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Abstract The simultaneous determination of multiple
parameters is the key in the characterization of processes
and materials that change with time. In combustion envi-
ronments, the combined measurement of temperature and
chemical composition is particularly desirable. In the pre-
sent work, possible approaches for the simultaneous appli-
cation of spontaneous Raman scattering (RS) and coherent
anti-Stokes Raman scattering (CARS) spectroscopy are
proposed and analyzed. While RS provides concentration
information of all major species, vibrational CARS is a
highly accurate thermometry tool at flame conditions. Five
experimentally feasible CARS-RS schemes are identified
and discussed with respect to signal intensity, measurement
volume, and experimental complexity. From this analysis,
one scheme was found to be the best option. It utilizes a
broadband dye laser centered at 852 nm as a pump and the
fundamental 1064-nm radiation of the Nd:YAG as Stokes
laser. The third harmonic is used as CARS probe and RS
laser. The experimentally most elegant scheme replaces
the third harmonic in the above scheme by the second har-
monic hence involving the smallest number of optical com-
ponents in the setup.
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1 Introduction

Over the last 50 years, laser-based diagnostics have trans-
formed combustion science and technology. Laser com-
bustion diagnostics allow non-intrusive measurements of
a variety of parameters in a flame or spray with high spa-
tial and temporal resolution [1-5]. For example, the tem-
perature and the concentration of all major species are key
quantities to characterize a flame. In order to obtain cor-
related information, e.g., in a turbulent flame, these param-
eters need to be determined at the same time. However, to
measure them all simultaneously is still a big challenge.

Spontaneous Raman scattering (RS) spectroscopy is a
method capable of such multi-parameter measurements [6].
The Raman process is non-resonant, and consequently all
Raman-active species contribute their molecular fingerprint
to the signal at the same time. Unfortunately, the Raman
signal is inherently weak, and thus significant experimen-
tal effort is required to achieve data with reasonably good
accuracy and precision. This is particularly the case when
temperature information is to be derived. Hence, Raman
spectroscopy is mainly used for determining the concen-
tration distribution of the major species [7-11]. On the
other hand, coherent anti-Stokes Raman scattering (CARS)
spectroscopy is a highly sensitive thermometry tool [4, 12,
13], but its potential for multi-species detection is limited.
Therefore, most applications of CARS focus on nitrogen
thermometry in air-fed combustion systems. Extending this
approach to additional species means an additional exper-
imental effort like the use of dual- or triple-pump CARS
[14-17], the wide-CARS method [18], or hyperspectral
approaches [19].

Combining spontaneous Raman and CARS spectros-
copy to overcome the limitations of both methods seems
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to be worthwhile. The simultaneous application of pure
rotational CARS and Raman has been demonstrated by
Weikl et al. [20]. Their aim was to determine the tem-
perature and gas-phase composition during the injection
of liquid propane into air. As the process took place at
moderately elevated temperature (up to ~350 K), rota-
tional CARS was the method of choice to provide suffi-
cient accuracy. In dual-broadband rotational CARS, two
beams from a broadband dye laser serve as pump and
Stokes beams to drive rotational Raman coherences for
the CARS process, and a third narrowband beam serves
as a probe [21, 22]. As the two-photon excitation of rota-
tional Raman transitions is obtained by pulses from the
same broadband laser source, its wavelength can be cho-
sen independent of the probe laser. Therefore, Weikl and
coworkers arranged their experiment such that the CARS
probe beam could serve as Raman excitation source at the
same time. In order to avoid spectral interferences from
elastically scattered laser light of any of the involved laser
beams with the weak Raman signals, the broadband dye
laser wavelength was shifted to the near-infrared, and the
second harmonic of a Nd:YAG at 532 nm was used as nar-
rowband probe. The resulting Raman spectrum of inter-
est was positioned spectrally in between the laser wave-
lengths. While the pump and Stokes pulses had energy
of about 5 mJ each, the probe pulse energy was cranked
up to ~100 mJ to produce appropriate Raman signal
intensities.

At higher temperature like in a flame, however, vibra-
tional CARS is typically better suited as it provides a better
accuracy and precision under such conditions [23]. There-
fore, the combination of vibrational CARS and Raman
spectroscopy is desirable. Unfortunately, this application is
not as straightforward as in the pure rotational CARS case,
where the wavelength of the broadband laser can be chosen
arbitrarily.

