‘ %85,

Al ternat il ¥ sob el daRGlhOWsSYSIAME0 0 uliha PEesaRlicknVERI | il

e

conpri se LS | aser a si I ed | aser cavi t_y 5,
such an aﬁ‘“@"“ﬁat |E§3§n"§ﬁb‘3df"ﬁﬁ‘nf"°ﬁfmf“ﬁe °?ﬂ‘%s‘%°tli’f‘ |dﬂ§é°ﬁ’(°| 0PN hETPELer "‘E‘éw ty
25 5 igrdimot indesiogite dvienin phoviethetivas tlgynartice  wiip e srsditsk grdex Ratdaevbershe

| aser cavm Y dadiRy hexf Ande dadda) Welkolop@s, and combidlidng OthScedzhas etasy sharkng a
substgnt i gl Yeald rﬁkﬁésrcazﬁw&lag%%&w& f!ﬁ&u@@s 4088.N9%. g&g H,48 ou?}ﬁ,}l DBl o
corrpensat i on. However . hear cavl t (i ed \A such an
al ternati ‘(fé“é*ﬁt%ﬁ? T OLR s |5‘Fé"§é‘fft‘ She) GBS ot tocadon and v of e

gain medium of the LS faser. Specifically, beam medification s¥siem 200 is used tO altar the pumping radia-
tion of driver 100 to mest the requirements of TS tasar 500.

In accordance with the present invention, beam medification sysiem 200 may comprisas a beam ex-

15 panding telescope. Specifically. in such cases whers uummnv {zszr 100 compnses the preferred Specum Phys-

ics dicde pumped solid state crystal laser and ILS cryswl 507 camprises a Cc** YAG or a Co**
beam expansion of the pumping laser output mavbe nscsssacy.

tegtas

LAl crysal,

As shown best in FiG. 4. system 200 suirably comprises a seriss of lenses and adjustable apermures. in
particular, 3 frame 201 is provided which suitably includes respective upstanding walls inc which respective
variable aperturs devices 202 and 205 are suitbly providad. While any appropriate meang of varying the'aper-
wre of the opening into which the ourput {2.g.. beam E) of laser 100 2aters or exits svstem 200 may be em-
ployed. suitably. devices 202 and 203 comprise conventional aperturs varving devicss. System 200 aiso pref-

erably includes a focusing lens 203 and a collimadng lens 204. Preferabiy. lens 205 comprises a focusing lens

and lens 204 preferably comprises a collimating lens both of which have an AR coating at the wavelengzh, A
¢.8.. at about 1000 to 1100 am. optmally about 1064 am. As shown in FIG. §. lenses 203 and 2035 ars suitably
anached o frame 201 to permit their respective alignment within beam £.

. With continued refarence to FIG. 2. in soms agplicadons. it may be necsssary taat the incaming beam

be appropriately facused into the laser gain medium (2.g., ion~doged crystal o glass) 507 within LS laser 500.

In accordancs with the prefamred aspest of the present invention, a fecusing lens 208 may te zdvantageously

mounted in 2 laser lens mount 207 such that the fecusing lens is suitably located within the path of team F. [n

accordancs with 3 partcularly prefarred aspest of the gresent invention, focusing lans 206 suitably somprises

an opucal fecusing lens with an AR coating cantersd atout 2 wavsieagih i, 2.2., betwezn zbout 1000 and

1100 aun and optirnailv 106+ am stating. Tocusing lens 106 may be suitably configursd o 2videncs 2 plano-

CONVEX Qf Convax~ionvas :anngur:-.uon.



abl es a gas detecti on FEPsALFMHOr ©EFPE [constructed which is substantially
snal l er and si npl er. | Consequentl-yr——, such an enbodi nent of the gas
det ection system 10 pf t?? R-gsa ijnMention is | ess expensive to construct
as 30 wel | as easj ef oper &t'%€ -tthgn t he enbodi ment descri bed above.

Additionally, this ajtéerrative er:bvcl nent Spbstitute sheet @ 2PSESRAbErREVO | ON
based on a |inear |ager cavity can be jconstructed to be nmore rugged or

mechani cal |y sta- bl-e—-as—+s—+€qui red by many practical
appl i cations. By "linear |aser cavity" is nmeant a | aser
cavity 5 that is equivalent to a |aser cavity formed between only

two mrrors. |n its sinples inear |a i bd sh@naile | @SET
cavity 5 for rﬁ!‘d”%&‘t%‘ ‘éb\”ﬁ‘?"é%n%mg‘“m % mw&ﬁca&gy%%ggﬁ%g% rr'? It will
be appr eiceghedk dfhiwizeiuycimmrirey 0dfoenisdf ima%m%hﬁ%ﬂ%%ﬂ%%’ A& nay

be i ncl udgdalo@me Bﬁ% &m&a. mcaiaslm oftie >mdaanco&mavaem saprodukioly mmwﬁ rom

the first mrror oS econg cabnl@n Rir hikase
addi t i on%Fs® T’ﬁWé‘ Rifbfg‘vef’“‘“aé‘eé”‘ﬁé§° ““‘“3“' DHmmhn's s'tarp)g@o “the beam W t hi

the |l aser cavity 5 (provided that the distance between the fi rst
mrror and the second mrror is not changed). Accordingly, the
22
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Substitute sheet - PREMACEMENT SHEOD: i ncl usi on of additional pl anar

mrors in a |l aser cavirty—5—ef—a-+asger] does not effect the operation of the
| aser but merely a?t;rfr_-g; ?gﬁgmnn r in which the | aser is physically
corfigured. Consequently ‘a“aser cagvity 5 forned bet ween a first
myror and a second{ nmrrt

| =
Ul nmavr Iy d

-eddi t i ORRbsfhAS Bhedl L 12 SepiafrilsoriEdoOBeN,
| aser cavity

Is equivalent to a ornmed solely between the first mrror
and ‘the second mrri ditional planar mr- 5 rors alters

