I*I Innovation, Sciences et Innovation, Science and CA 3109189 C 2023/08/29

Développement économique Canada Economic Development Canada
Office de la Propriété Intellectuelle du Canada Canadian Intellectual Property Office (1 1)(21) 3 1 09 1 89
12 BREVET CANADIEN
CANADIAN PATENT
13 C
(86) Date de dépdt PCT/PCT Filing Date: 2019/08/12 (51) ClInt./Int.Cl. GO2B 17/08(2006.01),

o o . G01J 3/02(2006.01), GO1J 3/74(2006.01),
(87) Date publication PCT/PCT Publication Date: 2020/02/13 GO1J 3/18(2006.01)

(45) Date de délivrance/lssue Date: 2023/08/29 .
(72) Inventeurs/Inventors:

(85) Entrée phase nationale/National Entry: 2021/02/09 FARSAD, MAHSA, US;

®6) N° demande PCT/PCT Application No.: US 2019/046175 AIKENS, DAVID, US

(87) N° publication PCT/PCT Publication No.: 2020/033953 (73) Propriétaire/Owner:
o PERKINELMER HEALTH SCIENCES, INC., US
(30) Priorité/Priority: 2018/08/10 (US62/717,255)

(74) Agent: BORDEN LADNER GERVAIS LLP

(54) Titre : SPECTROMETRES COMPACTS ET INSTRUMENTS LES COMPRENANT
(54) Title: COMPACT SPECTROMETERS AND INSTRUMENTS INCLUDING THEM

- Aperture 101 ]
Collimator 102
} 0

Housing 109 2 Schm;dt
corrector
105
/
- -
- Echelle grating 103

-
-

|

| Dispersive
| element
| 104
: F|eld flattener lens 107

|

: - Detector 108

I

I q

!

I Mirror 108

|

|

|

i i 200 mm

(57) Abrégé/Abstract:

A spectrometer with an unobstructed, Schmidt reflector is described. The spectrometer may include a Schmidt corrector and a
dispersive element as separate components. Alternatively, the Schmidt corrector and dispersive element may be combined into a
single optical component. The spectrometer may further include a field-flattener lens.

C an a d a http:vopic.ge.ca » Ottawa-Hull K1A 0C9 - aup.:/eipo.ge.ca OPIC
OPIC - CIPO 191



CA 03109189 2021-02-09

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
13 February 2020 (13.02.2020)

(10) International Publication Number

WO 2020/033953 Al

WIPO I PCT

(51) International Patent Classification:
G02B 17/08 (2006.01) G01J 3/14 (2006.01)
G01J 3/02 (2006.01) G01J 3/18 (2006.01)

(21) International Application Number:
PCT/US2019/046175

(22) International Filing Date:
12 August 2019 (12.08.2019)

(25) Filing Language: English

(26) Publication Language: English

(30) Priority Data:
62/717,255 10 August 2018 (10.08.2018) UsS

(71) Applicant: PERKINELMER HEALTH SCIENCES,
INC. [US/US], 940 Winter Street, Waltham, Massachusetts
02451 (US).

(72) Inventors: FARSAD, Mahsa; c/o PerkinElmer Health
Sciences, Inc., 940 Winter Street, Waltham, Massachu-
setts 02451 (US). AIKEN, David; c/o PerkinElmer Health
Sciences, Inc., 940 Winter Street, Waltham, Massachusetts
02451 (US).

(74) Agent: DANNENBERG, Ross, 1100 13th Street NW,
Suite 1200, Washington, District of Columbia 20005 (US).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ,DE, DJ, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IR, IS, JO, JP, KE, KG, KH, KN, KP,
KR,KW,KZ,LA,LC,LK,LR,LS,LU,LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ,NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,

(54) Title: COMPACT SPECTROMETERS AND INSTRUMENTS INCLUDING THEM

L ——— »

- e — . ]

; - e s z . Schmidt :

Housing 109 - b LA —~ i

P \/ f _____ st \/\:/ corrector '

N P v ; N

T : e \\/,,.-// " \

— Echelle grating 103 e P ‘

- I o \ !

