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(57) Abstract: A spectrometer (20) comprising an input (24)
for optical radiation; a dispersion element, such as a concave
focussing retlection diffraction grating (22), for dispersing
incident optical radiation passing from the input (24) by
wavelength; an output (28) and a spatial light modulator
"SLM" (26) disposed to receive a wavelength region of in-
put optical radiation dispersed by the dispersion element and
operable to selectively direct wavelength portions of the re-
ceived wavelength region for receipt at the output (28). The
input (24) is configured to provide a plurality of entrance
field stops, such as entrance slits (C,D), by means of each of
which the dispersion element (22) is, in use, illuminated and
each of which is positioned to cooperate with the dispersion
element (22) to generate a different dispersed wavelength re-
gion at the SLM (26).
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Description

[0001]

[0002]

[0003]

[0004]

[0005]

Spectrometer Comprising a Spatial Light Modulator
The present invention relates to a spectrometer comprising a spatial light
modulator (SLM) such as a digital micro-mirror device (DMD).
Spectrometers are employed in the analysis of wavelength dependent
intensity variations of optical radiation, from the ultraviolet to the infrared
spectral regions. Typically, a dispersion element such as a prism or a
diffraction grating is employed in these spectrometers to disperse incident
optical radiation by wavelength in a preferred dispersion plane. An input is
provided comprising an entrance field stop, typically an entrance slit,
acting as a bandpass limiter for the optical radiation which is to be incident
on the dispersion element. This field stop essentially determines the
optical resolution and throughput of the spectrometer.
As is well known, the dispersion element may be moved, typically rotated
about an axis perpendicular to the dispersion plane, in order to sweep
individual wavelengths of a wavelength region of interest of the dispersed
optical radiation sequentially over an output which may be a detector, an
exit slit or other optical radiation collector. This places significant precision
requirements on the mechanical system employed to effect the movement
of the, often heavy, dispersion element and such systems are known to be
susceptible to external mechanical disturbances and wear.
One known solution to this problem is to provide spectrometer having a
static dispersion element and incorporating a detector array of separately
addressable elements in place of the single detector typically employed in
conjunction with the movable dispersion element. The stationary
dispersion element operates to disperse a wavelength region of interest
which is here distributed by wavelength across the elements of the
detector array in the dispersion plane. However, signal detection requires
sophisticated and relatively expensive electronics and the detector arrays
are themselves relatively expensive, particularly for detector arrays
suitable for the detection of wavelengths in the infrared region.
Furthermore, spectrometers which comprise an SLM are known from for

example US5504575 which is assigned to Texas Instruments
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[0006]

[0007]

Incorporated, address both the problems of mechanical movement of the
dispersion element and the use of a detector array. According to the
known SLM spectrometer there is provided an input by means of which is
illuminated a stationary prism, grating or other type of wavelength
dispersion element, typically having a preferred dispersion plane. An SLM,
such as a DMD, a magneto-optic modulator or a liquid crystal device, is
provided to receive, distributed by wavelength across its active surface, an
entire wavelength region of interest having been dispersed in the preferred
dispersion plane by the dispersion element. By activating (or deactivating)
small portions (i.e. cells) of its active surface the SLM is operable to
selectively direct a wavelength portion of the received wavelength region
of interest to the output. Through appropriate activation and deactivation of
the individual cells or groups of cells (typically groups of cells in a direction
perpendicular to the dispersion plane i.e. columns) different narrow
wavelength bands of the received wavelength region of interest can be
provided to the output. In this manner the entire wavelength region of
interest may be swept sequentially across the output and a single detector
element may be employed.

A problem with the known SLM spectrometer is that the SLM element
must be sufficiently large so that the entire wavelength region of interest in
the dispersed spectrum is incident on its active surface without
compromising resolution or light efficiency. Particularly when using a DMD
device as the SLM there is a trend towards the introduction of smaller,
lower cost devices, which trend renders the larger devices obsolete or, at
least, more expensive. The use of a plurality of SLM elements disposed so
as to together receive the entire wavelength region of interest is also cost
prohibitive.

