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HI GH RESOLUTI ON, COMPACT | NTRACAVI TY LASER SPECTROMETER TECNI CAL FYELDy Fhiis
I nvention relates, generally, to imging spectroneters, and, nore par-
ticularly, to i rragi ng spectronmeters based on intracavity | aser

spectroscopy. 10 BACKGROUND OF THE I NVENTION A laser inits sinplest form
can be schematically illustrated as including a gain mediumthat is |ocated

between two mrrors. | ase Vi ed back and
forth between the m rlrfgfél’h Wﬁﬁ@%g%ﬁmméﬁﬁ%m um which
produces optical gain. The mrr Sg%a@&mﬁ t mrror may be
totally re- flective, while the T\.Il second mrror may be
partially reflective, thereby permtting sone |ight to escape fromthe

| aser cavity. The spatial region be- tween the reflective surfaces of the
mrrors defines the |aser resonator or cavity, and in

TECHNICAL FIELD

This invention relates, generally, to imaging spectrometers, and, more par-
ticularly, to imaging spectrometers based on intracavity laser spectroscopy.
10 _
BACKGROUND OF THE INVENTION

A laser in its simplest form can be schematically illustrated as including a gain
medium that is located between two mirrors. Light within the laser cavity is reflected
back and forth between the mirrors, each time passing through the gain medium,
which produces optical gain. The mirror coating on the first mirror may be totally re-
flective, while the mirror coating on the second mirror may be partially reflective,
thereby permitting some light to escape from the laser cavity. The spatial region be-
tween the reflective surfaces of the mirrors defines the laser resonator or cavity, and in

20  the context of the present invention relates to the so-called “intracavity region”.

The intensity of the laser output is a function of both the wavelength region
over which the gain medium operates and the reflectivity of the resonator elements.
Normally this output is broad and without sharp, distinctive spectral features.

The identification of gaseous species, e.g., atoms, molecules, radicals, or ions,
via laser spectroscopy requires that the laser output be in a wavelength region where
the species absorbs. In conventional applications of lasers to the detection of gaseous
species, laser radiation is used to excite a gas sample that is external to the laser in or-
der to produce a secondary signal such as ionization or fluorescence. Altematively, in
conventional absorption spectroscopy, laser light is passed through a gas sam’ple that

30 is situated outside of the laser and attenuation that varies with wavelength is moni-
tored.

Some twenty years ago, another detection methodology, intracavity laser
spectroscopy (ILS) was first explored; see, e.g., G. Atkinson, A. Laufer, M. Kurylo,
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20 the context of the present invention relates to the so-called
"intracavity region". The intensity of the |aser output is a function of
both the wavel ength regi on over which the gain nedi um operates and the
reflectivity of the resonator elenents. Normally this output is broad and
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Distinct absorption features in the laser output arise from the intracavity losses
introduced by the gaseous species that are absorbing. (As used herein, an absorption
10  feature corresponds to a series of consecutive wavelengths where the light intensity

reaches a local minimum in a plot of light intensity versus wavelength.) In a multi-
mode laser, intracavity absorption losses compete with the laser gain via the normal
mode dynamics. As a result, attenuation can be observed in the laser output intensity
at wavelengths where the stronger intracavity absorption features compete effectively
against the gain of the laser. The more intense the absorption features, the larger the
decrease in the laser output intensity at those wavelengths.

By inserting the absorbing gaseous species inside the laser resonator, ILS can
provide a detection sensitivity that is enhanced over conventional spectroscopy meth-

. 0ds. The enhanced detection sensitivity of ILS techniques derives from the non-linear

20  competition between (1) the gain produced in the laser gain medium and (2) the ab-

sorber loss(es). As a result, ILS can be utilized to detect both weak absorption and/or
extremely small absorber concentrations.

Each gaseous species in the optical cavity can be uniquely identified by its re-
spective absorption spectrum or signature. Additionally, the intensity of a specific ab-
sorption feature or features in the spectral signature can be used to determine the con-
centration of the gaseous species once the sensor is appropriately calibrated. (As used
herein, the term “spectral signature” corresponds to the wavelength plotted against ab-
sorption intensity or absorbance that uniquely identifies the gaseous species.)

The spectral signature of the gaseous species can be obtained by dispersing the

30 output of the ILS laser with respect to wavelength. Two detection schemes are typi-

cally employed to disperse the output of the ILS laser and thereby obtain the spectral

signature of the gaseous species. The output of the ILS laser can be passed through a

ﬁxed-wavelength; dispersive spectrometer, and the specific spectral region that is re-
2



"Detection of Free Radicals by an Intracavity Dye Laser Techni que," 59
Journal O Chem cal Physics July 1, 1973. In ILS, a laser itself is used as
the detector. The gas sanple to be analyzed is inserted into the optical
cavity of a nultinode, honbgene- ously broadened | aser. Atkinson et al,
supra, showed that by placing gaseous nole- cules, atoms, radicals, and/or
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the | aser output can be altered. In particular, the absorption spectrum of

t he intracavi spplicgtien §§n§ﬁﬁ@eﬂ8é675rﬁoﬁtﬁ€é oadulns, W96pby GIH. Atkinsoassal enti-
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herein, an absmgtnaser S;ﬁ:ctrf:ﬁ:apyl (B Sy AlIRSROREE, h@?&wﬁietee&avf:amwmn&d me
wavel engt hs where the I ntensity reaches a lgcal mnimumin a plot of

| i ght i ntensi #Mavelengihs 9@@@#@@@ 9 s¢lgctively rasplve different spectral regions that are
recorded with a single channel detector, supra.

