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Abstract:

Spectroscopy of scattered-sunlight in the near UV to near IR spectral ranges has proven to be an
extremely useful tool for the analysis of atmospheric trace gas distributions. A central parameter
for the achievable sensitivity and spatial resolution of spectroscopic instruments is the étendue
(product of aperture angle and entrance area) of the spectrograph, which is at the heart of the
instrument. The étendue of an instrument can be enhanced by (1) up-scaling all instrument
dimensions or (2) by changing the instrument F-number, (3) by increasing the entrance area, or
(4) by operating many instruments (of identical design) in parallel. The étendue can be enhanced
by (in principle) arbitrary factors by options (1) and (4), the effect of options (2) and (3) is
limited.

We present some new ideas and considerations how instruments for the spectroscopic
determination of atmospheric gases could be optimized by using new possibilities in
spectrograph design and manufacturing. Particular emphasis is on arrays of massively parallel
instruments for observations using scattered-sunlight. Such arrays can reduce size and weight of
instruments by orders of magnitude, while preserving spectral resolution and light throughput.
We also discuss the optimal size of individual spectrographs in a spectrograph array and give
examples of spectrograph systems for use on a (low Earth orbit) satellite including one with sub-
km ground pixel size.

1 INTRODUCTION

Spectroscopy of scattered sunlight in the near UV to near IR spectral ranges has proven to be an
extremely useful tool for the analysis of atmospheric trace gas distributions (see e.g. Platt and
Stutz 2008). Applications include the determination of trace gas vertical profiles by MultiAXis
Differential Optical Absorption Spectroscopy (MAX-DOAS, see e.g. Honninger and Platt 2002,
Sinreich et al. 2005), observation of volcanic gases, e.g. by the Network for the Observation of
Volcanic and Atmospheric Change (NOVAC, see e.g. Galle et al. 2010), and satellite
observation of global trace gas distributions (e.g. Burrows, et al. 1996, 1999, Levelt et al. 2006,
Veefkind et al. 2012).

A central component of these instruments is a moderate resolution (typical spectral resolution,
A/AN is around several hundred) grating spectrographs. In all practical applications (except,
perhaps observations with direct sunlight) the measurement precision and the detection limit of
such spectrographs are ultimately given by the photon statistics. Here the light throughput, as
measured e.g. by the étendue E of the instrument is a critical parameter (see e.g. Platt and Stutz
2008).

For example, consider a satellite spectrograph like it is used in the GOME-1/2 (Burrows, et al.
1996, 1999, Munroe et al. 2016), SCIAMACHY (Burrows and Chance 1991, Bovensmann et al.
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1999), OMI (Levelt et al. 2006, Dobber et al. 2006), or TROPOMI (Sentinel 5P mission,
Veefkind et al. 2012) instruments. These instruments feature ground pixel sizes from 320 x 40
km> (GOME-1), 80 x 40 km? (GOME-2), 60 x 30 km? (SCIAMACHY), 13 x 24 km® (OMI)
down to 7 x 3.5 km® (TROPOMI), there is a clear evolution towards smaller ground pixel sizes
allowing to monitor smaller and smaller structures in the distribution of trace gases in the
atmosphere. For instance the GOME-2 ground pixel more or less covers an entire mega city
while the TROPOMI ground pixel size allows identifying structures and hot-spots within a city.
It appears clearly desirable to further shrink the ground pixel size. This can be accomplished for
instance by using a longer focal length telescope. When the F-number (ratio of focal length f to
diameter of the optics, D) of the telescope is preserved the étendue of the instrument per pixel
will not change. Unfortunately, there is a problem: Many more pixels have to be observed.
Assuming a 2600 km swath of the instrument (required to obtain global coverage from a sun
synchronous low earth orbit within one day) at the satellite velocity of =7 km/s an area of about
18200 km® has to be observed every second. Dividing this area in 7 by 3.5 km® pixels (as
TROPOMI does for the near UV and vis bands) requires 743 pixels while 18200 pixels of
1 x 1 km® would be required i.e. about 24 —times more.

At a given spectrograph size thus fewer photoelectrons per pixel would be recorded, leading to
higher photoelectron shot noise, since the signal/noise — ratio (SNR) is inversely proportional to
the square root of the total number np of photoelectrons recorded by a detector pixel. This
geometrical relationship can not be compensated by longer exposure times Texp, since the orbital
velocity v, of the satellite is fixed. In fact, quite the contrary is true: The along track dimension
of the ground pixels are given by v - Texp (neglecting the along track extension of the
instantaneous field of view). Thus smaller along-track extensions of ground pixels require
reduced exposure times. A lower SNR of the intensity directly translates into a reduced SNR of
the trace gas column density derived from the recorded spectra. Up to now this decrease in SNR
at higher spatial resolution was partly compensated by higher trace gas column densities seen by
smaller ground pixels. This effect is due to the ‘smearing out’ of column-density hot-spots by
larger ground pixels. However, future instruments with even smaller ground pixel sizes, with
spatial extensions comparable to or smaller than the extension of trace gas hot spots, will benefit
less or not at all from this effect. Therefore, it is important that future, high spatial resolution
instruments will exhibit higher étendue per pixel.

In the following we discuss the design options to maximise the étendue of a spectrograph or
spectrograph array.

2  SPECTROMETERS FOR DOAS INSTRUMENT - FUNDAMENTALS

Typically DOAS instruments use small to medium-size (focal length f= 50 to 500 mm) grating
spectrographs with spectral resolutions in the 0.1 to 1 nm range (see e.g. Platt and Stutz 2008).