It is an aim of the present invention to at least alleviate an aforementioned
problem associated with the SLM spectrometer. Accordingly, a first aspect
of the present invention provides a spectrometer comprising an input for
optical radiation; a dispersion element for dispersing incident optical
radiation from the input by wavelength; an output and a spatial light

modulator (SLM), such as a DMD, disposed to receive a wavelength
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[0008]

[0009]

region of optical radiation which is dispersed by the dispersion element
and being operable to selectively direct wavelength portions of the
received wavelength region for receipt at the output; wherein the input is
adapted to provide a plurality of entrance field stops by means of which
the dispersion element is illuminated in use and each of which is disposed
to generate a different, possibly overlapping, wavelength region at the
SLM. The number and location of the entrance field stops may be selected
such that their associated different wavelength regions together provide a
wavelength region of interest at the SLM which is larger than any of the
individual wavelength regions. By employing multiple entrance field stops it
is possible to multiplex the plurality of different spectral regions at the
same SLM and thereby have a small SLM behave as a larger one. Thus
an extended wavelength spectrum at the output may be generated through
a suitable combination of the individual wavelength regions without the
need to increase the physical size of the SLM.

In one embodiment there is provided a plurality of optical radiation
sources, each for illuminating the dispersion element through an
associated different entrance aperture, acting as an entrance field stop.
Each source of the plurality is configured to generate optical radiation
having a wavelength range substantially that of the wavelength region at
the SLM generated by its associated aperture. In this manner, the
spectrometer may be made more energy efficient since substantially all of
the energy produced by the source is provided at the SLM.

These and other advantages of the invention will be better understood
from a consideration of the following description of exemplary
embodiments with reference to the figures in the accompanying drawings
in which: Fig. 1 illustrates a functional block diagram of an SLM
spectrometer according to the present invention; Fig. 2 illustrates a
time-division multiplexed embodiment of the SLM spectrometer illustrated
generally in Fig.1; Fig. 3 illustrates a spatial-division multiplexed
embodiment of the SLM spectrometer illustrated generally in Fig. 1; and
Fig. 4 illustrates a second time-division multiplexed embodiment of the

SLM spectrometer illustrated generally in Fig. 1.
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[0010]

[0011]

[0012]

[0013]

Referring now to Fig. 1, a spectrometer according to the present invention
2 comprises an input 4 having a plurality of entrance field stops by means
of each of which a same dispersion element 6 may be illuminated by
optical radiation 8. The optical radiation 8 is optionally generated by a
source of optical radiation 10 or may emanate from a sample material
under investigation, depending on the intended use of the spectrometer 2.
The input 4 may, for example and without limitation, comprise a plurality of
individual entrance apertures, a single movable entrance aperture or an
LCD screen or other second SLM device, the elements of which are
controllable to simulate physical entrance apertures, as will be described
in more detail below.

The dispersion element 6, which may for example and without limitation be
a prism, a transmission or a reflection diffraction grating, is provided to
disperse by wavelength incident optical radiation which is passed to it via
the entrance field stops of the input 4. A spatial light modulator (SLM) 12 is
positioned to receive at least a portion of the dispersed optical radiation
distributed by wavelength across an active surface 14. The SLM 12 is of
known construction, being either a reflective or a transmissive device, with
the active surface 14 comprising an array of individually controllable
elements arranged in columns so that different columns of the array will
receive a wavelength or narrow band of wavelengths that has been
dispersed through a different angle by the dispersion element 6.

An output 16 which may be, for example and without limitation, an exit port
an end of a fiber optic bundle, a detector, or other light collector, is
provided to receive optical radiation which is directed to it by appropriate
operation of the elements of the active surface 14 of the SLM 12. A
controller 18 is configured in a known manner to control the operation of
the SLM 12, and optionally the input 4 and the radiation source 10.

The spectrometer 2 has been described above in terms of functional block
elements and it will be appreciated that any one or more of these elements
can comprise one or more separate units operably connected to provide
the described functionality. Additionally, it will also be appreciated that

other optical components such as mirrors, focussing and/or collimating
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[0015]

[0016]

[0017]

optics may be included in the spectrometer 2 but are not essential to the
understanding of the present invention and so are omitted from the above
general description of the spectrometer 2 according to the present
invention.