Prior art ILS detection systems employ ILS lasers having a spectral bandwidth
that is substantially broad relative to the bandwidth of the absorption features in the
absorption specttum of the intracavity species to be detected; see U.S. Patent

10 5_,689,334, issued November 18, 1997, by G.H. Atkinson et al entitled “Intracavity
Laser Spectroscope for High Sensitivity Detection of Contaminants”. In particular, the
laser systems possess an operational wavelength bandwidth that is at least three times
as broad as the absorption features of the gaseous species being monitored.

Prior art methods of performing ILS, however, while successfully demon-
strated in the laboratory, are too large and complex for many commercial applications.
In particular, the requirement for a spectrometer to disperse the spectral output of the
laser, as well as for a computer to analyze the absorption features, adds to the size and
complexity of the detection system. In contrast, the constraints of commercial reality
dictate that a gas detector be conveniently sized, relatively inexpensive, and reliable.

20 Thus, what is needed is a high-resolution, compact spectrometer for ILS appli-

cations.
SUMMARY OF THE INVENTION

In accordance with the present invention, a high-resolution, compact intracav-
ity laser spectrometer is provided. By “high-resolution” is meant that the resolution of
the spectrometer is less than about 1 part in 50,000. The spectrometer, which disperses
wavelengths A of an incoming beam for detection by a detector, comprises:

(a) a focusing lens which matches the numerical aperture of the spec-
30 frometer;
(b) an entrance slit through which the incoming beam passes;

(c) a first mirror for collimating the beam from the entrance slit;
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node | aser, intracavity absorption | osses conpete with the | aser gain via
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The spectrometer of the invention is especially useful in conjunction with a

linear photodiode array.

10 The symmetrical construction of the spectrometer doubles the resolution and
dispersion of the gratings. The compact and high-resolution imaging spectrometer is
capable of measuring the absorption lines of gases in high sensitivity gas sensors with
an intracavity cell.

Other objects, features, and advantages of the present invention will become
a-ppareht upon consideration of the following detailed description and accompanying
drawings, in which like reference designations represent like features throughout the

Figures.

BRIEF DESCRIPTION OF THE DRAWINGS
20 .

The drawings referred to in this description should be understood as not being
drawn to scale except if specifically noted. '

FIG. 1 is schematic block diagram of a detector system which employs the
spectrometer of the present invention;

FIG. 2 is a schematic diagram of the spectrometer of the invention, employing
two reflectance gratings;

FIG. 3 is a schematic diagram of the spectrometer of the invention, showing
the angular requirements of the reflectance gratings to produce symmetry in the spec-
trometer; and

30 FIG. 4 is a schematic diagram of the spectrometer of the invention, showing

the angular requirements when employing more than two reflectance gratings.



centration of the gaseous species once the sensor is appropriately
calibrated. (As used herein, the term"spectral signature" corresponds to
t he wavel ength plotted agai nst ab- sorption intensity or absorbance that
uni quely identifies the gaseous species.) The spectral signature of the
gaseous speci es can be obtained by dispersing the 30 out put of the ILS
llaser with respect to wavSESORIFTIONOF GREHRIOND SNBOEIMENGTS YPi - cally
enpl oyed to disperse the output of the ILS | aser and thereby obtain the
spectral signature of the gaseous species. The output of the ILS | aser can

be passed through ' wavel engt h, .di spersive. pe tr els.and the

speci fic spectral ra%%fe?oéﬁget Rty Eaaeé I getaﬁ 24 ?Pgﬁl 9@% Sfithe RiSS ! Ban

be recorded usichgom wibich itlsaare thdBise eldde, &r&éﬁﬂﬁabﬁeﬁpm by Blel PRerRei B

No. 08/675,605 filed on July 3, 1996, by H Atkinson et_al enti-
practicing the invention. Alternative embodiments are also briefly described as appli-
cable.

With reference now to FIG. 1,agas detector system 10 is shown, which com-

prises a pumping laser 12, an intracavity laser spectroscopy (ILS) laser and associated
chamber 14, a spectrometer 16, and a detector with associated electronics (e.g., com-

10  puter, digital electronics, etc.) 18. The gas detector system 10 has been described in
detail elsewhere; see, e.g., U.S. Patent 5,689,334, issued November 18, 1997.

In accordance with the present invention, the spectrometer 16 is an imaging
spectrometer and employs two reflective concave mirrors, two plane reflectance grat-
ings, and an entrance slit. Advantageously, a linear photodiode array is employed as
the detector 18. FIG. 2 depicts the imaging spectrometer 16 of the present invention.
The spectrometer 16 comprises the entrance slit 20, through which a spatially coher-
ent beam 22 is introduced into the spectrometer. The spatially coherent beam 22 is
from ILS laser 14, and passes through a lens 19 prior to passing through the entrance
slit 20. The spectrometer 16 gives a diffraction-limited image with a spot size propor-

20  tional to its f-number, which is defined as the ratio between focal length and the stop
aperture of the spectrometer. To image the incoming laser light 22 to the entrance slit
20 of the spectrometer 16, the lens 19 is one having its f~number substantially equal to
the f~-number of the spectrometer.