The aim of the present work is to identify suitable
approaches to simultaneous CARS—Raman experiments
and to compare them. We limit ourselves to the well-estab-
lished nanosecond CARS thermometry techniques as the
use of ultrashort pulses, which are inherently broadband
and typically exhibit relatively low power, are not suitable
for Raman spectroscopy in flames. Nanosecond CARS
thermometry is usually based on the nitrogen molecule
and experimentally realized using a Nd:YAG laser to pro-
vide the narrowband beams for CARS, and to pump a dye
laser to provide broadband radiation. In the next section,
the possible wavelength combinations and pump—probe
schemes are presented. Thereafter, these schemes are ana-
lyzed with respect to the energy and momentum conserva-
tion requirements. This allows estimating the relative signal
intensities that can be obtained at the CARS and Raman
ends. “Experimental considerations” section discusses
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experimental implications. “Summary and conclusion” sec-
tion concludes.

2 Possible approaches

In standard vibrational CARS of nitrogen, the pump and
the probe beams are taken from the same laser source, typi-
cally the second harmonic of a Nd:YAG laser at 532 nm.
Another part of the laser output is used to pump a dye laser
to provide broadband Stokes radiation around 607 nm. The
frequency difference between 532 and 607 nm matches
the vibrational transition of nitrogen (~2330 cm™!), and
hence the pump and Stokes pulses can effectively drive
vibrational Raman coherences. This approach, however, is
not suitable for combined CARS-Raman measurements.
Because when the 532-nm radiation also serves as Raman
excitation source, the strong elastically scattered light of
the broadband Stokes laser will spectrally overlap with the
Raman spectrum and affect the measurement. Hence, the
combination of laser wavelengths for CARS-RS has to be
selected carefully to avoid interferences.

For Raman spectroscopy, a narrowband laser with suf-
ficiently high pulse energy is required. Therefore, any
harmonic of the Nd:YAG laser appears suitable. The fun-
damental beam at 1064 nm would lead to Raman sig-
nals in the near-infrared beyond 1 um and thus cannot be
detected with the conventional silicon based detectors.
Moreover, the scattering cross section is proportional to
2%, and therefore 1064-nm excitation would result in very
weak signals anyway. At the other end, wavelengths below
300 nm seem desirable because of the high scattering cross
section, but require expensive UV optics as the common
borosilicate glasses are not transmissive anymore. Also the
spectral resolution may be an issue [24]. This leaves the
second and third harmonic at 532 and 355 nm, respectively,
for generating Raman signals.

As mentioned above, a degenerate two-color CARS
scheme is also not possible because of the spectral inter-
ferences. Since the frequency difference between the pump
and Stokes lasers always has to match the vibrational fre-
quency of nitrogen, the use of the CARS pump laser as the
source for Raman scattering is ruled out. Another possible
degenerate scheme is to have a broadband pump laser and
the same narrowband laser for the Stokes and probe beams.
In this case, however, the CARS signal will be at the same
wavelength as the pump and may suffer from interferences.
Therefore, this option is not considered in the following.
The discussed restrictions and boundary conditions lead
to five possible schemes. Their energy level diagrams are
presented in Fig. la—e together with a schematic stick spec-
trum for each case. A closer look reveals that all schemes
make use of the same idea as the work of Weikl et al. [20],
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Fig. 1 Energy level diagrams and schematic spectra of the five pos-
sible CARS-Raman schemes (a—e). f Simulated CARS spectra of
nitrogen. g Stick Raman spectrum indicating the positions of the sig-

in which the two-photon pumping of the Raman coher-
ences via the pump and Stokes pulses was spectrally sepa-
rated from the probe and the Raman signal.

Scheme A (Fig. 1a) uses a broadband dye laser beam at
473 nm as a pump and the second harmonic of the Nd: YAG
as Stokes laser. The CARS probe and Raman laser is the
third harmonic of the Nd:YAG. The stick spectrum below
the energy level diagram indicates the ranges of the Raman
spectrum and the CARS signal. Further details about the
signals are provided schematically in the panels (f) and
(g) of Fig. 1. Panel (f) shows theoretical CARS spectra

Wavelength (nm)

Wavenumber (cm)

(9)

nals of the major species in combustion environments. The gray area
indicates the fingerprint region

of nitrogen at 300 and 2100 K. The wavenumber range is
rather narrow and hence the signal appears as a stick in
the schematic spectrum below the energy level diagrams.
Panel (g) illustrates a Raman stick spectrum indicating the
spectral positions of the typical major species in combus-
tion environments. The gray area indicates the fingerprint
region, where most of the hydrocarbon species exhibit
characteristic features.