i T ///’/ //// i
¥ \ o e [

‘ \ \ Pl Dispersive |

3 e T element |

e 104 i

i 3

L |

\./ Field-flattener lens 107 :
i |
I

\
| * Mirror 106 \j

# Detector 108

wo 2020/033953 A1 |0 0000 KO0 O 0

Figure 1

(57) Abstract: A spectrometer with an unobstructed, Schmidt reflector is described. The spectrometer may include a Schmidt corrector
and a dispersive element as separate components. Alternatively, the Schmidt corrector and dispersive element may be combined into a
single optical component. The spectrometer may further include a field-flattener lens.

[Continued on next page]



CA 03109189 2021-02-09

WO 20207033953 A [0 )00 00 000 0 00O

TR), OAPI (BF, BJ, CF, CG, CIL, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Published:
—  with international search report (Art. 21(3))



CA 03109189 2021-02-09

COMPACT SPECTROMETERS AND INSTRUMENTS INCLUDING THEM

[0001]  This paragraph has been intentionally left blank.

TECHNOLOGICAL FIELD
[0002] Certain configurations are described herein of a spectrometer that may be used to select

one or more wavelengths of light.

BACKGROUND

[0003]  There are many applications where it is desirable to detect the spectrum of light emitted
from a light source or light emitted by a sample being probed by a light source. A
spectrometer may be used to detect the spectrum of light. Spectrometers conventionally
use a combination of optical elements to spatially separate light of different wavelengths
such that an array of detectors that spatially resolves the light may determine the
wavelength of the light based on the amount of light detected by each detector of the

array of detectors.

SUMMARY

[0004]  Spectrometers that are able to detect a wide range of light (e.g. both the ultraviolet and
visible portions of a spectrum) are typically large and use multiple, narrowband
detectors with one or more optical splitters to direct at least a portion of an optical
pathway to the narrowband detectors. In some cases, the optical splitters are half-
silvered mirrors that permit passage of a first portion of light, such as the ultraviolet
portion, to a first detector and direct a second portion of light, such as the visible
portion, to a second detector. In other cases, the optical splitters may be full-silvered
mirrors interposed in only a part of a light pathway and direct only a portion of light

(e.g., an ultraviolet portion of a spectrum) to a detector sensitive to a limited range of
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wavelengths (e.g., only ultraviolet wavelengths). Some spectrometers use a flat mirror
to direct the UV portion of the light spectrum to a separate detector. In other
spectrometers, a reflecting mirror may include a hole so that a portion of the light passes
through the reflecting mirror to a first detector while the remaining portion of light
reflects off the mirror and is directed to a second detector. In some cases, the hole may
be in a Schmidt corrector such that a portion of lght i1s not corrected by the Schoudt
corrector and is directed to a separate detector. Such combinations of optical elements,
however, mcrease the footpring of the spectrometer so that it 1s impractical for use in
space-constrained environments where a large spectrometer may displace other useful
instruments. Further, the use of optical splitters or other optical coraponents may reduce
the overall optical efficiency of the system.

One or more aspects described herein relate to the optical design and/or layout of a
spectrometer for OES with an off-axis Schmidt telescope (or an imaging system
inchuding a Schmidt telescope) that simnubtaneously captures the UV and the visible
spectruim on a single detector (instead of two) without sacrificing performance. The
spectromweter may include an fmage sensor at the image plage and may be integrated
with a plasma source through a set of transport optics at the entrance slit. A sample
detectable range for one example of a spectrometer may include a wavelength range
from about 167 nm to about 1200 v (= 5% or £10%). The spectromweter architecture
and imager described herein may alse provide a reduction in size and/or an improvement
in optical efficiency while reducing a number of imaging sensors. In one or more
examiples, the spectrometer described herein may achieve greater optical efficiency by
using a single detector (instead of two detectors) to capture portions of the visible and
ultraviolet spectrum {e.g., 167 to 1200 nm) while minimizing an effect on performance.
According to one or more aspects, the disclosure may relate to an optical spectrometer.
The spectrometer includes an aperture, a collimator, an Echelle grating, an off-axis
Schmide telescope, and a detector. The collimator is optically coupled to the aperture
and the Hchelle grating. The off-axis Schmidt telescope is optically coupled to the
Echelle grating, and the detector. Light entering the spectrometer through the aperture
is directed to the detector. Further, light incident on the detector comprises a plurality