29|C'I[1 h g&véﬁct?@iﬁwl s@:fsuﬁ*ﬂﬁm:b%@- BRuRE. HoRGeORR LA WA & ca&ngﬁ of éﬁﬁ[y-op;«rrlﬂlg WS£ of
u 111

apar .mr- . rors. however. may be _enployed to fit a
| aser cEHIFTY 0 A URR RGBSR LRSS £ R SPestip efor to malatain ampli-
Thus t hedeadyevdimah sebile bOLELS asrr 00 pakihachalon adetseintpaan gn tokanphedgpoe and
Concenf[ ﬁ&thpﬂivgéexﬁx 2 ;ﬁmle'cozmn:mia!vigﬁm' &_de%asademn@ kda containing a .
corrgswe gas by utilizing gas_detectionm system 10. In accordance with a
pref2red enbddidfalt™¥e ©ReFIre La aseri SAY eomtmuamiyaanddt proerdaey Wit yereedsiri vity
det ect i oatisau of tprefis ddvesia thh EUSAish is ohélated in T hRusBPhdOTor A UEHofad HoddO NS kides €S
reduC NGle@ASHE bRl ANAN 5 ~chdped HIR Ger RAHBELes W e rQubly BGSER' PO | EVEl -

500 (i.z., ion-doped crystal 507) 1o pumping radiation such that the ILS laser will be switched on and off,
Chopping corresponds to causing the pump radiation to alternate between zero intensity and a fixed intensicy

10 value at a fixed frequency and over a fixed (often symmertric) dury cycle. In contrast, pulsing corresponds (o

causing the pump radiation to alternate between z2ro intensity and a non-zero intensity (which is not necessar-

ily fixed) over a duty cycie which may be varied and which is typically asymmerric. (Alternarively, the pump

radiation can be modulated such that the intensity of the pump beam does not reach zero intensity dut fluctu-

ates alternately between at least two intensity levels which brings the ILS laser 500 élxemateiy above and below
"153  threshold.) _

Through operation m the chopped mode or the pulsed mode. stable operation of ILS laser 500 consis-

tent with the quanritative spectral and concentration masurcr;icnts may be obtained in a commerciaily viable

" manner. Such intensity modulation (e.g.. inmterruption) can be achieved utilizing. among other things, 2 me-

chanicaily operated chopper. an iicoustmoptic modulator. a shutter. and the like,

20 Alternatively, .the output intensity of pump laser 100 may be modulated instead of secondarily chop-

ping the cutput beam (beam E}. In particular. if the pump laser 100 comprises a diode laser. the electrical
power supplied to the diode laser pump laser can be modulated to alternately obtain voltages just above and

below that required to cause the ILS laser 500 to lase. Consequenty. the ILS laser 500 will be tumed on and
off.

25 While any now known or hereafter devised manner of producing a chopped mode or a puised mode

can be utilized in accordance with the present invention. advantageously such modes are obrained through use
of modulation assembly 300.

in accordancs with this aspect of the present invention, beam E is periodically prevented from reach-
ing ILS laser 500 by a rotating modulator 301 which periodicaily biocks and transmits the pumping laser beam
E. Specifically, in FIG. 6. modulator 301 comprises a2 mechanical chopper. Mechanical chopper 301 is suitably
placed so that beam E is modulated before reaching IS laser 500. While modulater 301 may be advanta-
geously placed before or after beam modification system 200, in accordance with a preferred embodiment of
the invention. the chopper is suitably piaced at the focal point within beam modification system 200. Alterna-
dvely, the chopper 301 may be placsd in front of the pump laser 100. As best illustrated in FIG. 2. chopper 301
is suirably mounted in frame 201 of the beam modification assembiy 200,

It should be appreciated that chopper 301 could be replaced by any device, ¢.g.. mechanical or electro-
optcal, which periodically blocks or modulates the pumping laser beam. As previously mentioned. in accor-

dance with the presenat invention, the intensity of the pumping radiagon emanmating from pump laser 100 must

13
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a chopper driver 303 connested to chopper through use of a suitabie slectrical connectorts) 302. As driver 303

i

causes chopper 301 to rotte © the open position. beam E reaches ILS laser 500, thersby bringing ILS laser
500 above threshold for laser activity. ILS laser 500 continues o operate until driver 303 causes chopper 301 to

rotate to the closed position. whereupon chopper 301 effectively biocks pumping beam E from reaching ILS
faser 500.