Referring now to Fig.2, an embodiment 20 of the spectrometer 2 of Fig. 1
according to the present invention is illustrated configured for a
time-division multiplexed operation. A concave focussing reflective
diffraction grating 22 of the flat field imaging type is in use illuminated via a
multi-aperture input 24, which is formed of a plurality (two illustrated) of
entrance field stops, here physical entrance slits C,D. The diffraction
grating 22 generates an image of the slits C,D which is dispersed by
wavelength component across an SLM in the form of a DMD 26, the active
surface 14 (facing grating 22) of which comprises, as is well known in the
art, an aerial array of mirrors that are co-operable to form the columns
described above with reference to Fig. 1.

The DMD 26 is operable to selectively direct wavelength portions of the
incident wavelength region to an optical fiber output 28. An optical
radiation source 10 is provided which in the present embodiment
comprises a plurality (two illustrated) of individually energisable optical
sources Sc,Sp, each one of which is associated with a corresponding one
of the plurality of entrance slits C,D and which, in one embodiment, may
be configured to generate only optical radiation in a wavelength region
corresponding substantially to that region dispersed across the DMD 26. In
other embodiments the source 10 may comprise a single broadband
source of radiation for illuminating all entrance field stops.

A controller (not shown but see element 18 of Fig.1) is provided to
selectively switch each source Sc,Sp, in turn as will be discussed in
greater detail below.

It is the nature of a grating to disperse optical radiation by wavelength in a
preferred plane. The angle of dispersion, 3, for a given wavelength, A, is
proportional to its angle of incidence, a, at the grating (angles measured
with respect to the grating normal, n) according to the well known ‘grating

formula’: sin(a) + sin() = rA/d (1) where r is the order number of
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[0018]

[0019]

[0020]

dispersion and d is the groove spacing. This means that for any given
wavelength the angle of dispersion, 3, for a particular order, r, will depend
on the angle of incidence, a.

Fig. 2, Fig.3 and Fig. 4 are drawn such that this preferred plane is the X-Y
plane of the X-Y-Z coordinate system depicted in the Figures. The
following description refers to angles and displacements in this preferred
plane or projected onto this plane. To make this description clearer, first a
line normal to the surface of the grating at the centre of the grating is
defined to be the grating normal, n, lying in the preferred plane. Then,
using the chosen grating normal, angles from the grating normal, n, are
defined as rotation about the point, P, at the intersection of the grating
normal and the grating surface.

Considering now the spectrometer 20 of Fig.2 in greater detail, In the
embodiment shown each of the optical radiation sources S¢,Sp, are
adapted to generate optical radiation in a same wavelength band
extending between a minimum wavelength Ay Ny and @ maximum
wavelength Apyax. This entire wavelength band, in the present
embodiment, constitutes a wavelength region of interest, AA, to be used in
investigations employing the spectrometer 20.

Each source, S¢ say, is adapted to illuminate completely its associated
entrance slit, C say. Usefully, each source Sc,Sp may, for example,
consist of a linear array of LED’s extending along the length of the slit in a
direction perpendicular to the preferred plane. Light from the associated
entrance slit, C say , follows a light path, L¢, to be incident on the surface
of the dispersion element , here the concave diffraction grating 22, at an
angle of incidence, ac, to be diffracted in a wavelength dependent manner
towards the DMD 26 and illuminate substantially all of an associated
column. Light of the maximum wavelength, Amax, will be dispersed
through an angle Bcmax, along light path Lomax, whereas light of the
minimum wavelength, AmiN, will be dispersed through an angle BcmiN,
along light path Lomin. Similarly, light from the associated entrance slit, Sp
, will follow a light path Lp (illustrated by broken construction in Fig. 2), to

be incident on the surface of the grating 22 at an angle of incidence, ap,
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[0022]

[0023]

[0024]

which is different from the angle of incidence, ac, for light from slit C.
Following from equation (1) it can be seen that for a same wavelength light
from slit D will therefore be dispersed through a different angle 3 so that
light of the maximum wavelength, Amax, will be dispersed to traverse a
light path Lppmax, whereas light of the minimum wavelength, Ayin, will be
dispersed to traverse a light path Lpmin (as illustrated by broken line
construction in Fig. 2).