Scheme B utilizes the third harmonic of the Nd:YAG
in combination with a broadband dye laser at 387 nm to
drive the nitrogen Raman coherences in the CARS process.

@ Springer



127 Page 4 of 9

K. Becker, J. Kiefer

The second harmonic serves as a CARS probe and Raman
laser. Scheme C uses the Nd:YAG second harmonic and
a broadband dye laser at 607 nm as pump and Stokes
source, respectively. The CARS probe and Raman excita-
tion is realized with the third harmonic of the Nd:YAG. The
schemes D and E both involve the fundamental Nd:YAG
radiation at 1064 nm as Stokes pulses and a broadband
dye laser at 852 nm serves as the pump. In scheme D the
CARS probe and Raman laser is the third harmonic, and in
scheme E it is the second harmonic of the Nd:YAG.

All the schemes in Fig. 1 allow simultaneous tempera-
ture and multi-species measurements by the combined
acquisition of vibrational CARS and Raman signals. How-
ever, identifying the best scheme for a given application is
not straightforward though. Hence, the next section will
analyze the schemes more in detail.

3 Analysis of approaches

As aforesaid, the Raman process is non-resonant, and thus
a laser with an arbitrary wavelength can be used, in prin-
ciple. Being a four-wave mixing method, CARS involves
more complicated physics, and the signal generation
requires that energy and momentum of the four waves
involved in the interaction are conserved. The energy con-
servation leads to the wavelength selection for each scheme
as shown in the previous section. The momentum conserva-
tion has implications for the geometry, in which the beams
are all overlapping to ensure the generation of a coherent
signal. Both requirements influence the signal intensity that
can be expected, and hence this section will analyze the dif-
ferent schemes in this respect.

3.1 Energy conservation

The selected wavelengths have implications for the sig-
nal intensity mainly because the scattering cross section
is strongly wavelength depended. The full equation of the
CARS and Raman signal intensities can be found in the lit-
erature, see e.g., [, 25]. For the comparison of the different
schemes in the present work, however, we do not take the
full equations into account but use a simplified approach by
considering the scattering cross sections only. The wave-
number dependence of Stokes and anti-Stokes Raman pro-
cesses can be described as

do ) 4
- o (vo — VR) la
(89 Stokes ( )

d
(0) o (vo + vg)* (1b)
Q2 anti-Stokes
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Fig. 2 Intensity variations that can be expected due to the wavenum-
ber dependences of the Raman scattering cross section

where (80 / 852) is the differential scattering cross section,
vy is the wavenumber of the incident radiation (the laser in
our case), and vy is the wavenumber of the Raman transi-
tion, which is often referred to as the Raman shift. On the
Raman side, we consider a spontaneous Stokes process and
hence we can estimate the changes of the intensity for the
different schemes by simply calculating the (Vprobe — vR)4
factors. Assuming that the Raman laser intensities and the
dimensions of the measurement volume are the same for
every scheme, the resulting factors give an estimate of the
expected signal intensities. As there are only two different
excitation wavelengths viz. the second and third harmonic
Nd:YAG radiation, there are only two signal levels, which
are plotted in Fig. 2 normalized with respect to the value of
the third harmonic.

In CARS, the wavelength dependence is more compli-
cated given the nonlinear nature of the process. However,
we simplify this by splitting the four-wave mixing into a
stimulated Stokes Raman pumping process and an anti-
Stokes scattering. The wavenumber dependence of this
simplistic model can then be described by the product
(Vpump — vR)4 - (Vprobe + VR)4. For completeness, we note
that this model was checked against the full CARS signal
equation, and it was found that it delivered the same trends
between the setups. The resulting values normalized with
respect to the maximum are plotted in Fig. 2. The highest
intensity can be expected for scheme A. This shows that the
wavelength of the probe laser is important here as it deter-
mines the anti-Stokes wavelength of the signal and hence
the dominating factor of the product. The effect of exchang-
ing the pump and probe can be seen from the results for the
schemes B and C. The schemes D and E exhibit the small-
est signal intensities. This is reasonable as they involve
near-infrared lasers to deliver the pump and Stokes pulses.