20 ILS laser 500 qumput :xhing chamber 400 is suitably directed to modulator 304. In accordance with

. various aspects of the preseat invention, modulator 304 comprises an acousto-optic modulatar. It should be ap-
preciated. however that other available devicss, for example. another mechanically operated chopper or even a
shutter may be suitably employed for this purpose. As discussed above. o extract quantitative information from
the IL.S laser 500 exiting beam. modutator 304 periodically samples the output of the ILS laser which comtains
the absofption data of contaminants (e.g., gaseous species) contained in the particular sampie. (It will be ap-
preciated that instead of employing modulator 304, detector assembly 700 may be aiternatively switched on
and off to periodically sample the curput of ILS iaser 500 as will be discussed more fully below.)

While the specific form of modulation is variable. use of modulation enabies generation of 2 repro-
ducible. efective optical path length within ILS laser 500. Stated another way, by varving the generation time
{tp. L.e.. the dme period over which intracavity mode competition within ILS laser 500 is permitad to oczur.
the effective absorption path length within the intracaviry resonater can be controlled and selected to achieve
opdmtum quantitative applicadon of the LS gas derector 10.

Advaniageousty. modulation of the output of the pump laser 100 is advantageousty svnichronized with
modulation device 304 such that quanurative information from ILS laser 500 can be extracted in a tme-

35 resolved manner. Pump radiation E is effectively deliversd to LS laser 500 intermittenty by passing pump

beam E through chopper 301, Delivering radiation interminently alternatively brings ILS laser 500 above

threshold and below threshold. After the generation time. L, ciapses as [LS laser 300 reaches its thrashold. the

ILS laser ourput is deflected by modulator 304 1o the entrancs of specrometer assembily 600 and detector as-

-
20
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23 generats generation times (t;) on the order of less than about 300 to 500 microssconds (psec). more preferably

on the order of less than about 10 to 100 usec. and opumauy on the order of less than about | usec, Such syn-
10  chronization resuits in the modulation assembly 300 allowing the output of the pump laser 100 to pass uninter-
rupted when modulator 304 is closed. The ume interval between when the output of the pump laser 100 is not
interrupted by the modulation assembly 300 and when modulator 304 opens is dersrmined by 1.

The generation tme. ¢, can be varied without the use of modulator 304 by pulsing the cutput of the
pump laser 100. As described above, pulsing corresponds to causing the pump radiation to alternate berween
zero int@nsity and a non-zero intensity value over (which is not necessarily ﬁx:d)‘ over a dury cycle which may
be varied. thereby bringing the ILS laser 500 aiternately below and above threshold. Accordingty. the ILS laser
300 is turned off and on. The duration over which the [LS laser 500 lases may be varied by changing the dury
cvcte of the output of pummp laser 100: in particular. the duration over which the pump laser pumps the ILS la-
ser 1o threshold. Accordingty. th:: generation time {ty). i.c.. the time period over which intracavity mode com-
petition within LS laser 500 is permitted to cccyr. is varied. In this case. the détector assembly 700 remains

continuously activated and the cutput of the ILS laser beam exiting chamber 400 is aliowed o continuously
reach the spectromerer assembly 600 and the detector assembly.

20

As described above, however, the total uptiél pumping energy or imegrated intensity delivered by the
pump laser 100 to the ILS laser 500 during each period of modulation must remain constant, even though the
duration over which the of the ILS iaser ourputs light is changed. To maintain a constant total optical pumping
enérgr. the intensity level of the pump beam is adjusted with each different periad of modulation over which ¢,
is to be varied. Accordingly. bath the intensity of the pump beam and duration over which the laser diode
pump laser 100 pumps the ILS laser 500 to threshold, are a changed to provide differant generation times.

Pulsing the outpur of the pump laser 100 can bé achieved by externally controlling the transmission of
the pump beam with a “pulser”. Alternatively, if the pump laser 100 is a diode laser. the ourput intensity of the
diode laser pump laser may be modulated by varying the slectrical power supplied o the dicds laser. (As de-
scribed above. the slectrical power supplied to a diode laser pump laser 100 can be modulated to aiternately
obtain voltages just above and below that required ¢ cause the ILS laser 500 to lase.)

Accordingty, the gas detection system 10 of the present invention may inciude any of the following
configurations each of which ¢nables the generation time o be varied:

(1) The curput of the pump laser 100 may be chopped with an external chopper {(e.g.. chapper 301)
and the derecror 700 may be continuously activated with transmission of the output from the ILS laser 500 to

the detector being conurolled by a puiser (e.3.. modulator 304} to enable pericdically sampling:

"
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gaseous species being controlled by the duration of the pulses from the pump laser which cause the ILS faser to