The DMD 26 is located in the preferred plane to receive at its active
surface 14 a wavelength range,Ac1 - Ag2, from within the total spectrum
which is dispersed from light passing through the entrance slit C and a
wavelength range, Ap1 - Ap2, from within the total spectrum which is
dispersed from the light passing through entrance slit D. Since the angles
of incidence, ac, ap, of the light from the respective slits C,D are different
then, as discussed above, the wavelength range associated with each slit
C,D, which is incident at the DMD 26 will be different.

With the DMD 26 and the grating 22 in a fixed relative geometry the
positions of the entrance slits C,D can be selected to provide angles of
incidence such that (considering equation (1)) the wavelength ranges Ac1 -
Ac2 and Apq - Ap2 combine to provide the wavelength region of interest,
AA. In the present embodiment the arrangement of entrance slits C,D
grating 22 and DMD 26 is such as to provide Ap2 = AmiN and Ac1 = AMAX.
Usefully and in one configuration of the embodiment of the present
invention according to Fig. 2 each source S¢,Sp is designed to provide an
output having only the wavelength components of the corresponding
wavelength ranges which are to be received at the active surface of the
DMD 26. Thus, for example, source Sc, produces only wavelengths in the
range Ac1 - Ac2. This can be achieved through an appropriate selection of
LED’s as the source Sc and has an advantage that energy is not wasted
in generating wavelengths which are unusable in the spectrometer 20 and
which may cause unwanted background signals.

In the present embodiment of the spectrometer 20 of that 2 illustrated
generally in Fig. 1 the controller 18 (not shown in Fig. 2) is adapted to

switch each source Sc¢,Sp separately and without overlap to illuminate the
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[0027]
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DMD 26 via the grating 22 through each entrance slit C,D separately to
provide a time-division multiplexed signal at the DMD 26. The controller 18
then is further adapted to control the operation of the active surface 14 of
the DMD 22 to scan the wavelength ranges Ac1 - Ac2 and Ap1 - Ap2 in turn
over the fiber optic output 28 by, in this embodiment, controlling the mirror
elements of the surface 14 column-wise across the rows of the DMD 22.

In an alternative configuration of the embodiment according to Fig. 2 the
optical source 10 may be a single broadband source which in use is
continuously energised and each entrance slit field stop C,D may be
selectively shuttered so that the grating 22 is illuminated via only one
entrance slit at a time.

In a further configuration of the embodiment according to Fig. 2 the
controller 18 is adapted to operate the sources Sc, Sp simultaneously with
different operating frequencies to illuminate the DMD 26 via the grating 22
through each entrance slit C,D simultaneously to provide a
frequency-division multiplexed signal at the DMD 26.

Referring now to Fig.3, an embodiment 30 of the spectrometer 2 of Fig. 1
according to the present invention is illustrated configured for a
spatial-division multiplexed operation. For ease of understanding the
spectrometer 30 of Fig. 3 is illustrated as having generally the same
geometrical arrangement of concave focussing reflection grating 32 and
SLM in the form of a DMD 34 as that spectrometer 20 of Fig. 2.

Different from Fig. 2 is the configuration of the multi-aperture input 36. This
input 36 is formed of a plurality (two illustrated) of entrance field stops,
here physical entrance slits, E,F, say, which are displaced from one
another not only in the preferred plane but also in a plane defining the
length of the slit perpendicular to the preferred plane and each has a
length less than is required for illumination of substantially all of a column
of the active surface 14 of the DMD 34.

As with the entrance slits C,D of the embodiment of the spectrometer 20 of
Fig. 2, the entrance slits E,F of the present embodiment each, when
illuminated by associated sources Sg, Sk, provide associated light paths L

E, Lg, which have different angles of incidence, ag, aF, at the grating 32.
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From a consideration of the foregoing description with regard to Fig. 2, it
will be appreciated that this will result in different associated wavelength
ranges Ag1 - Ae2 and Agq - Ap2 respectively being dispersed across the
columns of the active surface 14 (not shown) of the DMD 34.

Different to the entrance slits C,D of the embodiment of the spectrometer
20 of Fig. 2, the entrance slits E,F of the present embodiment are
displaced from one another so that light passing though an associated slit
and diffracted through a same diffraction angle, 3, will illuminate different,
preferably non-overlapping, regions Rg,Rg, preferably individually
controllable regions, of a same column of the DMD 34.