From the analysis of the wavelength-dependent scat-
tering cross sections, the schemes A, B, and C seem to be
most suited from a CARS point of view. The Raman sig-
nals are strongest in schemes A, C, and D, since 355-nm
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excitation is used. As scheme A provides the highest val-
ues for both techniques simply because it provides the larg-
est Stokes wavelength (Vpump — VR), it seems to be the best
option at this point.

3.2 Momentum conservation

In CARS, the geometric configuration of the beam over-
lap is crucial. In a quantum mechanical sense, it requires
that the momentum of all four photons involved in the
interaction is conserved. In a wave sense, this means that
the phases have to be matched in order to obtain a coher-
ent superposition. The corresponding wave vector diagram
using the example of scheme C is shown in Fig. 3a. When
the wave vectors form a closed tetragon, the phase mis-
match is zero and the signal intensity is maximized. For
the experimentalist, this means that the angles, at which the
beams cross, are the crucial parameters. In the laboratory
practice, it is common to align a CARS setup such that the
three laser beams are guided parallel to each other and then
focused into the measurement volume by the same lens as
shown in Fig. 3b. Assuming an achromatic lens, the angles
can easily be set by the positions of the incident beams
on the lens and their distance from the lens center. In this
way, a multitude of phase-matching geometries can be real-
ized including the common planar and folded BOXCARS
arrangements [5, 26]. The beam geometry in the focal spot
eventually determines the shape of the measurement vol-
ume [27], and influences the signal intensity. For a simplis-
tic collinear configuration, it can be shown that the signal
intensity is proportional to the square of the length of the
measurement volume [5]. Strictly speaking, this relation-
ship only holds for collinear plane wavefronts, while we
will consider focused beams in this work. However, it is
reasonable to assume that the wavefronts in the focal waist
of a Gaussian beam are plane over a small distance. In
addition, the crossing angles of the beams with respect to
the optical axis are considered small. Hence, the assump-
tion of a quadratic relationship is justified in the semiquan-
titative assessment to be presented in the following.

In order to compare the five different CARS-RS
schemes, we consider a planar BOXCARS geometry as
shown in Fig. 3b. Even this configuration leaves a high
degree of freedom in an experiment. Herein, a single case
with the following parameters will be examined: (1) The
lens is achromatic and has a focal length of 300 mm; (2)
The beams are Gaussian beams and have a diameter of
10 mm before the lens; (3) The pump beam is located at
a distance of xp,,, = 15 mm from the optical axis. These
boundary conditions determine all the angles and distances.
The CARS measurement volume geometry, in particular
its length, can then be determined by looking at the region
where all three laser beams overlap. This overlap has been

CARS probe volume

(c) y

Fig. 3 a CARS wave vector diagram. b Schematic arrangement to
obtain phase-matching conditions in CARS. ¢ 2D projection of the
beam overlap in CARS; the red area illustrates the measurement vol-
ume

1.0
B CARS

0.8 ® Raman

06

0.4

Length factor (arb. u.)

0.2

A B C D E
Scheme

Fig. 4 Intensity variations that can be expected due to the depend-
ences on the measurement volume length

simulated and a 2D projection of such an overlap is shown
in Fig. 3c. The plot shows the beam waist in the vicinity
of the focal spot without taking the intensity distribution
into account. As the beams have different wavelengths, the
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resulting waists in the focal plane exhibit different diam-
eters. The red area represents the region, in which all three
beams are present.

For further analysis, the measurement volume length
was determined as the distance Ay that ranges between the
two ends of the red area on the y-axis. Like for the scat-
tering cross section, a simple factor is used to estimate the
influence of the measurement volume length on the signal
intensity. As mentioned above, in CARS the signal inten-
sity depends on the squared length, whereas the RS signal
is known to be linear versus probe volume length. Normal-
izing the resulting values with respect to the maximum,
which is found for scheme D, the distribution shown in
Fig. 4 is obtained. Scheme D exhibits the longest volume,
the volumes of the schemes A, C, and E are about 50-70 %
shorter, and that of scheme B is about 80 % shorter. The
length factors plotted in Fig. 4 vary accordingly.