lase;
{4) In the case where the pump laser 100 is a dicde laser, the output of the diede laser may be pulsed
by varying the electrical power supplied to the diode laser and the detector 700 may be conliruously activated
10 with the duration of the interaction between the output of the ILS laser 500 and the gaseous species being con-
. trolled by the duration of the pulses from the diode laser which cause the ILS laser to lase;
(5) In the case where the pump laser 100 is a diode laser. the output of the dicde laser may be chopped
by varying the electrical power supplied to the diode laser and the detector 700 may be continvously activated
with the transmission of the output from the ILS laser 500 to the detector bcihg controlled by a pulser (e.g..
15 modulator 304) to enable periodically sampling: and
{6} ln the case where the pump laser 100 is a diode lasar. the output of the diode laser may be ¢chopped
by varying the electrical power supplied 1o the diode laser and the detector 700 may be pulsed on and off to en-
able periodically sampling of the outpul from the ILS laser 500,
In the embodiment of the gas detection system 10 of the present invention described above, the LS -
20 laser 500 has a laser cavit; 5 formed from three mirrors (i.c.. mirrors 501, 503. and 503) wherein mirror 503 is
a folding mirror. As described above, this configuration of three mirrors is designed to provide an astigmati-
cally compensated or substantially paraltel beam in the region between mirrors 503 and 503.
Alternatively, the gas detection system 10 of the present invention may comprise an ILS laser 500
having a simplified laser cavity 5. In such an alternative embodiment of the present invendon. the laser cavity
25 5 is not designed to provide astigmatic compensation. Rather, the laser cavity 5 may be formed between two
mirrors thereby having a substantially linesr conﬁg{uation which does not provide astigmatic compensation.
However, the.linear cavity design employed by such an alternative embodiment of the present invention ens
ables a gas detection sysiem 10 to be constructed which is substantially smaller and simpler. Consequendy.
such an embodiment of the gas detection system 10 of the present invention is less expensive 1o construct as
30 well as casier to operate than the embodiment described above. Additionslly, this alternative embodiment of
the present invention based on 3 linear laser cavity can be constructed to be more rugged or mechanically sta-
ble as is required by many practical applications.
By "linear laser cavity" is meant a laser cavity 5 that is; equivalent 1o a laser cavity formed between
only twvo mirrors. in its simplest form. a linear laser cavity comprises a laser cavity 3 formed between a first
35  mirror and a second mirror. It will be appreciated that any number of additional mirrors which are planar may
be included to steer (i.e.. alter the path) of 2 beam which travels from the first mirror 1o the second mirtor, The
inclusion of these additional mirrors. however, does not modify the shape of the beam within the laser cavity 3

(provided that the distance berween the first mirtor and the second mirror is not changed). Accordingly, the
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1_3 {contaminants) and determine its concentration within the sample milizing camputcrisoﬁware system 800.

The method for detecting the presence of a gaseous species in a gas sample containing a corrosive gas

requires that a spectrai region be selected wherein (i) the gaseous species has at least one absorption fearure

" and (ii) the corrosive gas has essentially no interfering absorption features, (As describe above, an interfering
absorption feature comresponds to an-absarption featurs which overlaps the absorption feature used for identify- . -

20  ing the gaseous species. such that. detection selectivity between the gaseous species and the corrosive gas is
compromised.) In accordance with the method of the present invention. a laser comprising a laser cavity 5 and

a gain medium 307 which outputs light having a wavelength distribution at least 2 portion of which is in the
selected speciral region. is provided. The ILS laser 500 is contained in a sampie chamber 400. A gas sample

cell 406 having windows 404 and 4035 which are transparent to light in the selected speciral region. such that a

25 beam of light can pass through the gas sample cell, is also provided. The gas sample cell 406 is inserted in the
ILS laser 500 such that output light from the gain medium 507 passes through the gas sampie prior to e.;dting

the laser cavity 3. The gases (contaminants) in sampie chamber 400 are reduced to an acceptable level, .The
sample of gas to be detected is placed in the gas sampie csll 406, The ILS iaser 300 is pumped at or near
threshold and the optical ourput from ILS laser 500 is periodically sampled, preferably via modulation assem-

30 biy 300. The absorption spectrum of the gases {contaminants) within the sampie is measured with spectrometer
600 and detsction assembiy 700. The absorption specwum is analyzed to idemify the gaseous species
{conmaminants) and determine its concentation within the sample utilizing compurer/softwars sysiem 800.

More particularly, reducing gases (contaminants) in chamber 400 (excluding the gas sample ceil 406)
to an actsprabie level may suitably comprise purging or evacuating seatable container 401 with top 410 such

35

that the level of gases (contamirants) is below that t0 be detected in the gas sample within the gas sample csll
406. As discussed previously, other mechanisms for reducing the level of gases (contaminants) may be utlized

provided they can reducs the level to an acceptable level. Preferably. container base 301 is sealed to wp 410

5
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Ing e annel
dancs wtth e present invention further comprises

iving D:_S Iaser 500 at threshold or near to but above
threshold. In accordance with the present invention. driver 100 suitably pumps II.S laser 500. Where neces-

10
sary, pumping beam E is suitably shaped by beam shaping assembly 200 10 mest the optical requirements of
ILS laser 500. Further. where gas detection system 10 is operated in a pulsed or chopped mode, as described
above, modulation assembly, and in particular, moduiator 301 may pericdicaily internipt pump beam E thersby
preventing beam E from reaching ILS laser 500. Beam F output from modzﬂator 301 and beam shaping as-
.15 sembly 200 is suitably directed to ILS faser 500.

' In accordance with this method. as beam F enters chamber 400 through window 402 disposed in the
wall of sealed container body 401. beam F is suitably directed to ILS laser 500. Additional focusing and direc-
ton of beam F may suitably be achieved as beam F passes from window 402 to focusing lens 206, where focus-
ing lens 206 suirably focuses beam F and directs it through mirror 501. Beam F suitably pumps crvstal 507 at
20 or gear threshold. and the output beam is suitably directed to the gag sample within the gas sample cell 406,
such as by mirrors 503 and 505, The exiting beam. containing the absorption data from the gas (contaminant)
sample. then exits gas chamber 400 through window 403 suitabiv dispased in a wall of seaied conrainer body
401.