of wavelengths that are spatially separated across the ultraviolet light spectrum and the
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visible light spectrum. In some implementations, the plurality of wavelengths are
spatially separated across a spectral range of about 167 nm to about 1200 nm.

In some implementations, the off-axis Schmidt telescope may further include a Schimidt
corrector, a dispersive element, and a mirror. The mirror may be a spherical mirror. In
some implementations, a field flattening lens may be positioned between the mirror and
the detector. The field flattening lens may be optically coupled to the mirror and the
detector. The dispersive element may inclade a prism. In some implementations, the
Schmidt corrector may be an aspheric surface on one face of the prism. In other
implementations, the Schroidt corrector may be a reflective mirror that is separate and
independent of the prism. The detector may be configured to detect visible light. The
detector may be configured to detect ultraviolet light. The detector may be configured
to detect nfrared light. The prism may include a double-pass reflective prism. In some
implementations, the spectrometer may receive light from an inductively coupled
plasma (JCP) system.

Additional aspects, configurations, ernbodiments and examples are described in more

detail below.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS

00097

0010]

[0011]

[0012]

[0013]

[0014]

[0015]

[0016]
[0017]

Certain specific configarations of a spectrometer and corponents thereof, are described
below with refersnce to the accompanying figures in which:

Figure 1 shows an example spectrometer in accordance with aspects of the disclosure.
Figure 2 shows an example Echellogram corresponding to an example spectrometer.
Figures 3A and 3B show a comparison of throughputs and possible detection limits of
an example spectrometer in a high throughput mode.

Figure 4 shows a comparison of expected UV spectrum handling characteristics of an
example spectrometer i a simultaneous operation mode.

Figures SA and 5B shows a comparison of expected visible light spectrum handling
characteristics of an example spectrometer iz the simuitaneous operation mode.

Figure 6 shows detection sensitivities based on medifying an out-of-plane angle of the
echelle {e.g., a garama angle).

Figure 7 shows a comparison of spectral resolutions.

Figures 8A through 8C show examples of Schmidt telescopes.

)
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[0019]

Figures 9A through 9D show characteristics of various unobstructed, retlective Schmidt
telescope designs.

It will be recognized by the skilled person in the art, given the benefit of this disclosure,
that the exact arrangement, sizes and positioning of the components in the figures is not
necessarily to scale or required. The particular sizes and angles of one component
relative to another component may vary to provide a desired response or outpat from

the component or the optical spectrometer comprising the component.

DETAILED DESCRIPTION

[0020]

[0021]

10022}

Certain aspects, configurations, embodiments, and examples of a spectrometer are
described. The inventors have recognmized and appreciated that spectral overlap is
commonly observed in conventional spectrometers, which reduces accuracy, lowers
detection limits, and may himit a resolution on a final image plane. Further, conventional
spectrometers are generally large, which may make them impractical to use in space-
constrained environments where, a large spectrometer displaces other useful
instruments. Accordingly, the inventors have recognized and appreciated that a low
cost, high performance, and comwpact design spectrometer for optical emission
spectroscopy {(OES) and other applications is desired.

One or more aspects described herein relate to the optical design and/or layout of a
spectrometer for OES with an off-axis Schmidt telescope (or an imaging system
inclading a Schmidt telescope) that simultaneously captures the 1JV and the visible
spectrum on a single detector without sacrificing performance. The spectrometer may
include an image sensor at the image plane and may be integrated with a plasma source
through a set of transport optics at the entrance slit. A sample detectable range for one
cxample of a spectrometer may inchide a wavelength range from about 167 nm to about
1200 nm (3% or +10%).