In the present embodiment of the spectrometer 30 of that 2 illustrated
generally in Fig. 1 the controller 18 (not shown in Fig. 3) is adapted to
energise each source Sg,Sf simultaneously thereby illuminating the DMD
34 via the grating 32 through each entrance slit E,F simultaneously to
provide a spatial-division multiplexed signal at the DMD 34. The controller
18 then is further adapted to control the operation of the active surface of
the DMD 34 to scan the wavelength ranges Ag1 - Ae2 and Ag1 - Ag2 in turn
over the exit aperture 38. It will be appreciated that the sources Sg, Sf,
may be switched separately and without overlap to illuminate each column
region of the DMD 34 in turn without departing from the invention as
claimed.

Usefully in the present embodiment the light sources Sg, S may comprise
broad band lasers as SLED'’s.

Referring now to Fig. 4, an embodiment 40 of the spectrometer 2 of Fig. 1
is illustrated configured for a time-division multiplexed operation similar to
that described with reference to the embodiment of Fig. 2. In the present
embodiment 40 a transmission diffraction grating dispersion element 42 is
disposed for illumination via a multi-field stop input in the form of a first
DMD device 44. A second DMD 50 is positioned to receive across its
active surface 14 (facing the dispersion element 42) optical radiation which
has been dispersed by wavelength by the dispersion element 42 and is
operable, here by means of controller 18, to selectively direct wavelength

portions of the incident optical radiation to an output port, here in the form
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of an optical fiber 52. In this manner the entire wavelength region of the
optical radiation incident on the second DMD 50 may be swept across the
output port 52.

The first DMD device 44 is provided with an active surface 46 which
comprises an aerial array of individually controllable micro-mirrors,
illustrated by element 48. The controller 18 is here configured to control
the operation of the individual micro-mirror elements 48 in a column-wise
fashion to switch between a position in which the mirrors of a particular
column all reflect light towards the diffraction element 42 and a position in
which the same mirrors do not reflect light towards the diffraction element
42. In this manner the individual columns of micro-mirrors can be made to
form a plurality entrance field stops C’,D’ which can emulate the physical
entrance slits C,D of Fig. 2.

Optical radiation from a source, here a fiber optic 54 is made to illuminate
the active surface 46 of the first DMD 44. An appropriately switched
column, C’ say, of micro-mirror elements directs the incident optical
radiation to follow a light path Lg through a collimating lens 56 for example
to be incident upon the transmission diffraction grating dispersion element
42. The dispersion element 42 acts to disperse the optical radiation being
transmitted through it in a wavelength dependent manner towards the
second DMD 50. Similar to the spectrometer 20 of Fig. 2, light of a
maximum wavelength Apmax will be dispersed to follow a light path L' max,
through a focussing lens 58 for example, whereas light of a minimum
wavelength Ayn will be dispersed to follow a light path Lo'min. Similarly
when appropriately switched the column D’ of micro-mirrors will reflect the
incident optical radiation from the fiber optic 54 to follow a light path Lp,
through a collimating lens 56 for example, to be incident upon the
transmission diffraction grating dispersion element 42 at an angle of
incidence that is different from that associated with light reflected by any
other column (say column C’). As the angles of incidence of optical
radiation reflected from the columns D’ and C’ are different then according
to equation (1) their angles of dispersion will be different. Thus light of the

maximum wavelength Apmax will be dispersed to follow a light path Lp'max,
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through a focussing lens 58 for example, whereas light of the minimum
wavelength Ay will be dispersed to follow a light path Lpmax.

As with the spectrometer 20 of Fig. 2, in the present embodiment of
spectrometer 40 with the second DMD 50 and the grating 42 in a fixed
relative geometry the position of the first DMD 44 and hence those of the
entrance field stops C’,D’ can be selected to provide angles of incidence
such that (considering equation (1)) the wavelength ranges A¢'1 - Ac2 and
Ap’1 - Ap’2 combine to provide the wavelength region of interest, AA. In the
present embodiment the arrangement of first DMD 44, grating 42 and
second DMD 50 is such as to provide Ap'2 = AmiN and Ac’1 = AMAX.