ILS laser 300 may be operated in 2 pulsed mode ot 4 chopped mode using modulator 304, suitably
synchronized to modulator 301. and which periodicaily samples the cutput beam from the ILS laser and passes
the sampled ourput thus cbtained to spectrometer assembly 600 and detector assembiy 700. Alterpatively. in
the case whers the pump laser 100 comprises a diode laser. the electricai power supplied to the diode laser
pump laser may be modulated and synchronized with modulator 304, Suitably. mirror 601 directs sampled
cutput beam G from [LS laser 500 to spectrometer assembiy 600 and detector assembly 700. Alternatively, in-

stead of using moduiator 304, detector assembiy 700 may be switch on and off to sampie the qurput from LS
laser 500.

30

The method for detecting gaseous species in accordance with the present inventon firther comprises
analyzing the ourput beam G sampled from ILS laser 500. Preferably. spectrometer assembly 600 spectrally
resolves and detector assembly 700 suitably analyzes beam G from sampled ILS laser 500. Spectrometer as-
sembly 600 suitably spectrally disperses beam G from ILS faser 500 through beam expanding assembly 600C.
diffraction assemblies 600A. 600B and focusing assembly 600D. Spectrally-resotved ILS absorption data exit-

ing spectrometer assembly 600 is suitably displacad spatially o be detected by detectar assembly 700 compris-
ing 2.5., multichanme! detector 701,

3s
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output of diode 701. As will'be appreciated. each data point iflustrated results from a variety of measurements.

The data presented in the plots shown in FIGS. 7 and 8 demonstrate that water can be successfully

detected in hydrogen chioride using the method of the present invention. Additionally. the observation that the

water absorption spectra are the same, regardiess of whether the measurement is made in hvdrogen chioride or
nitrogen. demonstrates that there are no spectral interferences from hydrogen chioride even though it is present

'1_5 at an exwemely high concentration {¢.g.. one aimosphere total pressure). '
Given the relationship between intensity and concentration. once a characteristic signature of the
contaminant gas. €.g.. water vapor. is obtained, the concenrrarion of the comtaminant contained within the
sample can be readily obtained. In accordance with the present invention. computer 802 can be suitably pro-

grammed to interpret the data and provide an output indicarive of the presencz and/or concentration of the

20  contaminant contained within the sample. Representative plots of the water absorption intensity versus water
conceneration in N» gas, as obtained through use ::t‘ the present invemtion, are shown in FIGS. 9 and 10. Water
purification for the N1 gas is based on a permeation device and an in-line purifier for FIGS. 9 and 10, respec-
tivety.

) (It will be appreciated that the absorption feature(s) found in the spectral signature must be calibrated.

25

Since intracavity laser spectroscopy offers increased sensitivity bevond prior art methods. weak transitions
previously not measured may become measurable for the first time with the gas detaction system 10 of the pre-
sent invention. In such cases. these weak transitions can be used 1o identify the spectral signature and certify
the presencs of the gaseous species. Such weak transitions can also be calibrated by the gas detection system [0
thereby enabling the concentration of the gasequs species to be determined by the intensity of the absorption
30  fearure(s) corresponding to these weak transitions.)

While the presemt invention is shown above as applied (o obtaining the absorption specura for con~
taminants. such as water vapor, in a corrosive gas. such as HCL. it will be apparent by those skilled in the art
that other suitable contaminants and corrosive or reactive gases may also be empioyved in the practice of the
present invention. Examples of corrosive gases suitably emploved with the present inventon inciude. but ars
not limited ta. the following: N.O, NO. NC., HONG, BNGQ», SO. S04, H,SO.. Cls, C10. C10+, HOCL PH,,
OCS. HI. HF. HBr. BCls, NF;. BCl,, BCl, SO, BF;, Bry, I3, Fy, O;. AsH;. NH;. SiH., BaH.. HNO; HCN,
HNC, H;S. COF:, and CH...X,, where X is F or Cl and x equais | to 4. It is not intended that the carrosive or

reactive gases specifically disclosed hersin, including those listed above. are wo be exhaustive: rather. other cor-

|78
(V)
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spect r oscopy ers increased sensitivity ey n rior ar

t r andPt | GRESiated with the usg0b e FoRTPHgRY (defings &t PaBiFtfa e FEESRE heesswr HBTECY Y t he
first tinmdenabia. tthev gas: dedreleddion vibis bR Mddhks efnddie; Pfr@ive gases at detectiGeRiels

i nventi ong, c%u%&%&?ﬂa&gé ;J;Lese weak transitions can be used to identi fy
the spectral signature ana certify t he presence of the gaseous
species. Such weak transitions can also be calibrated by the gas detection
system 10 it should be understood that the foregoing description reiates to preferred exemplary embodiments of

15 the invention. and that the i inventon is not limited to the specific forms shown herein. Various modificadons
may be made in the design and arrangement of the slements set forth herein without departing from the scope
- of the invention as expressed in the appcndcd; claims. Moreover. the application of gas detection system 10 as
well as the locaton of the LS gas detector. e.g.. in a semiconductor fabrication assembly. can vary as may be
desired. For exampie, the specific placement of the various efements within the [LS chamber 400 and the gas
" 20 detecton system 10 itseif may be modified so long as their conﬁguraﬁon and placement suitably enables opti-
cal excitation of ILS laser 500 in a readily reproducible manner. These and other modificatians in the design,
arrangement. and application of the present invention as now known or hersafter devised by those skilled in

the art are contempiated by the amended cfaims.
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t.hereby enablin