One or more aspects of a spectrometer described herein may include a Schmidt
telescope or components related to a Schmidt telescope design. For example, a
spectrometer may use an obstructed concave mirror from a Schmidt telescope design to
improve the optical efficiency of the spectrometer. Some aspects relate to a spectrometer
having one or more of the following characteristics: a wavelength resolving range of

167-1200 mm, a spectral resolution of 5-6 pm {(e.g., for Asi¥93 - arsenic at a wavelength
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of 193 nm) and one point per peak in a resolution mode, an optical throughput of current
high resolution spectrometers, detector dimensions in a 28 mm x 28 mum format, for
instance, with a 15 pm square pixel size, and capable of providing faster measurements
than sequential monochromatic spectrometers.

Additionally, one or more aspects of a spectrometer described herein may include one
or more aspheric surfaces, small optics, and an Echelle grating. By increasing the
wavelengths resolvable by a spectrometer, a spectrometer as described herein may be
faster in analyzing a saraple than analyzing that sample using sequential measurements
in monochromatic spectrometers. Further, through using one or more aspheric sarfaces,
a higher resolution and optical throughput may be achieved cornpared to spectrometers
using only spherical and parabolic imagers.

In one or more examples, the spectrometer described herein may be used for capturing
other regions of the spectrum {e.g., infrared) by modifying various aspects of the design
inchuding one or more of, but not Hmited 1o, slit size, plane angles, optical parameters
of reflecting/refractive elements, sensor size, and the like. In one or more exarples, an
OFES system described herein may be used with an inductive coupled plasma (ICP) as a
light source. Similarly, the OES systemn described herein may be used with optical
absorption spectroscopy or any other type of spectroscopy.

Figure | shows an example spectrometer 100 according to one or more aspects. The
spectrometer 100 may include a housing 109 {(shown by dashed lines) with an aperture
101, a collimator 102, an Echelle grating 103, a dispersive element 104, a Schmidt
corrector 103, a mirror 106, a field-flattening lens 107, and a detector 108. An optical
input, such as light comprising a plurality of different wavelengths, enters the
spectrometer 100 through the aperture 101 in the housing 109. In some implementations,
the aperture 101 may be a shit. In some implementations, the spectrometer 100 may be
part of an inductively coupled plasma (ICP) spectrometer and the aperture 101 may
receive light from an inductively coupled plasma (ICP) system wherein samples are
injected into a plasma via a sample introduction device. The sample introduction device
may be fluidically coupled to a torch. An induction device may provide radio frequency
energy into the torch to sustain an inductively coupled plasma in the torch. The aperture

101 may be optically coupled to the inductively coupled plasma in the torch and may
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[0028]

receive light emission from analyte species in the inductively coupled plasma in the
torch.

The aperture 101 is optically coupled to the collimator 10Z. Initial light from a light
source is identified by arrow labeled "0". Light entering the aperture 101 is directed to
the collimator 192, as shown in Figure 1 by amn arrow labeled “1” pointing from the
aperture 101 to the collimator 102, The collimator 102 iz optically coupled to the Echelle
grating 103. The light incident on the collimator 102 is reflected and directed to the
Echelle grating 104 as shown in Figure | by the arrow labeled “27 that points from the
collimator 102 to the Hehelle grating 103, The Echelle grating 103 may be a typical
Echelle grating comprising a plurality of gratings having widths about the same as the
wavelength of the light, resulting in diffraction of the incident light. For example, the
Echelle grating 103 may be a reflective grating. With reflective gratings, the reflective
portion may be tilted {blazed) to scatter a majority of the light into a desired direction
of interest (and tnto a specific diffraction order). For multiple wavelengths of light, the
same general result occurs, but it is possible for longer wavelengths of a higher order to
overlap with the next order(s) of a shorter wavelength. In an Echelle grating, this
behavior is deliberately selected and the blaze is optimized for multiple overlapping
higher orders. The exact blaze angle used may depend on the system level specifications
of the spectrometer. The resulting optical output from the Echelle grating comprises
stripes with different, but overlapping, wavelength ranges. The downstream optical
elements may be used to provide spatial separation in a direction perpendicular to the
Hchelle grating’s diffraction plane to permit detection of each wavelength of light
present in an incident optical input received by the spectrometer.