The beam 22 impinges on a collimating mirror 24, which may be concave,
where it is collimated and is then directed to a first reflectance grating 26, where the
wavelengths are dispersed. For clarity, the collimation of the beam 22 is not shown.
From the first reflectance grating 26, the beam 22 is directed to a second reflectance
grating 28, where the wavelengths are further dispersed, and then to a focusing mirror
30, which may also be concave. The second grating 28 is set so that the diffraction

30  angle of the wavelength of interest at the second grating is substantially equal to the
incident angle of the wavelength at the first grating 26. The focusing mirror 30 fo-
cuses the beam 22 onto a plane 32, which may be an exit slit (not shown) or the de-
tector 18, where the beam is analyzed. A photodetector array is suitably employed as

5



tled "D ode Laser-Punped Laser Systemfor Utra-Sensitive Gas Detection via
Intra- cavity Laser Spectroscopy (ILS)". Alternatively, a spectroneter that
can be scanned in wavel ength can be enployed to selectively resolve
different spectral regions that are recorded with a single channel

detector, supra. Prior art ILS detection systens enploy ILS | asers having a
spectral bandhg detectonks. Tbemmwcmmmb@aas a|symimetri¢ consymcticm chsidit h of
the absorpti absorption spectrumof the intracavity
species to beéaﬁ{’%gﬁclt%eeﬁm S, Patent 10 5,689, 334, issued Novenber 18,

1997, by G H. Atklmaﬁudﬁoﬂnét\ﬁégﬁ gmsasaygivmbysa Spect roscope for

H gh Sensitivity Detection of Contam nant s In particular, the |aser
systens possess an operati onal ?/gj_eng andwi dth that is at |east three
times as broad as the absorption Ne,a—pyf, t he gaseous speci es being

nonitored. Prior art nethods of perform ng ILS however, while successfully
denon- strat evdzem}.umézelmteagdmfmmast,mm the diffractivt arderphmth atd Npag the

fngF;gle?Le t | i cat gqggyes(é}}tgﬁér%fn %rgon he r eazé rzgnlp;ggec{lgéya spectronet er
In the symmetrical case, N, = N,, so the above equation reduces to
A
ol
The resolution of the imaging spectrometer 16 generally depends not only on
10 the grating 26, 28, but on the dimensions and locations of the entrance slit 20, the de-

oA=

tector pixel aperture, and the aberrations in the imaging optics 24, 30. The two grat-
ings 26, 28 provide an increase in resolution over a single grating; the highest resolu-
tion is obtained by establishing symmetry in the spectrometer 16.

The dispersion of the two gratings 26, 28 is given

a8, cosa, + cosﬂ
a cosf ocos,Bz

where ¢ is the incident angle and B; is the diﬂi'acﬁon angle of the gratings, g is the
groove frequency of the grating (number of grooves N per mm) and m is the diffrac-
20 tion order. |
In the symmetric case, o, = B,, B, = ., and the above equation reduces to

%, _
A cosf’

The incident and diffraction angles are depicted in FIG. 3, discussed below. The com-
pact imaging spectrometer 16 of the present invention results from the doubled disper-
sion of two gratings 26, 28.

FIG. 3 is a schematic representation of the spectrometer 16, showing the two
gratings 26, 28 in angular, spaced relationship to each other, with entering beam 22
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| aser, as well as for a conputer to analyze the absorption features, adds
to the size and conplexity of the detection system In contrast, the
constraints of comrercial reality dictate that a gas detector be
conveniently sized, relatively inexpensive, and reliable. 20 Thus,
what is needed is a high-resol ution, conpact spectroneter for ILS appli-

cations. SUM#Bihgarg dhitthé RYStNIrh&Rg 26 aad CRitgNBAmMV2R efnbfrifly G thd §8¢BRd | ON,
a high-resolution, conpact intracav- ity |laser spectronmeter is provided. By
"hi gh- r esol uteF¥ing & Samety 9fthe snecremetendp dar sty epbamicgradngs: isrderived ess

t han about 1M%J@ng‘gg%qgg?ﬁ%gpécectrorreter, whi ch di sperses wavel engt hs

[err] of an incom ng ‘ion by a detector, conprises: (a) a
focusing | ens which matghespthe nunerical aperture of the spec- 30
trometer; (b) an entrance slit through which the incom ng beam passes; (c)
a first mirror for col|B.n@dng the beamfromthe entrance slit;

For an even total number of gratings:
Beven > Ceven
Boaa < Cloga:
For an odd total number of gratings:
10  Bever < Ceven
Boda > Coase _

The source of the beam 22 entering the spectrometer 16 is the ILS laser 14,
which provides a spatially coherent beam (high intensity, narrow beam). The use of a
spatially coherent beam is in direct contrast to the spatially incoherent beams analyzed
by most spectrometers.

While two gratings 26, 28 are shown in FIG. 1, more than two gratings can be
used. The utilization of a plurality of gratings increases the wavelength dispersion of
the beam 22 that exits the spectrometer 16 to the exit plane 32 (exit slit or photode-
tector 18, for example). FIG. 4 depicts spectrometer 16 having four diffraction grat-

20- ings 26, 28, 34, 36.

Because of the symmetrical construction of the spectrometer 16, discussed
below, the number of the gratings can be extended to 4, 6, §, ...... and the resolution
and dispersion are increased 242, 2%2, 2%, _..... times.

Further, both spectrometer gratings 26, 28 are fixed, and thus are not scanned.
Since the gratings 26, 28 are not scanned, no motors are required, thereby further sim-
plifying and reducing the size of the spectrometer 16.