2.1 Typical design of a DOAS spectrograph

Frequently the Czerny Turner (Czerny and Turner, 1930) design is employed as sketched in Fig.
1A. However, other designs, e.g. imaging grating spectrographs, are also in use (see e.g. General
et al. 2014 or Ferlemann et al. 2000, see Fig. 1B). The considerations presented in the following
are largely independent of the particular spectrograph design. We also note that modern
spectrographs using focal plane detector arrays, which simultaneously record the intensity of the
entire spectrum of interest, enjoy the ‘multiplex advantage’ over a scanning spectrograph.
Therefore using interferometers, which may (see Fellgett 1949) or may not (see Barducci et al.
2011) feature a multiplex advantage, instead of grating spectrographs will probably not per se
lead to better light throughput.
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Fig. 1: Typical design of DOAS Spectrographs with telescope: A) (symmetrical) Czerny Turner
spectrograph plus telescope. The size of the spectrograph L is largely determined by the
focal length f. Its F-number is given by the ratio of focal length f and diameter of the optics
D. B) Imaging spectrographs with a concave grating, L and the F-number (see Eq. 6) are

10 given in the same way as for the Czerny Turner spectrograph. Note that in both cases the
étendue of the spectrograph is the same as that of the spectrograph+telescope lens.

2.2 The spectrograph light throughput and noise

We assume a spectrograph entrance slit with width w and height h, thus an area Ag = hg-ws (see
15  Figure 1), also we assume the aperture solid angle to be Q. The étendue E of the instrument is
thus given by:

E=Q-A,=Q-w,-h (1)
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Where ws and hg denote the slit width and height, respectively. Let’s consider a modern compact
spectrograph (as e.g. described by General et al., 2014) with an entrance area (i.e. width x height
of the spectrograph entrance slit) of Ag; ~ 0.6 mm® at an F-number of 4 (see definition of the F-
number in Eq. 6, below), equivalent to Q = 0.05 sr. The total étendue (product of free entrance
area and solid angle of acceptance of the entrance optics) E = Ac¢ny - Q of such an instrument
would be about 0.03 mm?sr (or 3 - 10 m’sr, see also section 2.3 below).

We further assume the spectrograph to be equipped with a linear detector array, with pixels of
width wpix and a pixel ‘height’ (pixel dimension perpendicular to the dispersion direction)
sufficient to collect all light. The spectral interval dA covered by a detector pixel will then be
given by the spectrograph’s linear dispersion dx/dA and wpix as: O = dx/dA - wpix. Note that the
spectral interval of a pixel is typically by a factor of 2 ... 6 smaller than the spectral resolution of
the instrument.

Measurements of the clear-sky photon flux F at 320 nm indicate F ~ 20 mW m > sr ' nm ' (e.g.
Blumenthaler et al. 1996) at a 30° observation elevation angle and at a solar zenith angle of 68°.
The corresponding number of photons registered per pixel and second by such a spectrograph is
given by (see e.g. Stutz and Platt 2008 or Platt et al. 2015):

AN, E-F-8)

2
At WPhot ( )

Where Wphot denotes the energy of a single photon (about 6.4 - 10" 7 for A = 320 nm).
Assuming a typical 81 ~ 0.1 nm and the values for E and F from above results in about 10°
photons per pixel and second.

2.3 Improving the spectrograph light throughput

In the following, we investigate measures to improve the spectrograph light throughput.

In principle improving the quality of the optics (reflectivity of the mirrors, grating efficiency,
etc.) will increase the light throughput, however typically the instruments are rather optimised in
this respect and the possible gain due to these measures is rather small (say of the order of 2).
Moreover, improved optics can be combined with all measures to be described below. Therefore
we restrict our discussion to other measures.

Overall, there are the following options (which to some extent can be combined):

1) Scale the size of the spectrograph, i.e. all three dimensions length L;, height L,, and
width Ls, and thus the entrance slit are area, while keeping the acceptance angle (i. e. the
spectrograph F-number) constant. We refer to this option as ‘spectrograph size scaling’

2) Increase the Etendue while keeping some dimensions of the spectrograph constant. For
instance scale the acceptance angle (i. e. the F-number) of the spectrograph, while
keeping its entrance area Ag constant. We refer to this option as ‘spectrograph F-number
scaling’.

3) Alternatively the entrance area As may be scaled up while retaining the F-number. For
instance the slit height hs could be made larger.

4) Scale number of spectrograph, i.e. use multiple spectrographs with given étendue in
parallel and electronically combine the resulting spectra. The latter point will be
discussed in more detail below.

Below we have a closer look at the effects of the above options for the improvement of light
throughput — while keeping the resolution constant - on spectrograph volume and mass.
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2.3.1 Spectrograph Size Scaling

We now investigate how the spectrograph light throughput changes when the spectrograph size

is scaled up or down while keeping the acceptance angle (i.e. the spectrograph F-number)
5  constant. We assume that the typical dimension of the spectrograph L (e.g. the length of the

housing) is scaled from its initial value Ly to some other value L=I"-L, in such a way that all

other dimensions (including entrance slit dimensions) are scaled proportional to L as sketched in

Fig. 2, i.e. L is scaled to I":L; , L, is scaled to I'"-L,, L3 is scaled to I"-L3, wsp is scaled to I"-wgo,

and hg is scaled to I"hsgo.