The Echelle grating 103 is optically coupled to the dispersive element 104, The Echelie
grating 103 receives the dispersed light from the dispersive element 104. The hight
incident on the Echelle grating 103 is further spectrally dispersed and directed towards
the dispersive element 104 as shown in Figure 1 by the arrow labeled “3” pointing from
the Echelle grating 103 to the dispersive element 104. In some implementations, the
dispersive element 104 may be a prism.

The dispersive element 104 is optically coupled to the Schmidt corrector 103, In some

implementations, the Schmidt corrector 105 may be a refractive optic. In some
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implementations, the Schmidt corrector 103 may be a refractive optic that is integrated
with the dispersive element 104. The Schmidt corrector 105 may be an aspheric surface
on one face of the dispersive element 104, In such implementations, the Schmidt
corrector 103 may be  a reflective mirror that is independent of and separated from the
dispersive element 104. For example, the Schmidt corrector 105 may be a reflective
miirror that is positioned behind the dispersive element 104 (where light passes through
the dispersive element 104) or used in an adjusted configuration with additional and/or
alternative optics. In another example, the Schmidt corrector 105 may be a refractive

Ratd

component placed before the dispersive element 104 in light path labeled “3” or after

the dispersive clement in light path labeled “47. In yet further embodiments, the Schmidt
corrector 103 may receive light through the path labeled “37, direct it to the dispersive
element 104, receive dispersed hight from the dispersive element 104, and direct light
passing again through the Schmidt corrector 105 1o the path labeled “47.

The dispersive element 104 may be optically coupled to the mirror 106 {directly or
indirectly}). The dispersive element 104 may be an optical elernent that disperses light.
In some implementations, the dispersive element 104 may be a prism, a double-pass
refractive prism, a double-pass reflective prism, a reflective grating, or a grism. In some
imiplementations, the dispersive element 104 may be a cross-disperser. The orientation
of a dispersion plane of the dispersive element 104 way be perpendicular to the
dispersion plane of hight from echelle grating 304. This perpendicular orientation of
dispersal planes creates a cross-dispersion effect where previously dispersed light is
dispersed again but with a different dispersion plane. In some implementations, the
mirror 106 may be a spherical mirror or represent a portion of a spherical mirror.

The mirror 106 is optically coupled to the ficld flattener lens 107. The ficld flattener
iens 107 1s optically coupled to the detector 10K. The mirror 106 receives the dispersed
light from the dispersive element 104/Schmidt corrector 105 as shown in Figure 1 by
the arrow labeled “4” pointing from the dispersive element 104 to the mirror 106, The
mirror 106 reflects the incident light to the detector 108 through the field-flattening lens
107, as shown in Figure 1 by the arrow labeled “5” pointing from the mirror 106 to the
field-flattening lens 107 and the arrow labeled “&” pointing from the field-flattening

lens 107 to the detector 108, The detector 108 may be any detector that can spatially
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resolve light incident upon the detector 108. In some implementations, the detector 108
may be a charged coupled device (CCD) camera or a complementary metal oxide
semiconductor (CMOS) detector. The light incident on the detector 108 comprises
wavelengths across a wide spectrum, thereby permitting a wider range of light to be
detected by the detector 108.

In one example, the collimator 102 may inclode an off-axis parabola, with ## of 6, a
focal length of 200 mm, an aperture of approximately 35 mun, and 10 to 15 degrees off-
axis angle. The Echelle grating 103 may be an RGL model 53-*-127E. The blaze angle
of the Hchelle grating 103 may be 63 degrees and have a groove density of 87 Vmum.
Further, the dispersive clement 104 may be a Schmidt corrector coupled to a double
pass reflective prism. The prism may be UV grade fused silica and have an apex angle
of 19 degrees.