The beam 22 incident on the grating 26 is employed at grazing incidence and
therefore fills the entire grating. Using the entire grating increases wavelength resolu-
tion. The resolution increases with the number of grooves N on the grating, but if the

30  beam is not incident on a portion of the grating, those grooves are not employed in
diffracting the beam. Thus, filling the grating is critical to taking advantage of the po-
tential dispersion that the grating may provide.



3 (d) a first reflectance grating for dispersing the collimted beamto
forma beam having a spectral intensity distribution, the first reflectance
grating hav- ing a nunber of grooves Nerr]; (e) a second reflectance

grating for further di spersi ng the collimted beam the second refl ectance

grating having a n .ooves N and (f con ror for
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is especially useful in conjunction wth a l'inear photodi ode array. 10

The symret ri cpixelsdnshe limear deteetor atmy Bhect ronet er doubl es the resol ution and
In the spectrometer 16 of the present invention, the gratings 26, 28 act as a

télescope or beam expénder with a total magnification of unity. The second mirror 30
focuses the dispersed beam 22 diffracted from the second grating 28. In this connec-
tion, the beam exiting the spectrometer 16 is brought to a linear plane 32 as a conse-
quence of the configuration of the spectrometer. The linear photodiode array 18 is
used to detect the spectral intensity distribution of the beam 22 at the same time. The

10  linear photodiode array 18 can be any single channel detector for a monochromatic
spectrometer.

Because of the symmetrical construction of the spectrometer 16, the two grat-
ings operate as a telescope with the magnification of 1X. The numerical aperture (or f-
number) of the collimating mirror 24 is the same as that of the focusing mirror 30, no
matter how many gratings are used.

- As used herein, the term “substantially symmetrical” means that the symme-
try achieved is as good as can be accomplished with present engineering capabilities,
it being recognized that perfect symmetry may not be completely attainable at the pre-
sent time. Employing the substantially symmetrical elements as disclosed herein,

20 however, will provide the highest degree of resolution and compactness possible.

The compact and high resolution imaging spectrometer 16 of the present in-
vention is capable of measuring the absorption lines for high sensitivity gas sensors
with an intracavity cell.

The most important advantage is the symmetrical construction of the imaging
spectrometer 16, which doubles the resolution and dispersion of the gratings 26, 28.

As is evident from the drawings, the mirrors 24, 30 fold the beam 22 between
the gratings 26, 28 and mirrors. The folding of the beam 22 results in the compact size
for the high resolution imaging spectrometer 16 of the invention.

The symmetrical grating construction of the spectrometer 16 with high resolu-

30  tion is useful in [LS systems for measuring the absorption lines of gases, using high
sensittvity gas sensors with the intracavity cell. Further, the symmetrical grating con-
struction is able to provide high dispersion for a coherent laser, while providing some

tunibility within a narrow range.



di spersion of the gratings. The conpact and hi gh-resol ution i magi ng
spectroneter is capable of neasuring the absorption |ines of gases in high
sensitivity gas sensors with an intracavity cell. Qher objects, features,
and advant ages of the present invention will become apparent upon
consideration of the follow ng detail ed description and acconpanyi ng

drawi ngs, in which |ike reference designations represent |ike features
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enpl oyi ng changes and modifications are considered to fall within the scope of the invention as
defined by the appended claims,



two reflectance gratings; FIG 3 is a schematic diagram of the spectroneter
of the invention, show ng the angular requirenents of the refl ectance
gratings to produce symetry in the spec- troneter, "and”30 "~~~ FIG 4
is a schematic diagramof the spectroneter of the |m{gggﬁegmas§ggg\me g,e,; he
angul ar requi rements when enpl oying nore than two refl 4
DESCRI PTI ON OF PREFERRED EMBODI MENTS RéflsARdEe is now mlnpmtg III to a

[ e best
node presently contenplated by the inventors for practicing the invention.

speci fic enbodi mrent of the present in- vention, which
Al ternative oewhatds (R4iteddg:e al so briefly described as appli -

1.A spectométer for dispersing wavelengths A of an incoming beam for de-
tection by a detector, said spectrometer comprising:
(2) an entrance slit through which said incoming beam passes;
(b) 2 first mirror for collimating said beam from said entrance slit;
(c) a first reflectance grating for dispersing said collimated beam to
10 form a beam having a spectral intensity distribution, said first reflectance grating
having a number of grooves N;
(d) a second reflectance grating for further dispersing said collimated
beam, said second reflectance grating having a number of grooves N,; and
(e) a second mirror for focusing said collimated and dispersed beam,
wherein said spectrometer has a substantially symmetrical construction.

2. The spectrometer of Claim 1 having a numerical aperture and further com-
prising a focusing lens matching said numerical aperture.

20 3. The spectrometer of Claim 1 further comprising at least one additional re-
flectance grating between said second reflectance grating and said second mirror.

4. The spectrometer of Claim 1 further comprising an exit plane on which said

beam is focused.
5. The spectrometer of Claim 4 wherein said exit plane comprises an exit slit.
6. The spectrometer of Claim 4 wherein said exit plane comprises a photodi-

ode detector array.

30
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20

9. The spectrometer of Claim 1 wherein said two gratings provide a resolution

for a wavelength A of interest given by

et
m(N1+N2)

where each said grating has a diffraction order and a number of grooves and where m
is said diffraction order, and N, and N, are said number of grooves of said first grating
and second grating, respectively.