%FT n of the gaseous species to be determ ned
by, theintensit

- 30 feature(s) corresponding to

REMERL

t hese weak trangi gT6HS, While the present invention is
shédwn above as pgl ieg §QPO?§@%| g the absorption spectra for con-

.tam nants. suchjag water Vv a corr%bgﬁugggheéyglgzageﬁgnbértzmdI be
-apparent by thoge S led in the art hat ot her suitable

contam nants and corrosive. or-+eatt CuamMmses nay al so be enployed in the
"practice of the present invention. Exanples of corrosive gases
suitably errplﬁly with the present invention include but are 35 not
illmted‘f"B‘“l’t "T‘ﬂl‘ﬁowng N[err]0, NO NJerr], HONO HNJerr], SO

i SO[ err ] H er ¥ ]aSRéusdrdr deulidg@e ghesdabel of EdsdousGhécRE fo] GaEakle conl@iag Rifosre gus.

HF., HBJ;: BCi [err] NF[err]. BdJ[err], Bd, SQerr] BF[err],
Br[err] coprigng e P rr] Oferr]. AsHerr]. NHerr]. Herr] Blerr]Herr].
HNO[err]. HCN. (2) selecting ppgEsR] egiqn] erei@OF [t £3vous *cmf & FFE PP P PHMer e X
is F or fhuaash (o ayuetosy aaikﬂscésennhﬂvda&nd&ainolam@md@dmxtchat the corrosive or

reactive gases Spe&l) I:\Jowq J aXasgl %ﬁ} cggngQ:nb?(a? 4:\“@)' Aéli fich LARHesd7 sti@d..above

are to be exhaustive'ra
sides thersin. said gain mcdtum (507) outpumng haht having a wavelength distribution at least 3 portion of

which is in said selected spectral region:
{c) providing a gas sample csli {406) having windows (404, 405) which are ransparent o
light in said selested spectrat region such that a beam of light can pass through said gas sample ceil (406);
. {d} inseriing said gas sample cali* (406) in said laser (500) such that light output from said
gain medium (507} passes through said gas sample prior 0 axiting said laser cavity (37,

{¢) inserting said gas sample containing said corrosive gas in said“gas sample c=ll (406) such
that light output from said gain medium (507) passes through said gas sample. said gas sample sealed within ’
said ga§ sample csll (406) sucﬁ that said corrosive gas does not react with said laser (500); and

() directing said light output from said gain medium (507) after exiting said laser cavity (S)
10 2 detector assembly (700) for determining the presencs and/or concantration of said gaseous species in said
gas sample.

2. The method of Claim 1 wherein said corrosive gas comprises a gas selected from the group consist-
ing of HCI, NaO. NO. NO,, HONQ, HNO., SO, $O,. HaSO,. Cl,. CIO. C1,0,, HOCL PH;, OCS, HI, HF. HBr.

BC‘}. N?; BC!;, BCl. SO# BF; Bf;, ig, F:, O;. ASH} N}{g SiH., BwH.n HNO;. HCN., HNC, H-\S COF1, and
CHL..X,, where X is F or Cl and x equais | to 4.

3. The method of Claim 1 wherein said gaseous species comprises water.

4. The method of Claim 2 wherein said selected spectral region is selected from the waveleagth region
- between about 1420 and 1440 nanometers, i

§. A gas detection system (10) for derecting the presancs of gaseous species in a gas sample contain-
ing corvasive gas using the method of Claim 1. said system (10) compnising:
{a) said laser cavicy (3):
{b) said gain medium (SO7) which resides therein. said gain medium (507) outpurting light
having a wavelength distribution at least a portion of which is in said speciral region:
{<) said gas sample czll (406) which is canuzined in said taser (300):

{d) conduits (408, 109) for inscruing said gzas sample containing said corrosive gas in said gas
sarmple cell {406); and
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Substi tute sheet - 23 BpptAOFRENT2O0LT rosive or reactive gases nmay

be ;enpl oyed as is suijt gd-t-o~t-he—partycul ar use contenplated. For exanple

t he cor -

rosive d | eiot her corrosive gases enployed in
the fabrication of sénicd%gﬁé?%?ﬁ%%nnowents. Additional ly: it wll

be.

appreci ated that the jcor+esi-we-—gas—nhy CO"Bg%éﬁ“g%gﬁggt??bkﬁﬁFgﬁﬁ@Pﬁ%ﬁkﬂgér

of cor- -

rosi ve jgases such as thosge |

appreci ated that thelgaseeus—speeci-es~tb be detected 5 may conprise but**
is not limted to. one or nore of the above listed corrosive gases.
Those skilled in tHe sitisssiot Isscapip (18O latdaertriirty therpeeswiet andipl wneshuatien of said

avai |l abl

exceed those
Mor eover $FERY

GadellsQ V\Egﬂs A3 s Qﬁanf sailt fGhe Q&ﬁx? from said laserQ D) HelAY Qidcic@ b sGiE Al hsy
are obtai nabl & through use of conventional devices.

near real-tlne measur enent of the presence and anount of the

contam nant C Ntk BRWedctontysRRQ () bi @axﬁ@rd'h%h\!a?d aarmhxan t:hms purpeLsSa pagp t he

many dIS
devi ces.