Figure 2 shows an example Echellogram 201 corresponding to a spectrometer in
accordance with one or more aspects of the disclosure. Referring back to Figare I, an
optical input, such as light, enters the spectrometer 100 through the aperture 101, In
some implementations, the spectrometer 100 may be part of an inductively coupled
plasma (ICP) spectrometer and the aperture 101 may receive light from an inductively
coupled plasma (ICP) system wherein samples are injected into a plasma via a sample
introduction device. The sample introduction device may be flutdically coupled to a
torch. An induction device may provide radio frequency energy into the torch to sustain
an inductively coupled plasma in the torch. The aperture 101 may be optically coupled
to the inductively coupled plasma in the torch and may receive light emission from
analyte species in the inductively coupled plasma in the torch. After the light enters the
spectrometer 100 through the aperture 101, the different wavelengths of light are
spatially separated by the various optical components of the spectrometer 100 and
directed to the detector 108 and thus, the individual wavelengths of the light emitted by
analyte species may be detected at the detector 108, The Echellogram 201 shows
emission intensities across a spectral range of 167 nm to over 830 nm on a detector,
such as the detector 108 in Figure 1.

Figure 3A shows a table 301 of numerical comparisons between spectrometers A-C in

high and low resolutions with computed values of a spectrometer D, where
o 5
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spectrometers A-C are conventional spectrometers and spectrometer D i an
einbodiment of the present application. Only one resolution is shown for spectrometer
A Sample efficiencies for spectrometers A-{ are compared with computed values of a
spectrometer D implemented according to one or more aspects discussed in Figure 1.
For instance, the values and efficiencies for spectrometer D may be computed based on
an f-stop of /6 and an effective focal length of 200 mum. For spectrometers B-I, values
assnciated with a high resolution {narrower slit width) operation and a low resolution
{wider slit width) operation are shown (with values for spectrometer D being computed).
The values in table 301 for spectrometer D may be based on a shit height of 280 pm with
shit widths of 15 pum for high resolution and 30 ym for low resolution. The total
efficiency 302 of spectrometer D in high and low resolution is higher than each of the
total efficiencies for spectrometers A-D. The range of echelle orders in the UV spectium
are well separated and may be wsed for high optical throughput spectroscopy. Figure 3B
A-D.

Figure 4 shows a comparison 401 in the UV spectrum of spectrometers A-C with
computed values for a spectrometer D, where spectrometers A-C are conventional
spectromweters and spectrometer I s an embodiment of the present application. For
spectrometer A, only ooe resolution is shown. For spectrometers B-D, values associated
with a high resolution (narrower slit width) operation and a low resolution (wider slit
width} operation are shown (with values for spectrometer B being computed). For
examiple, with slit height of 72 pm for spectrometer D, all the echelle orders are expected
to be resolved. In other words, the slit height may be selected to ensure all echelle orders
are well separated. The throughput ratio compared to conventional spectrometer A in
simultanecus mode for UV wavelengths is 3.1. The throughput ratio compared to
conventional spectrometer B in simultanecus mode for UV wavelengths is 0.7. One
option to improve this difference with respect to spectrometar B is {0 use extra space in
the physical footprint to include additional processing or separate processing of the
wavelengths. With a sample slit height of 110 ym, equal throughput to the conventional
spectrometers may be achieved as echelle orders for A<460 nm may be resolved. The

slit height in this mode is shorter than the high throughput mode. The total efficiency
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402 of spectrometer D in high and low resolution is higher than the total efficiency
observed for spectrometers A-D.

Figure 5A shows comparison 501 in the simultaneous modes of operation of
spectrometers A-C with computed values of spectrometer D in the visible spectrum.
With sit height of 72 um, echelle orders may be resolved for spectrometer I and the
throughput is similar to that of the conventional spectrometers A-C. The visible mode
may not have a high throughput mode because the visible orders may not be as well
separated in the low resolution, high throughput mode. Figure 5B shows a comparison
502 of the efficiencies of the optical components of the spectroraeters A-D.