10. The spectrometer of Claim 9 wherein said symmetrical construction pro-
vides
where N, =N,.

11. The spectrometer of Claim 1 wherein said two gratings have a dispersion
that is given by

g8, cose, +cos,&
a cos A3 ocos/jl

where each said grating has (1) an incident angle of impinging light and a diffraction
angle of diffracted light, (2) a groove frequency in number of grooves per unit of lin-
ear measure, and (3) a diffraction order, and where a is said incident angle, B is said

diffraction angle, g is said groove frequency, and m is said diffraction order.
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20 'tiorial toits f-nunmber, which is defined as the rati'@ism MBeénReplaced

| ength and the stop aperture of the spectroneter. To imagH
| aser light 22 to the entrance slit 20 of the spectronete 19
e

is one having its f-nunber substantially equal to the f-nunber of t
spectronmeter. The beam 22 inpinges on a collimating mrror 24, which may be
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grating 26, whghg the wavel engths are dispersed. For clarity, the
collimation of the beam 22 is not shown. Fromthe first reflectance grating
26, the beam 22 is directed.to a second refl ectance grating 28, where the
wavel engths are further dispedfed, 2agd then to a focusing nmirror 30, which
may al so be concave. The secoﬁﬁrégsyggg 28 is set so that the diffraction
30 angle of the wavelength of 1 nterest at the second grating is
substantially equal_ to the incident angle of the wavelength at the first
grating 26. ThwhergBuis seif diracsen sngle of said serond reflestanss 88HR% o a pl ane 32,
whi ch may be an exit slit (not shown) or the de- tector 18, where the beam
i s anal yzed. A phot biéfhecspestramateryofi(laiguil tvelisirsin saig| syppaetrieal construction is de-

rived from
cz'1:|-l = Bn
10 Bt =ty

14. The spectrometer of Claim 13 wherein for an even number of gratings
Boven > Cheven |

Boaa < Cogs>

and for-an odd total number of gratings
' 55’?&!! < q‘even

Bots > Coua-

15. The spectrometer of Claim 1 for use in an intracavity spectrometer for
20 measuring absorption lines of gases.

16. The spectrometer of Claim 1 wherein said incoming beam is spatially co-

herent.
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5 the detector 18. The imagi ng spectroneter 16 has a symetric
construction, as de- scribed nore fully below The resolution of the two
gratings 26, 28 is given by [err] where [err] is the wavel ength of
interest, mis the diffraction order, and Nerr] and N err] are the nunber
of grooves of the first and second gratings 26,28, respectively. In the

symmetrical case, N[eTﬂGH-ﬂ[ES'OtU'PR)Nh@@??ﬁqumgW to [err]
er e

The resol ution of the’inagi ng spectrtonet general Iy pends not only on

10 the grating 26, 28, but on fheSERBPECOTRCGVMETERatIi ons of the entrance
slit 20, the de- - —

ABSTRACT OF THE DISCLOSURE

In accordance with the present invention, a high-resolution, compact spec-
trometer is provided for dispersing wavelengths A of an incoming beam for detection
by a detector. The -specfrometer comprises: (2) an entrance slit through which the in-

10  coming beam passes; (b) a first mirror for collimating the beam from the entrance slit;
(c) a first reflectance grating for dispersing the collimated beam to form a beam hav-
ing a spectral intensity distribution, the first reflectance grating having a number of
grooves N;; (d) a second reflectance grating for further dispersing the collimated
beam, the second reflectance grating having a number of grooves N,; and (e) a second
mirror for focusing the collimated and dispersed beam, wherein the spectrometer has a
substanﬁally symmetrical construction. The symmetrical construction of the spec-
trometer doubles the resolution and dispersion of the gratings. The compact and high-
resolution imaging spectrometer is capable of measuring the absorption lines of gases
in high sensitivity gas sensors with an intracavity cell.

20 (Fig 2)

13



tector pixel aperture, and the aberrations in the inmaging optics 24, 30.
The two grat- ings 26, 28 provide an increase in resolution over a single
grating; the highest resolu- tion is obtained by establishing symmetry in

t he spectrometer 16. The dispersion of the two gratings 26, 28 is given
[err] where a is the incident angle and Bis the diffraction angle of the
gratings, g is the groove frequency of the grating (nunber of grooves N per
nm) and mis the diffrac- 20 tion ordeyz In the symetric case, aferr] =
Blerr], Blerr] = al and the above equation reduces to The incident and
diffraction angles are depicted in FIG 3, discussed bel ow. The
i magi ng spectroneter 16 of the present invention results fromt e@ou?
di sper- sion of 0 gratings 26, 28. FIG 3 is a schematic repr I
of the spectrgfetey 16, show ng the twgggratings 26, 28 in@nmgullag :s@'a:ed
rel ati onship other,_avvith enteri pg beam 22 ' o
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6 i mpinging on the first grating 26
the second grating 28. Symmetry of the
gratings is derived fromthe foll ow ng
total nunber of gratings: [err] For an
The source of the beam 22 entering the

and exiting beam 22' energing from
spectroneter 16 for any nunber of
considerations: [err] For an even
odd total nunber of gratings: [err]
spectronmeter 16 is the ILS | aser 14,