10
g Entrance Slit, Area:
Ag=Wsohso
m Entrance Slit, Area:
/ IL? TL, A=T?Ag=Wg-hg;
A
+——>
LZ
5
Fig. 2: Scaling a spectrograph with the linear scaling factor I at constant aspect ratio, i.e.
preserving the ratio between the dimensions L;, L, L as well as between L; and ws and hs
constant.
15

Thus, the aperture solid angle Q (and F-number) will stay constant, however the étendue E(L)
will change from its initial value E¢q=E(Lo), since the area A, of the entrance slit will scale
according to:

2 2
L L
E=QAS[LJ =EO(LJ =E0'F20CL2 (3)

0 0
20  However, volume and mass of the spectrograph scale with L3, i.e.:
3
L 3
Mo V=M, —| «L “4)
LO

Thus mass and volume of a spectrograph scale with its light throughput (as measured by the
Etendue) as:
2

3
Mo Voe’cE2 or EoxcM? %)
25
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2.3.2 Scale Spectrograph Acceptance Angle

Another option for improving the spectrograph light throughput is increasing its acceptance
aperture angle Q2 by changing the aspect ratio of the spectrograph. Here, frequently the F-number
(F) of the spectrograph is quoted which is related to the diameter D of the optics and its focal
length f. F is defined as (see Fig. 1):

f
F=— 6
D (6)
For moderate F-numbers the following (approximate) relationship between F and Q holds:
D> @
~ = 7
47 4P ™)

Typical DOAS spectrographs have F-numbers between 4 and 6. For satellite instruments in the
literature no F-numbers are given, however they can be estimated to be around F = 2.
The corresponding aperture solid angles range from Q ~ 0.2 (F=2) to Q2 ~ 0.02 (F=6).

There are two options (see cases 2a and 2b in Table 1) :
a) The F-number - for given entrance slit dimensions - could be increased by increasing the
area of the mirror (i.e. D?) as given in Eq. 7. This would require to scale D to I'D, L to
I''L, and L3 to I"-L; as sketched in Fig. 3, while the focal length f and the dimensions of
the entrance slit would be unchanged. Since E = Q-Ag the volume of the spectrograph
would scale as Voc Qoc L (not L* as in the case of spectrograph size scaling (see
subsection 2.3.1 and Eq. 5). Thus, its mass would scale as:

MxcVoe?«cE or ExM (8)

b) Alternatively the focal length f could be changed, i.e. from f; to f=fy/I". As sketched in
Fig. 4. Since changes in falso change the spectral resolution the width of the entrance slit
ws would have to be changed proportional to f (ws o f, i.e. ws=wso/I'). Therefore the
étendue would change as E oc 1/f (rather than E oc 1/f in the case of constant entrance slit
dimensions, as suggested by Eq. 7). In this case the spectrograph mass would scale as:

MocVoclocl or Eoci (&)
L E M

Leading to the interesting conclusion that a spectrograph with given spectral resolution but
higher étendue would actually be lighter than one with smaller étendue, if the transformation is
done by scaling the focal length of the instrument and the width of the entrance slit. While it
appears that the two above ways to change the spectrograph aspect ratio are very different and
give opposite results, it is easy to show that they are actually the same and can be further broken
down into two steps. This is shown in more detail in appendix 1.

However, the amount of up-scaling the étendue that can actually be applied to a spectrograph in
this way is extremely limited due to rapid growth of the imaging errors (e.g. astigmatism) of the
optics. Also, the aperture solid angle Q of the instrument can usually not exceed (actually not
even approach) 27. Since the entrance area is kept constant (case a) or even shrinks (case b) with
upscaling Q the gain in étendue is limited.
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of the optics D with the linear scaling factor I, while focal length and slit dimensions are

preserved.



https://doi.org/10.5194/amt-2020-521 Atmospheric
Preprint. Discussion started: 13 April 2021 Measurement
(© Author(s) 2021. CC BY 4.0 License. Techniques

10

15

20

Discussions

Entrance Silit,

+‘ S Area: A ;=Wghg
I : \ E
D; V \ j
M V,_“\
Gratin Telescope
\ Focal Lens
Plane
< L, >
Entrance Slit,
Area: A_;=wg/T hg
Telescope
Lens
Focal
Plane

»

LT >

Fig. 4: Scaling the spectrograph (plus telescope) F-number, option b): Change focal length and
entrance slit dimensions (width), while diameter of the optics is preserved.

2.3.3 Scale Spectrograph Entrance Area

The spectrograph entrance area A is given by A = wg-hs (see e.g. Fig. 1). However, widening the
entrance slit (i.e. making ws bigger) at a given spectrograph focal length (and grating grove
spacing, see below) would reduce the spectral resolution, so it is not an option. On the other hand
the slit height does not seem to have an immediate effect on the resolution, thus increasing hg (at
an otherwise unchanged spectrograph) would appear to be a measure to improve the Etendue.
However, there is an increasing amount of image distortion due to astigmatism when hg is made
bigger, which will also degrade the spectral resolution. A quantification of the problem was
given by Hastie (1952), who found an empirical relationship between astigmatism as defined as
the difference Af between the sagittal focal length and the meridional focal length:

Asz.l-% (10)

The width of the astigmatic spread is then AL=A{/F. This corresponds to an additional width of
the image Aw (in dispersion direction) due to the astigmatism: Aw=AL-hg/f=. If
AWzAL~E:A—f-h—S=O.1-%E:O.I~h—§ (11D

b F b F oD F

If we allow an additional width Aw=ws/10 we obtain:
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From this consideration it becomes clear that the slit height is limited, for instance for a typical
F =4 spectrograph with wg=50um one obtains hs = 16-ws ~ 0.8 mm. Moreover, smaller F-
numbers would require less slit height in order to retain the desired resolution. This relationship
severely limits the gain in étendue possible by either reducing the F-number or increasing the slit
height.

It should be noted that reducing the grating groove spacing g (all other spectrograph parameters
being kept unchanged) can also be a way to improve the étendue of a spectrograph, at least if the
spectral range covered by the instrument is not a high priority. A smaller groove spacing g will
enhance the linear dispersion of the instrument approximately proportional to 1/g, thus the width
of the entrance slit ws (and its height hs, see Equ. 12 above) can be made proportionally wider,
which should enhance the étendue approximately as E oc g”. This measure is clearly limited,
since the grating groove spacing should not be smaller than the wavelength and usually gratings
are selected to have a groove spacing close to this limit.