Figure 6 shows tables 601 and 602 with the echelle efficicncies of specific wavelengths
computed for spectrometers B and D. The specific wavelengths correspond to various
elements in samples. In table 601, the echelle efficiencies (blaze functions) are
computed based on modifying the out of plane angle of an Echelle grating of
spectrometer D at B degrees. In table 602, the echelle efficiencies (blaze functions) are
computed based on modifyving the out of plane angle of an Echelle grating in
spectrometer D at 9.5 degrees. Tables 601 and 602 also show the ratio of the echelle
efficiency of spectrometer B to spectrometer D for each of the specific wavelengths.
Figure 7 shows an expected comparison between spectrometers B and D of spectral
resolutions at a high resojution in table 701 and at low resolution in table 702 over a
series of wavelengths, where spectrometer B is a conventional spectrometer and
spectrometer D is an embodiment of the present application. The experimental values
for spectrometer D correspond to an implementation according to one or more aspects
discussed in Figure 1. The experimental values of resolution per wavelength shown in
Figure 7 are the root sum of squarcs (RS8) of the spectral shit width, pixel width, worst
case root mean square {RMS) spot radius {=pixel size), and the physical width of the
line. Also, a high resolution mode is possible for visible wavelength using the system
of Figure 1.

Figures 8A-8D show optical layouts for a spectrometer according to Figure 1, where the
dispersive element 104 is implemented as a prism and the Schmidt corrector 103 is on
the prism. In Figure 8A, the system 801 may include one plano aspheric corrector 802

and a spherical mirror 803, Speeds up to #/1 and fields up to 8 degrees may be possible.

10
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As refractive Schmidt plate is not usable in all situations, a reflective Schmidt design
may be used and provide similar performance.

In Figure 8B, system 805 may include a Schmidt reflector 806 with a hole 80643, a field
flattener (FF} lens 807, a reflector 808, and a detector 809. The systern of Figure §B
may achieve larger fields of view at a similar speed as compared o that of Figure 8A,
albeit somewhat slower (from /1.4 to £/2.6). An example of Figure 8B may include a
reflective, field flattened Schmidt with /2.6, 7 degree field of view with a 200 mum efl.
However, obscuration of the light paths in the Schmidt design of Figare 8B is
undesirable as it reduces throughput and increases scattering (e.g., increases noise).

In Figore 8C, system 810 shows an off-axis Schmadt configuration that chiminates the
obscuration. Roughly, one third of the speed may be achieved. For exaraple, system 810
may include a Schroidt reflector 811, a field flattener lens 812, and a detector §13.
Figures 9A-9D shows characteristics of varions unobstructed reflective Schrnidt
designs. Hach of Figures 3A-9D show Schinidt systems with a Schmidt reflector 902, a
field flattener 903, and a detector 904, In Figures SA-8D, the maximoum field of view is
evaluated which can be achieved using, for instance, an rros spot radius at 8.0-8.2 ym
across the field. In Figure 8A, the system 901 may have an effective focal length of 670
mim with an f-stop of /6 using an unobscured, field flattened, reflective Schinidt design.
The maximum field of view may be 3.75 degrees. In Figure 9B, the system 902 may
also have an effective focal length of 670 mm with an f-stop of {712, The maximum field
of view may be 6.3 degrees. In Figure 9C and Figure 9D, both examples may have a f-
stop of /6. In Figure 9C, the effective focal length is 1000 mm, resulting in a maximum
of a 3.9 degree field of view. In Figure 9D, the effective focal length is 100 mm,
resulting in a maximum of a 10 degree field of view. In short, increasing the f-stop
resulis in increasing the field of view. Also, decreasing the focal length increases the
field of view.

Although examples are described above, features and/or steps of those examples may
be combined, divided, omitted, rearranged, revised, and/or augmented in any desired
manner. Various alterations, modifications, and improvements will readily occur to
those skilled in the art. Such alterations, modifications, and improvements are intended

to be part of this description, though not expressly stated herein, and are intended to be

i1
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within the spirit and scope of the disclosure. Accordingly, the foregoing description is

by way of example only, and is not Himiting.