1 ¢ |
aﬁﬁ'ﬁgﬁfﬁ%g’?m fhﬁgg’%g%ﬁ%ﬁsdf s%lxﬁémf)?-\éssmgiﬁ crannve | Oﬁog\r/g? i ona

7 . The gas detection sysem (10) of Claim § whersin said laser cavity (5) is conained within a cham-

ber (400) configursd to be evacuated of said gaseous species w0 te detscted.

8 . The gas detection system (10) of Claim 5 whersin said gas sample is contained in a regian of said
laser cavity (3) which is astigmatically cotﬂpcn;anéd t0 reduce astigmatism in said light output from said gain
medium (507). N

9. The gas detection system (10) of Claim 5 wherein said gain medium (507) comprises a laser
crystal material selected fom the group consisting of Cr:Tm.:Ho:YAG, Ce*"YSO, Ce™:YAG, C*YSAG,
Er-GSGG, EF:YLF, EF* Yb*:glass, Ho':YSGG, Ho™: Tm™:LuAG, Tm’™ Ho*":YLF, Tm*": Ho'":YAG,

m**:Ca ¥ SOAP, Tm™":YLF, Tm*": TV*":YLF, Tm":glass.' Tm':Ca La SOAP, Tm’:YOS, Tm’:YSGG,
T YAG, Yb'™:YAG, Cr:Forsterite, Er:Yb:Glass, Co™:MgF,, C*":ZnSe, CA":ZnS/ZnSe/ZnTe, Ti™:AlL0y,
aod Ni**:BaLiF;. .

10. The gas detection system {10) of Claim 6 wherein said pump laser (100} has output that is
shaped by beam shaping optics (200) selected from the group consisting of diffractive optics, refractive bptics,
gradient index optics wherein the refractive index varies axially, gradient index optics wherein thc.reﬁ:active

index varies radially, micro-optics, and combinations thereof.

D R )

det ection system 10 can be used in-1ine and obtain ready



REPLACEMENT SHEET‘"' I
detection within gas sanpies containing
el's . which are not available in prior
art bel ‘Under st ood that the foregoing
description re exenpl ary embodi nents of 15 t he

i nvention and hafAthé inventionjis not lEﬁb&ﬁggégﬂégf gﬂggéﬁﬁﬁhgéyggo@homn

gerei n. Vari ous—notifieations e design and

arrangenment of tm@mbmdmmwmmmmmmm@mg fromthe
scope of the invention as express ended cl ai ns. Moreover

in

the application of g¥3AFSTRACANTY Jg¥$ﬁ$§BE§§ROSCI“%PGE5) as the location
of the ILS gas detector. e.g.. in a sem conductor fabrication assenbly can
vary as nmay be desired. For exanple the specific placenent of the
varigus elenments within the ILS chanber 400 and the gas 20 detection
system 10 itself may be nodified so I%H% as their configuration and

pl acenment suitably enabl es dﬁ? ation of ILS laser 500 in
a readily reproducible nanner These and other nodi fications in the design.

arrangement aig, gde & gesosﬂc F&Lglv&f 2858 Bked A}\éag} L&@m@,&a&zﬂwﬂwmﬁu_
hereafter_devi se ose art are contenpl ated by
t he amarralgldn éqp ?‘ﬁg‘ exnendmgso a Ievel below 1 part-per-rillion {(ppb) by using intracavity laser sp SCOpY

10 (ILS) techniques. A laser (500), the ILS laser (500), is employed as a detector (10). The ILS laser (500) com-
prises 2 gain medium {507) contained in a laser cavity {5). A gas sample containing gaseous contaminant spe-
¢ies is contained within a gas sample cell (406) which is placed inside the laser cavity (5) and on one side of the
gain medium (406). In the case where gaseous species are to be detected in corrosive gas, the corrosive gas is
prevented from reacting with the components of the ILS laser (500). The output signal from the ILS laser (500)

15 is detected and analyzed to identify the gaseous species (via its spectral signature). The concentration of the
gaseous species can be determined from the spectral signature as well.

vides rapid. i
_corrosive gase
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CLAIMS What Is d ai

presence of gaseous spe¢igs,in a gas S
conpr|5|ng the steps bf 2 SEP 2008
region wherein (i) sa dLgasegusmsp cije has at | east one absorption feaqure
and (ii) said corrosi

featur es: O R ooty M Q;;ts é?rt{%%%‘g%af%%ﬁei‘i@b
I.C

| aser cavity (5) and a §ain nedi um (507 re- s therein, said
gai n nmedi um (507) outputting |ight havikg a mavelengthdﬂlstrlbutlon at
| east a portion of mhlch—ls in said se@ected spectral oLegi on:
(c) providing a gas sa ke cell (406) ving wi ndows (4D4. 105) which are
transparent to | i ght sai d sel ectedspectral regi ol such that a beam of
| i ght can pass through said gas sanple cell (406); (d)
inserting said gas sanple celjf (406) in saidAlaser (500) suchf that |ight
out put from said gai n nedi 71(5013<ﬁ§§§§§:}hr0ugh sai d gag] sanple prior
to eX|t|ng said | aser c 5); JL

:
A

=
[
\

| e containing corrosive gas.
(a) selecting a spectral

~

61
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(e) inserting'said gas sanple containing said corrosive gas in said gas

sanpl e cell

passes .t hrough

sanpl e cal l

| aser (500):