There is one little discussed possibility to further enhance the groove density, which relies of
‘immersing’ the grating in a transparent (for the wavelength range to be measured) material with
an index of refraction n > 1 (see e.g. Larsson and Neuhaus H. 1968).

Thus the grating will see not the vacuum (or air) wavelength A, but rather A¢/n, which can be
considerably shorter, allowing proportionally higher groove densities. Possible materials for the
UV (and visible) range could be Quartz (n=1.5-1.6), Sapphire (n=1.6-1.8), or Diamond (n=2.4-
2.6). In the short-wave infra-red range crystalline silicon (n=3.5) was successfully used (van
Amerongen et al. 2010).

2.3.4 Scale number of spectrographs

In a number of applications (e.g. for the satellite instruments GOME, SCIAMACHY, GOME-2,
OMI, and TROPOMI, see Introduction) the total spectral range is divided among several
spectrographs, each covering part of the total wavelength interval of the instrument. However in
all DOAS applications for each spectral interval only a single spectrograqph is used.

Up to now the possibility to use a number of Ng, spectrographs (for simplicity assumed to be
identical in design, each with Etendue Eo) in parallel and co-adding their spectra was not used,
although this option clearly enhances the light throughput of the system:

Etot = NSp ' EO (13)

In this case (see case 3 in Table 1) the total mass of such an array of spectrographs (assumed to
be of identical design) scales with Ny,

MocNSp and M < E (14)

Note that this is a more favourable scaling of E with M than in the case of scaling the size of a
spectrograph (see Equation 5). For instance, in order to enhance E from E, to 10-Ey an array of
10 spectrographs would be 10-times more heavy, while scaling up a single spectrograph would
end up in an about 32-times heavier instrument.

2.3.5 Summary, scaling spectrographs

Table 1 summarizes the above discussed scaling options for improvement of spectrograph light
throughput at a given spectral resolution. Changing the focal length (option 2b) appears to be the
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by far best option since the spectrograph mass is actually reduced when the étendue is improved
by reducing the focal length (even when the entrance slit width has to be reduced to maintain the
spectral resolution). However, the amount of scaling that can be applied to a spectrograph in this
way is extremely limited due to limitations in the imaging optics. The same is true for scaling the
mirror area (option 2a), where the mass scales in proportion to the improvement in étendue. Thus
scaling the number of spectrographs remains as the most favourable option with the mass scaling
in proportion to the improvement in étendue.

Table 1: Summary of scaling options for improvement of spectrograph light throughput at a
given spectral resolution.

Mass — Etendue Aspect Ratio
Scaled Property relationship Preserved Comment
3 2

1 Spectrograph size Mo E2 or Eo M? Yes No limit to scaling
2a Mirror size (area), Mo’ «E or ExM No Very _hmlt_ed scaling,

F-number conflict with 3
2b Focal length M o 1 or E o 1 No Very 'hmlt'ed scaling,

F-number E M conflict with 3

o . Yes Very limited scaling,

3 Slit height E independent of M conflict with 2
4 Number of Mo Ny and M E Yes No limit to scaling

spectrographs

3 SPECTROGRAPH ARRAYS

In the previous section we concluded that scaling the number of Spectrographs, i.e. using an
array of several spectrographs instead of a single one, is the optimal way to improve the étendue
and thus the light throughput of a spectrograph system by a large factor. In the following we
investigate a number of practical questions associated with the introduction of spectrograph
arrays.

3.1 Improve the throughput/weight ratio of a spectrograph

If we wish to keep the light throughput constant when scaling (down) the size (given by L) of the
instrument we can just use a large number of (ideally) instruments with identical properties in
parallel. The spectra of all instruments are then co-added as to keep the light throughput constant.
Since E o L* we need to increase the number of individual spectrographs if L < Lo. The number
Nip of spectrographs required (which of course needs to be rounded to the nearest integer) will

be:
L, Y
N, = (Lj (15)

The total mass of an array of spectrographs scaled to L < L, is then given by:

MON, :MO(L] [Lj :M{LJQL (16)
p L,) (L L,

10
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This means that the mass (and volume) shrink with the scaling if e.g. a single spectrograph with
characteristic dimension Ly is replaced by an array of N smaller spectrographs, each one scaled
down in its linear dimensions to Lo/N.

Thus, it appears that it would be of advantage to use a large number of very small spectrographs
in order to reduce volume and weight of an instrument. However, there are limits how far we can
shrink a spectrograph, at least as long as we consider conventional spectrograph design.

3.2 Isit true that the spectrograph mass scales with L*?

In the above section we assumed that the spectrograph mass scales with the cube of the outer
dimension, i.e. a characteristic dimension L. But how will the rigidness of such an instrument
change if all dimensions are scaled by the same factor L/L,.

If, for simplicity, we assume the spectrograph to behave like a bar with length L, width w, and
height h (see sketch in Fig. 5) on which an external force acts. Then we can apply the famous
case of bending a bar, which is a described in most physics textbooks (see e.g. Meschede 2015).
When scaling the initial length L of the bar to some other length L by a factor L/L, and likewise
wo to w=wj - L/Ly and hy to h=h, - L/L we can calculate the scaling of Ah since:

AhocI’, Ahoch?, Ahocw™ 17)

Since w and h are scaled proportional to L we have:

3

L
Ah oc —— =const. 18
L*.L (18)

Thus the bar, respective spectrograph casing will bend by the same absolute amount when
subjected to a certain force. We can assume that the bending force actually scales with L as well,
because for instance thermal stress as well as external stress, e.g. due to bending of the mounting
base plate, is proportional to the dimension L, If we assume Hooke’s law to hold we can
conclude that the deformation Ah of a spectrograph frame probably scales with 1/L. This, again,
means that the performance of a scaled spectrograph will not change with scaling since the
requirements for alignment of the optical elements also scale with L. For instance in a scaled
down spectrograph the pixel size of the detector array will also shrink.