CLAIMS:

L. An optical spectrometer comprising:

an aperture;

a collimator;

an Echelle grating;

an off-axis Schmidt telescope comprising a reflective Schmidt corrector; and

a detector,

wherein the collimator is optically coupled to the aperture and the Echelle grating,

wherein the off-axis Schmidt telescope is optically coupled to the Echelle grating and
to the detector,

wherein light entering the optical spectrometer through the aperture is directed to the
detector, and

wherein light incident on the detector comprises a plurality of wavelengths that are

spatially separated across the ultraviolet light spectrum and the visible light spectrum.

2. The optical spectrometer according to claim 1, wherein the off-axis Schmidt telescope
further comprises:

a dispersive element; and

a mirror.
3. The optical spectrometer according to claim 2, wherein the mirror comprises a spherical
Mmirror.
4. The optical spectrometer according to claim 2, further comprising:

a field flattening lens positioned between the mirror and the detector,

wherein the detector and the field flattening lens are optically coupled to the mirror.

5. The optical spectrometer according to claim 2, wherein the dispersive element
comprises a prism, and wherein the Schmidt corrector is an aspheric surface on one face of the

prism.

13
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6. The optical spectrometer according to claim 2, wherein the dispersive element

comprises a prism, and wherein the Schmidt corrector is separate and independent of the prism.

7. The optical spectrometer according to claim 6, wherein the Schmidt corrector is a

reflective mirror.

8. The optical spectrometer according to claim 1, wherein the detector is configured to
detect visible light.
9. The optical spectrometer according to claim 1, wherein the detector is configured to

detect ultraviolet light.

10.  The optical spectrometer according to claim 1, wherein the detector is configured to

detect infrared light.

11.  The optical spectrometer according to claim 2, wherein the dispersive element

comprises a double-pass reflective prism.

12.  The optical spectrometer according to claim 1, wherein the optical spectrometer receives

light from an inductively coupled plasma (ICP) system.

13.  The optical spectrometer according to claim 1, wherein the plurality of wavelengths are

spatially separated across a spectral range of about 167 nm to about 1200 nm.

14.  The optical spectrometer according to claim 1, wherein the off-axis Schmidt telescope

is directly optically coupled to the Echelle grating.

14
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15.  An optical spectrometer comprising;
an aperture;
a collimator;
an Echelle grating;
an off-axis Schmidt telescope comprising:
a dispersive element comprising a prism;
a Schmidt corrector comprising an aspheric surface on one face of the prism;
and
a mirror; and
a detector,
wherein the collimator is optically coupled to the aperture and the Echelle grating,
wherein the off-axis Schmidt telescope is optically coupled to the Echelle grating and
to the detector,
wherein light entering the optical spectrometer through the aperture is directed to the
detector, and
wherein light incident on the detector comprises a plurality of wavelengths that are

spatially separated across the ultraviolet light spectrum and the visible light spectrum.

16.  The optical spectrometer according to claim 15, wherein the detector is configured to

detect at least one of visible light, ultraviolet light, or infrared light.

17.  The optical spectrometer according to claim 15, wherein the mirror comprises a

spherical mirror.

18.  An optical spectrometer comprising:
an aperture;
a collimator;
an Echelle grating;
an off-axis Schmidt telescope comprising:

a dispersive element comprising a prism;

15
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a Schmidt corrector comprising a reflective mirror, wherein the Schmidt
corrector is separate and independent of the prism; and
a mirror; and
a detector,
wherein the collimator is optically coupled to the aperture and the Echelle grating,
wherein the off-axis Schmidt telescope is optically coupled to the Echelle grating and
to the detector,
wherein light entering the optical spectrometer through the aperture is directed to the
detector, and
wherein light incident on the detector comprises a plurality of wavelengths that are

spatially separated across the ultraviolet light spectrum and the visible light spectrum.

19.  The optical spectrometer according to claim 18, wherein the detector is configured to

detect at least one of visible light, ultraviolet light, or infrared light.

20.  The optical spectrometer according to claim 18, wherein the mirror comprises a

spherical mirror.

16
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