whi ch provides a spatially coherent beam (high intensity, narrow beam. The

use of a

N
&
\
|\
\
\
;?
\
&
:';a
Uz
~

2/3

[AA
A4

L-Uyp



L

spatially coherent beamis in direct contrast to the spatially incoherent
beans anal yzed by nost spectroneters. Wiile two gratings 26, 28 are shown
in FIG 1, nore than two gratings can be used. The utilization of a
plurality of gratings increases the wavel ength di spersion of the beam 22
that exits the spectroneter 16 fo the exijfz plane 32 (exit slit or photode-
tector 18, for exanple). FIG. 4“Hep|cts spectroneter 16 having four
diffraction grat- 20 i 8, 34, 36. Because of the symetrica
construction of the spe 16, discussed bel ow, the nunber of the
gratings can be extendgq o 4, 6, 8...and the resolution and dispersion are
i ncreased 2[err], 2[ery 2[err] e times. Further, both spectroneter
gratings 26, 28 are fi and thus are not scanned. Since the gratings

26, 28 are not scanned, * Xe alLe required, thereby further sim
plifying and reducing of the/gpectronmeter 16. The beam 22 i nci dent
on the grating 26 is I i nci

¥ "Old
9¢




therefore fills the entire grating. Using the entire grating increases
wavel ength resolu- tion. Th rlesg)l ution increases with the nunmber of
grooves N on the™ Begn Reb the 30 Dbeamis not incident on a portion
of the grating, t & u re not enpl yRsfitute gheet ad¥i SrptembearctIR9
Thus, filling the itical to ¢pkmg advantage of the po-
‘tential dispersion that the grating nay provide. 7 The resolution is
determ ned by the convolution of the width of the entrance slit 20, the

di spersion of t i ngs, 26, 28, and the width of the exit slit or of the
pi xels in the ﬁ‘ﬁéag;sa%fgpg%q  array 18. In the spectronmeter 16 of the
present invention, the gratings 26, 28 act as a tel escope or beam expander

with a total nagnification of unity. The second mirror 30
5 1. A spectrometer for dispersing wavelengths A of an incoming spatially co-

herent beam for detection by a detector, said spectrometer comprising:
(a) an entrance slit through which said incoming beam passes;
(b) a first mirror for collimating said beam from said entrance slit;
(c) a first reflectance grating for dispersing said collimated beam to
10 form a beam having a spectral intensity distribution, said first reflectance grating
having a number of grooves N;;
(d) a second reflectance .grating for further dispersing said collimated
) beam, said second reflectance grating having-a number of grooves N,; and
(€) a second mirror for focusing said collimated and dispersed beam
15 onto a detector,
wherein said spectrometer has a substantially symmetrical construction, wherein said
symmetrical construction is derived from
=B,
Pt = iy
20 where o is an incident angle and B is a diffraction angle of a said grating, both said

gratings fixed in position, and N, =N,.

2. The spectrometer of Claim 1 having a numerical aperture and further com-
" prising a focusing lens matching said numerical aperture.
25
3. The spectrometer of Claim 1 further comprising an even number of addi-
tional reflectance gratings between said second reflectance grating and said second

TirTor.

30 4. The spectrometer of Claim 1 further comprising an exit plane on which said

REPLACEMENT SHEET
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focuses the dispersed beam 22 diffracted fromthe second grating 28. In
thi s connec-. t ThiySh plagedy | ng the spectroneter 16 is brought to a

| i near plane 32 ence of the on_fitguration of the
spectroneter. T di ode ar r ayPuRStityta shepti-o1 jSaptembge 199t r al
intensity distribution of the beam 22 at the same tinme. The |10 |inear

phot odi ode array 18 can be any single channel detector for a nonochromatic
spectroneter. Becaus %ﬁﬁ%@%ﬁﬁ&%aﬁ wheragspidaitakanscompE sesaicexitelibt er
16, the two grat- ings operate as a telescope with the magnification of 1X
The nunerical aperture (or f- nunber) of the collimating mrror 24 is the
same as that of thes fTheupeitbnietér oIClakh 4ReheiEih isaid XVplER YorSifrides APfhofde
used. As used herein, the term"substantially symmetrical” means that the
symme- try Sacifidewst¢cios agay.good as can be acconplished with present

engi neering capabilities, it being recognized that perfect symetry may not
be conpletely attainable at the pre- sent tinme. Enploying the substantially
symmetrical el ements g sBbfnR&@ bRkl B wherein said photodiode detector array is lin-

ear so as to permut detection of said spectral intensity distribution of said beam at the

same time.
10
8. The spectrometer of Claim 7 wherein said linear photodiode array com-

prises a single channel detector for a monochromatic spectrometer.

9. The spectrometer of Claim 1 wherein said two gratings provide a resolution

15  for a wavelength A of interest given by

A
N=——
m(N,+N;)
where each said grating has a diffraction order and a number of grooves and where m
is said diffraction order, and N, and N, are said number of grooves of said first grating
and second grating, respectively, wherein said symmetrical construction provides

A
0 P

where N, =N,.