In conclusion we can say: In first approximation scaling of a spectrograph by changing all
dimensions will not change its performance as far as it is determined by the geometry of the
instrument and therefore its mass will scale with L* as assumed above.

Fig. 5:Bending of a bar. When a given force F is applied as shown the amount of bending Ah is
proportional to L*, 1/l and 1/w. Scaling all three quantities by the same factor leads to Ah
(at a given force) being independent of L.

11
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3.3 How far can we shrink a spectrograph?

Obviously, we can not shrink spectrographs indefinitely since then they will not function any
more. In additions to possible mechanical constraints, the following phenomena (see also e.g.
Avrutsky et al. 2006) limit the shrinking of spectrographs:

1) Light diffraction at the ever shrinking entrance slit
2) The grating will loose its resolving power.
3) Very small detector pixels are required

1) For a very long rectangular aperture (i.e. the entrance slit) with width wg (i.e. a slit with
hs >> wg) the diffracted intensity is given by:

-2
1(8)=1, "5 with x=""sin9 (19)
X

Thus the first minimum is at x = © with sin9; = A/ws. In order to use the slit image at least the
first diffraction order must hit the collimating mirror (or imaging grating) thus
sin(9) = D/2f= 1/2F = M/ws or ws = 2-A-F. A more precise calculation actually yields ws being
closer to (actually slightly smaller than) A-F, thus for A=320nm and F=4 one obtains
ws = around 2 pm.

2) The resolving power P = A/AA of a grating with grating constant G (in grooves/mm) and width
wg (in mm) is given by its total number Ng of grooves:
A N -G (20)

P:—: G
AL Wg

The smallest spectrographs typically used in (scattered sunlight) DOAS instrument are
‘miniature spectrographs’ like the Ocean Optics (Ocean Optics 2020) USB2000 or Avantes
AvaSpec-Mini (Avantes 2020) instruments featuring f~ 70 mm equipped with an entrance slit
with ws = 0.050 mm and hs = 0.5 mm. The F-number of the instruments is about 4,
corresponding to an aperture solid angle Q ~ 0.25%4 - 1~ 0.0491.

The corresponding étendue will be 1.23 - 10° m’sr (0.00123 mm’sr). The grating typically has
1800 grooves/mm resulting in a total number of 36000 grooves and a theoretical resolving power
P =36000. In practice, because of the relatively wide entrance slit, the spectral resolution is
about 0.5 nm at 300 nm corresponding to a resolving power Ppre = 600.

3) The detector arrays typically have a pixel pitch around 12 pm. If a spectrograph is to be scaled
down also the pixel pitch must be scaled (with the same linear scaling factor). Presently detectors
with pixel pitches around 1 um are mass produced and are used in many consumer products
(smartphones, webcams, etc.). Although these sensors are primarily designed for visible light
detection it has recently been shown that UV sensing is also possible with these cameras (Wilkes
et al. 2017a, b).

In summary: Even rather small ‘miniature’ spectrographs (like Ocean Optics USB-2000 or
Avaspec mini) with focal lengths around f~ 50-70mm probably could be scaled down by
L/Lo = 0.1. Thus, an array of 100 of such micro-spectrographs (+ telescope) could replace a
conventional miniature spectrograph at about one tenth of volume and weight. Of course for
larger spectrographs as are e.g. used in satellite instruments or active LP-DOAS even higher
scaling factors are in principle possible.
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3.4 Spectrograph Stray Light

Here we have a quick look on the effect of spectrograph-system optimisation on the stray light
level. Stray light can have negative effects on the precision of spectroscopic trace gas
measurements, as e.g. pointed out by Platt and Stutz (2008). Note that stray light can be
comparatively high in spectrographs filtering a relatively broad wavelength interval from a
continuous spectrum as in typical DOAS applications. As also pointed out by Platt and Stutz
(2008) a typical stray light level of Is /I = 10 as derived by illuminating the instrument with a
monochromatic source (see e.g. Pierson and Goldstein 1989) translates into stray light levels
being closer to 107 than to 107,

Sources of stray light include light scattered by the optical elements (grating, mirrors, and the
detector surface) of the instrument, reflection of unused diffraction orders off the spectrograph
walls, reflection of unused portions of the spectrum from walls near the focal plane, reflections
from the detector surface (see e.g Pierson and Goldstein 1989). A further, potentially important
source of stray light is due to incorrect illumination of the spectrograph: If the F-number of the
illumination exceeds that of the spectrograph radiation will overfill the collimating mirror and hit
interior walls of the instrument, from where it may be reflected to the detector.

Overall, it appears that the relative amount of stray light should not change when the
spectrograph is scaled, such that its aspect ratio remains unchanged (i.e. according to case 1 in
Table 1). Of course running an array of spectrographs of identical design in parallel (case 4 in
Table 1) should also not affect the relative amount of stray light.

3.5 Further considerations

It can be desirable to have a small or vanishing polarisation sensitivity of spectrometers used for
the analysis of sunlight reflected from Earth’s surface or scattered in the atmosphere. In some
satellite instruments, e.g. OMI, TROPOMI, ‘polarisation scramblers’ are used to reduce the
polarisation sensitivity of the spectrometer. There are many different designs of polarisation
scramblers (e.g. Lyot depolarizer or wedge depolarizer, which are based on plates consisting of
birefringent material being placed in the optical path of the instrument). These devices have in
common that they are rather small plates, which are placed in the optical path of the instrument,
typically at a suitable position between telescope entrance and entrance slit. Obviously, for very
small spectrometers the depolarizer will also be very small, thus adding negligibly to the volume
and weight of the instrument.”