The Raman measurement volume can be treated in a
much more straightforward manner. Since the Raman pro-
cess occurs spontaneously, Raman signal is generated as
the laser beam propagates through the medium. The meas-
urement volume is determined by the optical components
and their arrangement in the signal collection path. Consid-
ering the ideal case, i.e., the CARS and Raman measure-
ment volumes should exhibit the same length and should
be at the same position, we take the determined length of
the CARS volume as Raman volume length. The resulting
normalized values are given in Fig. 4. They show the same
trend but differ as the Raman signal is a linear function of
the measurement volume length.

Note, that the long measurement volume of scheme D is
an advantage and a disadvantage at the same time. On the
one hand, it ensures strong signals, but, on the other hand,
this may mean a poor spatial resolution in an experiment.
In a flame environment, a large measurement volume can
result in spatial averaging effects that occur when part of
the probed gas is hot and another part is cold [28]. This
can be the case, when measurements are performed in the
vicinity of the flame front, where steep gradients occur thus
requiring the best spatial resolution that can be achieved.

3.3 Overall effects

Combining the factors discussed in the preceding subsec-
tions means to multiply them for the individual schemes.
Normalization of the resulting numbers leads to the inten-
sity factor plotted in Fig. 5. On the CARS side, scheme A
offers the highest intensity and the third highest for Raman.
The ranks swap in scheme D. Scheme C exhibits the sec-
ond highest intensity factors for both methods and there-
fore it seems to be a good compromise at first glance. How-
ever, in scheme D the Raman signal is about the threefold,
while the CARS signal is only reduced by ~35 % compared
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Fig. 5 Intensity variations that can be expected for the different
schemes considering scattering cross sections and geometrical aspects

to the max value. Therefore, scheme D is rather attractive.
In the schemes B and E, both the Raman and the CARS
signals are comparatively low. A disadvantage of scheme D
is the long measurement volume, which means a reduced
spatial resolution.

From this analysis, the order of attractiveness in terms of
signal intensity is D > C > A > B, E. In the next section, the
different schemes will be discussed from an experimental
point of view.

4 Experimental considerations

Figure 6 illustrates schematic experimental setups for all
the schemes. They are all based on a Nd:YAG laser and a
dye laser. The weak Raman signals are detected in direction
perpendicular to the laser beam propagation. As the Raman
signal is emitted isotropically into a 4w sphere, a frac-
tion of it is collected and collimated by a lens, spectrally
filtered, e.g., to reduce elastically scattered light, focused
onto the slit of a spectrograph and finally detected with an
intensified CCD camera. This general arrangement is well
established for the combined use of linear and nonlinear
optical methods, for example, when laser-induced fluores-
cence is combined with degenerate four-wave mixing [29-
40], polarization spectroscopy [41-43], laser-induced ther-
mal grating spectroscopy [44], two-color four-wave mixing
[45] and six-wave mixing [46], and the earlier simultane-
ous rotational CARS and Raman technique [20].

In scheme A, the second and third harmonic radiations
are required. After the appropriate optical units (polariza-
tion optics and nonlinear crystals), the different harmon-
ics are separated using a set of dichroic mirrors. Part of the
355-nm radiation is used to pump the dye laser in order to
deliver the 473-nm broadband beam. A suitable dye would
be Coumarin 102 dissolved in ethanol. The pump, Stokes,
and probe beams for the CARS process are directed to an
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Fig. 6 Possible experimental
arrangements for the different
CARS-Raman schemes. SHG
second harmonic generation;
THG third harmonic generation;
DC dichroic mirror; M mirror;
BS beam splitter; L lens; F
filter; ICCD intensified charge-
coupled device camera; CCD
charge-coupled device camera

Scheme A
SHG THG DC DC M Spectrogr. Spectrogr.
Nd:YAG - II II AN
|\ |_ICCD | |CCD
1064|_| 532 |355 Le— L=t
M E . .
BS l—
M
M M
Dye laser 473
L
Scheme B
SHG THG DC DC M Spectrogr. Spectrogr.
Nd:YAG |- II II AN
|\ |_ICCD | |CCD
1064|_| 532 |355 L Le=—
M F e
BS L
M
Dye laser i1
v M
M L
Scheme C
SHG THG DC DC M Spectrogr. Spectrogr.
Nd:YAG Il II II II AN
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M e .
BS [R—— 1
M
M M
Dye laser 607
L
Scheme D
SHG THG EC DC M Spectrogr. Spectrogr.
1 1
Nd:YAG I -
N ICCD CCD
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M f . .
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L
Scheme E
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L

@ Springer



127 Page 8 of 9

K. Becker, J. Kiefer

achromatic lens and focused into the measurement volume.
The Raman signal is collected and detected as described
above. The coherent CARS signal is guided to another
spectrograph equipped with a CCD camera.