(40B)

ht output from said gain nmedium (507)

(o)AMY
ﬁ@%@@ﬁ@%&h@k@ i d gas sanple sealed within sai d gas
(40B) fsuch that@&}ai d lcorrosive gas does not react with said
an 22 SEP (f i recting sai %%I ht .output. from
507) after_exiting sai é”g%ite Eté?gﬁt’["yz epgtempeé ect or

said gain nediu

assenbly (700)
gaseous speciestin said

or determning th

gesence and/ or concentration of said
gas..sanpte. 2. The nethod of Caim

1 wherein said corrosive gas conpr/ses a gas selected fromthe group

consi st - ing of HO. Nerr]ONO. NJerr] HONO HNJerr], SO SOerr].
Herr]SO[err]. Cf[err]. A£] 3‘_‘;:* Of-e HOCI . PHerr], OCS. H . HF.
HBr . BO [err]. NF[efed—BUTe RC O [ ~BF[err]. Br[err],
I[err], Flerr]. (err], ﬁ"ﬁlry B[eE]H[err].

HNQ err], HCN. HNC. H qr :ﬁn' r], and [erre_%_?,e ], where Xis F
or C and x equal&,lzt’(‘ ?@—:" 3, {The ngThod of Caiml.

wherein said gaseougtspel SPpri sgs water. | |
N

o

;] 0 ;
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N

N

: . ° ) 'y

503



4. The method of Caim2 wherein said selécted spectral region is selected

fromthe maveleanﬁﬁg A t ween- about., 1420 and 1440 nanoneters.

5.* A gas detecti n & detecting the presence of gaseous

ing corrosive gas using the method of
. a i.d

Supgfjtute shegfqr R%ﬁ%‘?‘&?ﬂ%@ﬁ%i ch
079719ut putting Iight havi ng a

portion of which is in said spectral
said gas sanple cell (406) which is

Gaiml. said sygtgmg i hg:

‘resides therein
wavel ength distr
regi on: '

contained in said | aser (500) (d) conduits (408.
409) for inserting said gas sanple containing said cormsgsive gas in said
gas sanple cell (406): and Qo
27 Q
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REPCEME SEET . (e) said detector assembly (700)
‘for determ ning the presence and/for concentration of said gaseous species
"in"said gas sanple said |light output fromsaid | aser (500) being-directed
to.said detector as- senbly (700). 6. The gas detection system -
(10) of daim5 wherein said gain nediu 0 IS np a_pu er
(100) selected fromthe group consi st isr}gfégs@%%ﬁ‘%&s'f ?r?eé’%qtggﬁ?gﬂd@zr and

a di ode | aser. N
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7 The gas detection system (10) of Caim5 wherein said | aser cavity (5)
is contained within a cham ber (400) configured to be evacuated of said

gaeous species to £ : 8. The gas detection system
(10) of daim5 wh ?@?ﬁﬁéﬁﬁﬂ‘?ﬂ%@ anple is contained in a region of said
7 aai d i ght out pt | £ 2aSER d0Bailn | mecBuRPiBRgpheet - 22°Septempar 20U | 1T
gas detection systpn{(10) of Caim3 wherein said gain nmedium (507)

conprises a laser | crystal materiall sel %%d fromthe group consisting of
Cr:Tm: Ho: YAG CO[Eerr]-YSO. Clerr]dYAG (err]: YSAG Er: GSGG Er[err]
YLF, Er[err]: Yblerr]:glass, Ho[err]:YSGG Ho[err]: Tnierr]:LUAG Tnjerr]:
Ho[err]:YLF, Tnferr]: Ho[err]: YAG Tnierr]:Ca Y SOAP, Tnjerr]:YLF,
Trierr]: Tb[err]:YLF, Tnferr]:glass, Tnferr]:Ca La SOAP, Tnjerr]: YOS, .

T err] YSGG Trierr]:YAG Yb[err]:YAG Cr:Forsterite, Er:Yb:Qd ass,
Co[err]:MyF[err], Ci[err]:2ZnSe, Cr[err]:ZnS/ ZnSel ZnTe,

TI[err]:AI[err]C][erri,.l ' Rl:BaLiRlerr]. 10. The gas
det ection system (10 Qﬂﬁgl&é‘aﬂl&ls hfe aS e mrfadB—hiaemaut put
that is shaped bbbeam shgpi ng opt gs (200) sel ected fromthe group

consi st dif fragtive 0pglCs, refractive o | Ccs, (&adl ent yhdex
optics va: n @ lefractive index v?| es aX| y, gra nt i nde% optics
ef

wherein * dtive ! d T 4 T T T
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I ndex vari-es radially, mcro-optics, and conbi nati ons thereof.
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as a detector (10). The ILS laser {500) comprises 2 gain medium (507) contained in a laser cavity (5). A gas sample containing gaseous

contaminant species is contained within a gas sample cell (406) which is placed inside the laser cavity (5) and on one side of the gain

medium (406). In the case where gaseous species are to be detected in corrosive gas, the corrosive gas is prevented from reacting with tt§e

components of the ILS laser (500). The output signat from the ILS laser (500) is detected and analyzed to identify the gaseous species (via
its spectral signature). The concentration of the gaseous species can be determined from the spectral signature as well.