3.6 How to combine the signal of a large number of spectrographs?

In principle this is a straightforward task: If all individual spectrographs of an array (i.e. set of
spectrographs with identical spectral ranges and viewing directions) were truly identical in
spectral resolution and spectral registration (wavelength calibration and dispersion) then the
detector output signal of corresponding pixels only had to be individually digitized and co-added.
How well this prerequisite for simple co-adding is actually met depends on the manufacturing
process for the individual (miniature) spectrographs. If the deviations of the individual
spectrographs only amount to a fraction of a pixel one might chose to still simply co-add the
spectra and accept a certain degradation in spectral resolution.

If it should be found that the individual spectrographs have considerable individual deviations in
spectral registration a correction by shifting and stretching/compressing the individual spectra
prior to co-adding might be necessary. These tasks require some effort in post-processing,
however with the rapid advancement of electronics and information technology in recent decades
this should not be a major problem. For instance advanced bus-systems could be used to
interconnect the individual spectrographs.
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3.7 How to manufacture arrays of (micro) spectrographs?

Clearly, the wide spread use of arrays of large numbers of (micro-)spectrographs hinges on
efficient manufacturing techniques for these instruments. Miniaturized spectrographs based on
conventional spectrograph design are described by a number of authors, e.g. Avrutsky et al. 2006,
Wilkes et al. 2017, Danz et al. 2019. These authors also mention modern manufacturing
techniques.

In particular at present technologies for mass production are available, like 3D printing or
automated machining of the frame. Also, the optical alignment of spectrographs can be
automated, here replica optics could help. In addition, the required electronics and detectors have
become very affordable during recent decades.

3.8 Unconventional spectrograph designs

A completely new principle for spectrograph design is proposed, e.g. by Grundmann (2019a, b),
it relies on using a special type of diode array as only element of the instrument. The pixels of
the diode array are manufactured in such a way that the bandgap of the semiconductor increases
with the pixel number (this is achived by using a binary or ternary semiconductor with a
composition varying with the pixel position). The light enters along the long axis of the detector
array (which acts as a waveguide) at pixel 1, which has the smallest bandgap and therefore
absorbs the longest wavelength radiation while transmitting radiation with shorter wavelength.
Pixel 2 has a slightly wider bandgap absorbing radiation with slightly (by AL) shorter
wavelength and so forth. The resolution of the device is approximately equivalent to AA. In a
practical device a spectral resolution of 0.01eV at 3.5e¢V (corresponding to about AA=lnm at
~355nm) was reached.

4 PROPOSAL FOR OPTIMIZED SPECTROGRAPHS

Judging from the above considerations in most applications replacement of existing
spectrographs by an array of scaled-down micro spectrographs of identical design (see Fig. 6)
would result in considerable reduction in volume and weight. As mentioned above, even if
miniature spectrographs are taken as basis for comparison an order of magnitude reduction
appears possible.
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Fig. 6: Array of spectrograph — telescope combinations of identical design.

4.1 Satellite Applications

There are a number of satellite instruments in orbit which are based on small UV-visible-Near IR
spectrographs (typical focal length around 200 mm) coupled to small telescopes (typical
diameter 1 cm). The typical telescope field of view angle (for one ground pixel) is around 0.25 to
1 degree.

Usually per wavelength range one spectrograph is used. The total number of spectrographs
ranges from 2 (OMI, Levelt et al. 2006), (TROPOMI, Veefkind et al. 2012, Dobber et al. 2006),
4 (GOME and GOME-2, Burrows 1999) to 8 (SCIAMACHY, Burrows and Chance 1991, Goede
et al. 1991, Burrows et al. 1995, Bovensmann et al. 1999).

The scanning (i.e. cross-track spatial resolution) is either achieved by a mechanical scanner or by
imaging spectrographs (2D-spectrographs where one dimension is devoted to wavelength, the
second to space), see e.g. Levelt et al. (2006) or Veefkind et al. (2012). In particular these
imaging instruments are very sophisticated designs featuring extreme properties like very large
cross track fields of view combined with extremely small along track aperture angles. These
truly remarkable features come at a price: in some cases a-spherical (or even free-form) optics
have to be used and only rather large F-numbers are possible.

In order to reduce weight and volume of instruments of this type the single spectrograph (per
wavelength range) could be replaced by an array of scaled down spectrographs, each observing
one or a few ground pixels. Each spectrograph would have its own telescope, thus cross track
resolution could be achieved by aligning the field of view of the individual spectrographs
accordingly as sketched in Fig. 7.

In fact, there could be one or several spectrographs per viewing direction and wavelength
interval. This approach would have no more drawbacks, for instance with respect to ‘destripig’
measures, than existing whisk-broom designs (like OMI or TROPOMI), e.g. a somewhat
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different instrument function for each viewing direction. On the other hand, such a spectrograph
per viewing direction (SPVD) approach could have great advantages besides the obvious
possibility of achieving better light throughput and thus SNR:

5 1) Much simpler spectrometer design, here a conventional Czerny-Turner design or imaging
grating design is assumed. Additional light throughput could be gained by the measures
described in section 2.3.

2) Much simpler telescope design, since only a small telescope field of view is required.

3) Adaptive field of view for the edges of the swath (for a daily coverage by a LEO
10 instrument a #2600 km swath is needed) in order to reduce the variation in ground pixel
size across the swath. At 800 km satellite altitude the pixels at the edge of the swath are
roughly twice as long (along track extension) and four times as wide (cross track
extension) than in the centre of the swath, i.e. in satellite-nadir direction (see Fig. 7).

4) More redundancy in the design, the failure of an individual spectrograph would not be
15 catastrophic.

Longer teles- Z

Array of 2600
spectrometers with
identical dimensions

A

cope focal length

f; at edges of Telescope fr=5mm 800K
swath to Wg=6um ~ m
compensate for

geometry

Ground Pixel: 1
Ground Pixel:
{ 1km x 1 km / km x 1 km
e el )

< Total Swath = 2600km >

Fig. 7: Possible arrangemen of an array of spectrograph + telescope combinations for satellite
application. In principle there is one spectrograph + telescope for a few viewing
20 direction(s) (i.e. ground pixel, see Table 2). For simplicity a linear arrangement of the
spectrographs along a line is shown, in practice an arrangement in a 2-D array would of
course be much more compact.