Scheme B is very similar. The dye laser is again pumped
by part of the third harmonic of the Nd:YAG and operates
at 387 nm, for example, using Exalite 389 dye in p-diox-
ane. In scheme C, part of the second harmonic is used to
pump the dye laser, which then emits radiation at 607 nm.
Rhodamine 610 dissolved in ethanol would be a suitable
medium for this purpose.

Schemes D and E use near-infrared radiation as pump
and Stokes pulses. The Stokes beam is the residual of the
fundamental Nd:YAG, while the pump beam at 852 nm is
provided by the dye laser. This wavelength can be obtained
by pumping LDS 867 dye in methanol with the second har-
monic radiation of the Nd:YAG.

From the signal intensity analysis in the previous sec-
tion the order D > C > A > B, E of the schemes was found.
Looking at the experimental setup, however, the scheme
E becomes very attractive, as it is the most elegant option.
It does not require a third harmonic generation unit and
it makes use of the residual 1064 nm radiation that is left
after the second harmonic generation. An experimental
disadvantage is the generally low conversion efficiency of
near-infrared dye, which is typically in the order of 5-10 %
according to the specifications provided by the main sup-
pliers. On the other hand, most Nd:YAG lasers provide
rather high energy pulses, and hence there is sufficient
energy available to pump the dye laser and generate appro-
priate levels of pulse energy in the near-infrared to drive the
CARS process.

Overall, the scheme D still appears to be the best option.
It came out top in the signal intensity analysis as it provides
the strongest Raman signal and comparatively high CARS
signal levels. Looking at the experimental arrangement,
it has the disadvantage of requiring a third harmonic gen-
eration unit, but the setup is relatively simple as none of
the beams has to be split, which would reduce the flexibil-
ity of the setup. The entire 1064-nm residual and 852-nm
dye laser beams are used as pump and Stokes lasers in the
CARS process. The entire third harmonic radiation serves
as CARS probe and Raman laser, and the entire second har-
monic radiation is used to pump the dye laser. A possible
problem using 355 nm as Raman laser, however, may arise
in rich flames where strong fluorescence interferences from
polycyclic aromatic hydrocarbons (PAH) may obscure the
weak Raman signals. A polarization-resolved detection
can be a solution, but it requires a second spectrograph and
camera at the Raman end [9]. Hence, it adds experimental
complexity. Scheme E, which employs the 532-nm wave-
length, will avoid or at least reduce this problem on the
Raman side, but then the CARS signal will occur around
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473 nm, which may cause interference with chemilumines-
cence of C, radicals [47]. Finally, as already mentioned,
near the flame front, the spatial resolution of E will be an
advantage as regards to the D arrangement.

5 Summary and conclusion

In the present work, the possible schemes for combining
vibrational Raman and vibrational CARS spectroscopy
were analyzed and compared. The combination of the two
methods has the potential for simultaneous temperature and
multi-species measurements in flame environments, but to
find the best combination of lasers and an optimal experi-
mental setup is not straightforward.

Employing the common Nd:YAG laser, five different
schemes have been identified. An analysis to estimate the
variations in the expected signal levels and measurement
volume lengths was followed by a discussion of possible
experimental setups for the individual schemes. From this
analysis, one scheme was found to be the best option. It uti-
lizes a broadband dye laser centered at 852 nm as a pump
and the fundamental 1064-nm radiation of the Nd:YAG as
Stokes laser. The third harmonic is used as CARS probe
and Raman laser. A minor disadvantage of this scheme is
the relatively long measurement volume. However, this
can easily be reduced by choosing a different experimen-
tal geometry such as a folded BOXCARS arrangement.
The experimentally most elegant scheme replaces the third
harmonic in the above scheme by the second harmonic. It
takes a reduction in signal intensity, but at the benefit of
involving the smallest number of optical components in the
setup and of a better spatial resolution.
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