10. The spectrometer of Claim 1 wherein said two gratings have a dispersion
that is given by
25

g6, cosa, +cosfR
Za P TR
G4 cosflecosf, g
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* e i Been Replaced ) )
20 hOV\BverT,mSSh eiﬂas oy el:’athe hi ghest degree of resolution and conpact ness
possi bl e. TheU mﬂm' I gh resolution imging spectroneter 16 of the
present in- v bl e of neasuri t he absorpti | ipes, fo Lgh
sensitivity gas sensors with an intracavi b te P' S :féEE_%’nfE_B_b_

advant age is where eXcHTEAd bfafihg 3096l 24 GhdiQéht Qhgfe T ilPRGIIl SR QB AQIRFREior 6
whi ch doubl es the resol u?i?agxngandﬁgi sperlsi on (g)f tr11e grzﬁgigln%g 26, 28. Ag S

evi dent from angle of diffractsst lighte(2iva igramve fquerdy if ahohbehef groavesier beitwédin- t he
gratings 26, 28 and mrrors. The foldi.ng of the beam.22 results in.the
conpact si ze ?aﬁfnqaﬁ‘éreh?’binéj ésdb%?ﬁl%°"idﬁ’gg“¥1ﬁdv_th§bee‘étl§ t’%“?% aﬁgle’tiﬂés said _

i nvention. ThersyBRLhbRaL iO8H Lidgve ﬁ@&&énegeg#_gn? gér sdid BirBRA QHBL Gheddy W t D

high resolu- 30 tion I's TUseful “in ILS sys measuri ng the’absorption
| i nes of gasewmid sysumericalgionstarction pravidesgas sensors with the intracavity

cell. Further, the symretrical grating con- struction is able to provide
hi gh di spersion for a coherent |aser, while providing sone tunibility
wi thin a narrow range. 08, 2mg

Er cosf3,

where B, is said diffraction angle of said second reflectance grating.

10
11. The spectrometer of Claim 1 wherein for an even number of gratings
BGVC’II > a'even
~ Boas < Coga-
15 12. The spectrometer of Claim 1 for use in an intracavity spectrometer for

measuring absorption lines of gases.
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8 Thus a high-resolution, conpact intracavity |aser spectroneter is
disclosed. It will be readily apparent to those skilled in this art that
various nodifications my be rmade in the degi i d rran

el ements set forth herein, and all such ch EhiALll gf-yrZB%O
considered to fall wthin the scope of the invention as defined by the
appended clains. 9 10 Substitute sheet -27 Septenber- 2000 -

S T
What Is Claimed Is:
5 1. A spectrometer for dispersing wavelengths A of an incoming spatially co-

herent beam for detection by a detector, said spectrometer comprising:
(a) an entrance slit through which said incoming beam passes;
(b) a first murror for collimating said beam from said entrance slit;
(c) a first reflectance grating for dispersing said collimated beam to
10 form a beam having a spectral intensity distribution, said first reflectance grating
.having a number of grooves N;;
(d) a second reflectance grating for fiwther dispersing said collimated
beam, said second reflectance grating having a number of grooves N,; _
(¢) a second mirror for focusing said collimated and dispersed beam
15 onto a detector, .
wherein said spectrometer has a.substantially symmetrical construction, wherein said
symumetrical construction is derived from
ot = Ba
Pat = oty
20 where a is an incident angle and P is a diffraction angle of a said grating, both said
gratings fixed in position, and N, = N,; and
(©) an exit plane on which said beam is focused, wherein said exit plane
comprises a linear photodiode detector array so as to permit detection of said spectral
intensity distribution of said beam at the same time, said linear photodiode detector

25  afray comprising a single channel detector.

2. The spectrometer of Claim 1 having a numerical aperture and further com-

prising a focusing lens matching said numerical aperture.

Wy |RRRAETSE
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CLAIMS What |s Clained Is: 5 1. A high resolution conpact

intracavity | aser sPugih cefj spersing wavel engths [err] of an
i ncom ng spatially c ‘ Er det ectd, BN +¥tePsiodteCl 8 Febf@ard 2000
spectromneter conpri si rance sl ' e ng

beam passes; (b) a first mrror for collimting said beamfromsaid
entrance slit; 10 (c) a first reflectance grating for

di spersing sai d cold inggtegekrdearer o GIREM™ HREATENANAT B KB GEMer LPLERSTY

distribution, said first reflectance grating having g nunbér o)f% grooves

Nl err]; (d) a tswebraflectafidecgratimgsebetwedni saifl taond vefidoncs going Sind Gakirésddond

col li mat ed beam said second refl ectance grating having a nunber of grooves
Nerr]; 15  ToL (e) a second mirror for focusing said collimated
and di spersed beamonto a detector,

5 4. The spectrometer of Claim 1 wherein said two gratings provide a resolution

for a wavelength A of interest given by

A

= —— e
m(N;+N,)

where each said grating has 2 diffraction order and a number of grooves and where m

is said diffraction order, and N, and N, are said number of grooves of said first grating

10 and second grating, respectively, wherein said symmetrical construction provides
A
o2= 2mN
where N; = N,.
5. The spectrometer of Claim 1 wherein said two gratings have a dispersion
15  thatis given by
88, cosa, +cosf
= m, .
ah  cosfecosf, €

where each said grating has (1) an incident angle of impinging light and a diffraction
20  angle of diffracted light, (2) a groove frequency in number of grooves per unit of lin-
ear measure, and (3) a diffraction order, and where o is said incident angle, B is said
diffraction angle, g is said groove frequency, and m is sald diffraction order, wherein

said symmetrical construction provides

25 % _ 2me
el cosf
where {3, is said diffraction angle of said second reﬂectancé grating.
REPLACEMENT SHEET
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whérein said spectroneter has a substantially symretrical construction,
wherein said symetrical construction is derived from[err] 20 where a is

an incident angle and B is a diffraction angle, of ﬁ r%té_&g bot h sald
gratings fixed in position, and Nlerr] = N Mﬂ't Speet ;1 6chelirugrn 29

whi ch said beamis focused, wherein said exit plane corrprl ses a li near

phot odi ode detector array so as to pernit detection of said spectral 25
intensity distribution of said beamat the sanme tinme, said |inear

phot odi ode det ect or a&eay conprising a single channel det ector, whereby '
said resolution is Ibe speannometaadﬂcmﬁqﬁ dflrst mrror
and said second mrror sgrve to fold sai dhg%g]mﬁgq?wee eﬂoggréfmgﬁgs and
said mrrors to provide Sais %@anpact spectroneter.