25  Inthe following we give two examples of possible satellite instruments based on arrays of micro-
spectrographs. The hypothetical instrument designs are compared to the TROPOMI instrument,
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for simplicity we only simulated the UVvis section of TROPOMI, but other wavelength ranges
could be readily added. Relevant instrument parameters are summarized in Table 2:

1) An instrument (‘Scaled 1) with data similar to TROPOMI UVvis-section (Veefkind et

al. 2012 and Dobber et al. 2006), where the individual spectrographs are scaled down to
approximately 1/10. For compensation 100 spectrographs, each observing 6 ground
pixels would be run in parallel. The total étendue (=0.065 mm’sr) of all spectrographs
would be somewhat smaller than the total étendue of the TROPOMI instrument
(=0.103 mm’sr). Therefore, we added another variant of the instrument encompassing
200 spectrometer + telescope combinations (data given in square brackets in Table 2)
arranged in two identical sets of 100 spectrometer + telescope combinations.
In either case each spectrograph would have its own (now very small, see Table 2)
telescope. In the case of using 200 spectrographs each set of 6 ground pixels would be
observed by two spectrographs, thus doubling the étendue (to ~ 0.13 mm’sr) and signal,
which would then exceed that of TROPOMI. Note that the total mass of the ‘scaled 1’
instrument (not just one spectrometer) as given in the last line of Table 2 is about 1/100
of that of the TROPOMI instrument. This case also illustrates the design flexibility given
by the spectrograph array approach.

2) An instrument (‘Scaled 2°) capable of scanning at a ground pixel size of 1 km x 1 km.
Here a total of 2600 spectrograph+ttelescope combinations would be employed, each
observing 8 ground pixels, while 8 spectrographs observe the same set of 8 ground pixels.
This arrangement would observe about 25-times smaller ground pixels at a comparable
SNR.

Data for TROPOMI are taken from Veefkind et al. 2012 and Dobber et al. 2006, where the
former authors provide no data and refer to the ,OMI heritage’ of TROPOMI. As can be seen
from Table 2 scaling down the spectrograph size can provide much smaller and lighter
instruments (e.g. scaled 1 will be roughly 1/100 of the weight compared to the TROPOMI
instrument) while featuring similar signal to noise levels. As an option the scaled instruments
could at the same time feature constant ground pixels size at the edges of the swath range while
the OMI and TROPOMI instruments ground pixels are by factors of approximately 1.9 (along
track) and 3.6 (cross track) larger than the nadir pixels, see for instance OMI-DUG-5.0 (2012).
The instrument (scaled 2) with 1 km by 1 km ground pixels throughout the swath with much
(about 16.5) higher total étendue and comparable étendue per pixel (see Table 2) would provide
a comparable signal to noise ratio as TROPOMI despite the 25-times smaller ground pixel area
and could also feature constant ground pixel dimensions across the entire swath. For comparison:
in order to achieve the same total étendue by just scaling up the instrument dimensions (e.g. from
a TROPOMI-type instrument with My=100 kg) according to Equation 5 a total instrument mass
of =67 - My or around 7 metric tons would be required.

Obviously these are just examples to illustrate the potential of the new approach. Further
spectrograph down-scaling (for instance to f=10mm) would be possible. In addition other
combinations of spectrograph — pixel arrangements as well as the inclusion of further measures
for improved light throughput (immersed gratings, imaging optics, see section 2.3) are possible
and must be explored.
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Table 2: Typical data of TROPOMI-Type and scaled satellite instruments working in the UV for
a spectral resolution of ca. 0.5 nm. Scaled 1 refers to an instrument approximately matching the

5

data of the TROPOMI UVvis part employing 100 or 200 spectrographs, the latter values are
given in square brackets. Scaled 2 refers to an instrument with 1 km by I km ground pixels.

Instrument TROPOMI-

Type! Scaled 1 Scaled 2
Property
Nominal ground pixel dimensions
(along track x cross track) at nadir, km’ 7x3.3 7x4.3 Ix1
Instantaneous ground pixel dimensions 1.7x3.5
at nadir, (area), km’ (11.9) 1.6 x4.3 (6.9) 0.5x1(0.5)
Ground péxel dimensions at edge of 7x12.7 7x43 1x1
swath km
Spectrograph focal length, mm ~ 200 20 20
Spectrograph F-Number ~9.5 4 4
Grating groove density, gr/mm 2880 2880 2880
Entrance slit width x height, NAZ 0.029 x 0.46 0.029 x 0.46
mm X mm
Number of spectrographs + telescopes 1 100 [200] 2600
per instrument
Ground pixels per spectrograph 576 6 8
No. of spectrographs observing the 1 1[2] 3
same ground pixel
Total number of ground pixels 576 600 2600

. ~0.64-E( (0.065 ~16.5-E

Total étendue, (mm?’sr) E( (=0.103) [1.27 Es EO 13 1)]) (=1 70)0
Etendue per pixel, mm’sr 0.000179’ 0.00011 0.0006548
Telescope focal length fr at nadir, (fr at 2 4 46.1 mm
edge of scan), mm NA 14.3(52) (167.7%
Telescope diameter, (dia. at the edge of NAZ 3.6 (13) 11.52 (42)
scan), mm
Exposure time Texp, S 1 1 0.14
Signal per pixel (signal/noise, SNR) 0.64 (0.8)
relative to TROPOMI 1 [1.3(1.1)] 0.51(0.72)
Approxupate total volume of optical 100 ca. 0.7[1.4] 50-100
system, litres
Approximate total mass M, (=100 kg) My/100 My