In other embodiments using the first DMD 44 to provide the plurality of
entrance field stops the controller 18 may be suitably adapted to switch
different columns of micro-mirrors at different frequencies and/or switch
different groups of micro-mirrors in different columns in order to simulate
entrance apertures which are displaced from one another not only across
the active surface 46 (i.e. different columns) but also which are displaced
from one another in a direction perpendicular to the preferred plane (i.e.
along a column). In this manner time, frequency and/or spatial division

multiplexed operation may be provided by a single, versatile spectrometer.



WO 2014/012570 PCT/EP2012/063900

12

Claims

1.

A spectrometer (2;20;30;40) comprising an input (4;24;36;44) for optical
radiation; a dispersion element (6;22;32;42) for dispersing optical radiation
passing from the input (4;24;36;44) by wavelength; an output (16;28;38;52)
and a spatial light modulator (‘SLM’) (12;26;34;50) disposed to receive a
wavelength region of input optical radiation dispersed by the dispersion
element (6;22;32;42) and operable to selectively direct wavelength portions of
the received wavelength region for receipt at the output (16;28;38;52);
characterised in that the input (4;24,;36;44) is configured to provide a plurality
of entrance field stops (C,D;C’,D’;E,F) by means of each of which the
dispersion element (6;22;32;42) is, in use, illuminated and each of which is
positioned to cooperate with the dispersion element (6;22;32;42) to generate a
different dispersed wavelength region at the SLM (12;26;34;50).

A spectrometer (20;30) as claimed in Claim 1 characterised in that there are
provided a plurality of optical radiation sources (Sc,Sp;Sg,SF), each for
illuminating the dispersion element (22;32) by means of an associated different
entrance filed stop (C,D;E,F), and in that each source (Sc,Sp;Sg,Sk) is
configured to generate optical radiation having a wavelength range
substantially that of the dispersed wavelength region incident at the SLM
(26;34) generated by its associated entrance field stop (C,D;E,F).

A spectrometer (20;40) as claimed in Claim 1 or Claim 2 characterised in that a
controller (18) is provided in connection with one or both of the input (44) and
the plurality of optical radiation sources (Sc,Sp) and adapted to control the
operation of one or both to generate a time-division multiplexed signal at the
SLM (26;50).

A spectrometer (20) as claimed in Claim 3 characterised in that the controller
(18) is operably connected to the plurality of sources (Sc,Sp) and is adapted to
switch each source (Sc,Sp) in sequence and without overlap to generate the
time division multiplexed signal.

A spectrometer (20) as claimed in Claim 2 characterised in that a controller
(18) is provided in connection with the plurality of optical radiation sources (S¢
,Sp) and adapted to control their operation to generate a frequency-division
multiplexed signal at the SLM (26).
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A spectrometer (20) as claimed in Claim 5 characterised in that the controller
(18) is adapted to activate each source (Sc,Sp) simultaneously and with
different intensity modulation frequencies to generate the frequency-division
multiplexed signal at the SLM (26).

A spectrometer (30) as claimed in Claim 1 characterised in that the plurality of
entrance field stops (E,F) and the dispersion element (32) are further
cooperatively positioned to illuminate different regions (Rr,Rg) of the SLM (34)
with optical radiation from an associated different field stop (F,E) and diffracted
through a same diffraction angle (3).

A spectrometer (30) as claimed in Claim 7 characterised in that the each
entrance field stop (E,F) is provided displaced from one another to provide at
the dispersion element (32) a different angle of incidence (ag,af) for optical
radiation and each of which is displaced from one another in a direction
perpendicular to a preferred dispersion plane (X-Y) of the dispersion element
(32).

A spectrometer (30) as claimed in Claim 7 characterised in that the controller
(18) is adapted to activate each source (Sg,Sg) simultaneously.

A spectrometer (20;30;40) as claimed in Claim 1 characterised in that the SLM
(26;34,;50) is a digital micro-mirror device (‘DMD’).

A spectrometer (20;30) as claimed in Claim 1 characterised in that the
dispersion element (22;32) is a concave focussing reflection grating.

A spectrometer (40) as claimed in Claim 1 characterised in that the dispersion
element (42) is a transmission diffraction grating.

A spectrometer (40) as claimed in Claim 1 characterised in that the input (44)
comprises an SLM, preferably a DMD, having an active surface (46)

controllable to define the plurality of entrance field stops (C’,D’).
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