Bodd < d'odd'

7. The spectrometer of Claim 1 for use in an intracavity spectrometer for
measurmc absorption lines of gases.

This Sheet Has Been Replaced
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. 1T Substitute sheet -27 Septenber 2000 2. The spectroneter of Claiml

havi ng a nunerical . aperture and further com prising a focusing |ens

mat chi ng said nunerical aperture. 3. The spectroneter of Claim1l further
conprising an even nunber of addi- 519 tsgﬂﬁitutéghﬁﬂ-&ﬂ@et ween
said second reflectance grating and sai d=S&tona mrror. 4. The spectoneter
of Claim1l wherein said two gratings provide a resolution for a wavel ength
[err] of interest given by [err] where each said grating has a diffraction
order and a nunber of grooves and wher ks said diffraction order, and
Nerr] and Nferr] are said nunber of gﬁdgi%é of said first grating

What Is Claimed Is:

5 1., A high resolution, compact intracavity laser spectrometer for dispersing
wavelengths A of an incoming spatially coherent beam for detection by a detector,
said spectrometer comprising: '

(a) an entrance slit through which said incoming beam passes;
(b) a first mirror for collimating said beamn from said entrance siit;
~ 10 _ (c) a first reflectance grating for dispersing said collimated beam to
form a beam having a spectral intensity distribution, said first reflectance grating
having a number of grooves N,;
(@) a second refiectance grating for further dispersing said collimated
beam, said second reflectance grating having a number of grooves N,;
15 (e) a second mirror for focusing said collimated and disperscd beam
onto-a detector,
wherein said spectrometer has a substantially symmetrical construction, wherein said
symmetrical construction is derived from
Oy =Py
20 Pt = Clay .
where o is an incident angle and § is a diffraction angle of a said grating, both said
gratings fixed in position, and N, =N,; and
. (f) an exit plane on which said beam is focused, wherein said exit plane
- comprises a linear photodiode detector array so as to permit detection of said spectral
25  intensity distribution of s2id beam at the same time, said linear photodiode detector
array comprising a single channel detector,
whereby said resolution is less than 1 part in 50,000 and whereby said first mirror and
said second mirror serve to fold said beam between said gratings and said mirrors to

provide satd compact spectrometer.
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and second grating, respectively, wherein said symetrical construction
provi des. 2mN wher e N err]= Nlerr] 5. The spectrometer of Claim1l wherein
said two gratings have a dispersion that is given by [err] where each said
grating has (1) an incident angle of inpi 8gbstrukeé ghéeta.mcy Sept
angl e of diffracted light, (2) a groove frequency in

unit of lin- ear ) ¢ e Ses d
i ncedent angle,B S Sals@e@%ﬂn&% @%lﬁdﬁ a %%‘%&ﬁélsgﬂEW§‘;%%‘§%‘e
frequency, angkisivg & fdtasifig thnk hiabohidguaidmaedricaliiRitgied sai d symetri cal

construction provides

3. The spectrometer of Claim 1 further comprising an even number of addi- |
5 tional reflectance gratings between said second reflectance grating and said second

mirror.

4. The spectrometer of Claim 1 wherein said two gratings provide a resolution
for a wavelength A of interest given by
ot Bam ——t
10 m( N i+ N 2 )
where each said grating has a diffraction order and a number of grooves and where m
is said diffraction order, and N; and N, are said number of grooves of said first grating
and second grating, respectively, wherein said symmetrical construction provides

A
=y

15  where N; =N,

S. The spectrometer of Claim 1 wherein said two gratings have a dispersion
that is given by

. o"é cosa, +cosf
2 di  cosfecosf mg

where each said grating has (1) an incident angle of impinging light and a diffraction
angle of diffracted light, (Z) a groove frequency in number of grooves per unit of lin-
ear measure, and (3) a diffraction order, and where « is said incident angle, B is said

25  diffraction angle, g is said groove frequency, and m is said diffraction order, wherein
said symmetrical construction provides |
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. 1Z Substitute sheet -27 Septenber 2000 [err] where Bis said diffraction
angl e of satd second reflectance grating. 5 6. The spectroneter of
Claim 1 wherein for an even nunber of gratings [err] 7. The spectroneter of
CGaim1l for use in an intracavity speetrggpstitutd sheetO-27 Sememben @000
absorption lines of gases. 7

%P, _ mg
84 cosf

where B, is said diffraction angle of said second reflectance grating.

5 6. The spectrometer of Claim 1 wherein for an even number of gratings
Peven > Cevem
o < Coge-
(N
" 7. The spectrometer of Claim 1 for use in an intracavity spectrometer for
10  measuring absorption lines of gases.
N/
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