Tsee Veefkind et al. 2012 and Dobber et al. 2006

“not applicable in this context due to intermediate imaging

3calculated from telescope F-number and entrance area as given by Dobber et al. 2006
*For 60% of the pixels (centre 1600 km of swath) the necessary extension of fy is < 2.
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4.2 MAX-DOAS Applications

MAX-DOAS spectrographs are typically equipped with miniature spectrographs (e.g. Ocean
Optics, Avantes). Here similar considerations apply as in the case of satellite instruments. For
instance the typically used single spectrograph could be replaced by an array of scaled down
spectrograph+telescope combinations as sketched in Fig. 6, In the simplest case all spectrographs
could point in the same direction and the whole assembly would be tilted to measure at different
elevation angles. Alternatively the spectrograph+telescopes could point at different elevations,
thus analyzing the radiation at the chosen set of elevation angles simultaneously (see e.g. ...).
While the latter approach would have the advantage that all elevations are observed truly
simultaneously (as opposed to sequentially in the former approach), a problem could arise from
slight differences in the instrument function of the individual spectrographs. Unlike the satellite
case there would be no natural way where all spectrographs see the same spectrum (e.g. by
observing in the zenith direction).

In either case one could argue that weight and volume of the spectrograph only constitute a small
fraction of that of the entire MAX-DOAS instrument, however, the size of the instrument still
scales with the spectrograph dimensions. Alternatively the scaling could be used to enhance the
étendue of the instrument and thus allow proportionally faster measurements.

4.3 Imaging DOAS Applications

Another use of large arrays of spectrographs (+telescopes) could be imaging applications where
the usually need to make a compromise between spectral-, spatial-, and temporal resolution (see
e.g. Platt et al. 2015) is removed or at least relaxed. For instance an array of spectrographs
(similar to the approach described by Danz et al. 2019) could arranged with a spectrograph per
image pixel in a compound eye (as found in insects) fashion.

4.4 Other Applications

Arrays of (miniature) spectrographs could also be applied in active Long-Path DOAS (LP-
DOAS) instruments. In this case a single, large telescope could be replaced by an array of small
telescopes. As discussed above, the F-number of these small telescopes would be about the same
as in present instruments, If the total area covered by the telescope mirrors would be the same
then there would be the same light throughput as in conventional active LP-DOAS designs. In
this case not only volume and weight of the spectrographs could be reduced but also the length
of the telescope. This is because the F-number of each small telescope remains unchanged
(compared to traditional designs), while the diameter of the mirror (or lens) — and thus its focal
length f'is scaled down.

5 SUMMARY AND CONCLUSIONS

5.1 Summary of Design Options

Arrays of individual (largely identical) spectrographs could help to solve a number of design
challenges. )
1) It allows to improve the Etendue, and thus SNR independently from the spatial resolution

2) Due to the scaling properties of volume and mass replacing large spectrographs by an
array of smaller (identical) spectrographs can reduce the volume and mass of a
spectrograph system considerably.
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3) Spatial information (e.g. in satellite- or MAX-DOAS applications) could be obtained in a
much simpler fashion than in present day arrangements.

4) Two-dimensional imaging detectors based on arrays of miniature spectrographs appear
feasible.

5.2 Conclusion

We conclude that arrays of massively parallel spectrographs could solve the problem of
achieving high light throughput with compact and lightweight instruments.

In particular, a reduction of the instrument volume and mass by one or two orders of magnitude
at unchanged light throughput appears possible. This might be interesting for a number of
particular design goals for satellite instruments:

1) Miniature satellites (e.g. Cubesats) could be equipped with spectrographs for Earth
observation featuring sensitivity and spatial resolution comparable to present state of the
art instruments (like GOME-2, OMI or even TROPOMI)

2) Instruments for future missions could reduce the area of the ground pixels by one or two
orders of magnitude without increasing mass and size of the spectrograph.

3) If a higher mass of the instrument was allowed the spectrograph array approach allows to
reduce the area of the ground pixels even further. Thus an instrument (see above) with 1
km’ ground pixel size could feature comparable volume and mass of a present state of the
art (e.g. the TROPOMI) spectrograph.

Also, the scaling of instruments by using the spectrograph array approach will be of great
interest to other DOAS applications as well:

1) Aircraft (manned or unmanned) instruments have similar requirements as satellite
instruments.

2) MAX-DOAS instruments

3) Instruments for monitoring volcanoes (as e.g. used in NOVAC)

4) Even active LP-DOAS instruments can benefit from the Spectrograph-array approach.

We acknowledge that there might be some technical hurdles like mass production of
spectrographs with as similar as possible instrument functions and other characteristics or the
readout of many spectrographs in parallel. Nevertheless, we are convinced that massively
parallel miniature spectrographs are an attractive approach to future instruments.
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Appendix 1:
The change of the spectrometer with initial etendue Eo, initial focal length fy and optics diameter
Do to I'; fy with constant optics diameter Dy, can be thought of as a two step process:

1) Scale the entire spectrometer with preserved aspect ratio (according to case 1 in Table 1)
by a linear factor I'; (for example I'1=1/2)
- E will be reduced to (I')* (i.e. to % Eo) while the mass will change from M to
Mo - (I'})? (i.e. to My/8). Note that the slit dimensions are also scaled by T';.
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2) Then increase D by factor 1/I"; (according to case 2a in Table 1)
-> in this step E and mass will increase by factor ()

5 Intotal E would be unchanged, mass will be scaled to My-T'; (i.e. to 4-Mo/8 = My/2).

3) Since we assumed that in case 2b (see Table 1) the slit width is scaled, but not the slit
height we have to change the slit height from I';-hy to ist original value hy.

10 > The final E will be E¢/T, (i.e. E = 2Ey) thus E o«c 1/M as given in equation 9.
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