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High-resolution broad-bandwidth Fourier-transform
absorption spectroscopy in the VUV range

down to 40 nm

Nelson de Oliveira', Mourad Roudjane', Denis Joyeux'?, Daniel Phalippou?, Jean-Claude Rodier?

and Laurent Nahon'

Vacuum-ultraviolet (VUV) high-resolution absorption spec-
troscopy is a unique tool for the study of gas-phase atomic and
molecular electronic structure. To date, it has been performed
by using lasers or synchrotron radiation-based grating spec-
trometers, but none of these techniques can offer simultaneous
high resolution, wavelength accuracy and broad tunability. The
only technique combining these three important features is
Fourier-transform spectroscopy, but this is limited to the mid-
UV range (down to 140 nm; ref. 1) because of a lack of beamsplit-
ters. Here, we present a new instrument based on a wavefront-
division scanning interferometer, applied for the first time to
the VUV range. This instrument, coupled to the DESIRS beamline
at synchrotron SOLEIL, covers a broad range of wavelengths
(typically 7%, adjustable in the 250-40 nm range), a resolving
power of ~1 x 10%, an extrinsic absolute wavelength accuracy
of 1 x 1077 and a high signal-to-noise ratio.

In the VUV range, the currently available optical spectroscopic
techniques use either gratings or lasers. Lasers are naturally targeted
at narrow spectral range experiments associated with ultrahigh res-
olution. Recent improvements regarding tunable VUV laser sources
give access to unprecedented resolving power (o/80 > 1 x 10)
and wavenumber accuracy (Ao/o as low as 6 x 10°°) with a
limited tunability*®. In contrast, grating-based spectroscopy from
a broadband continuum allows a large spectral domain covering,
but suffers from resolution limitations due to the optical quality
that can be achieved on gratings of large size and with high
groove densities. In particular, the resolving power of grating-
based spectrometers can barely reach 100,000-200,000, depending
on the VUV region’. On the other hand, from the far-infrared
to the near-VUYV range (~140 nm), Fourier-transform spectroscopy
has been an important spectroscopic tool because of its unique com-
bination of properties: a very high resolving power and accurate
absolute spectral data over a large spectral range, associated with a
multiplex-wavelength acquisition scheme.

In this Letter, we demonstrate for the first time the extension of
high-resolution Fourier-transform spectroscopy into the window-
less VUV range down to 40 nm. Fourier-transform spectroscopy
is usually based upon amplitude division through beamsplitters,
as exemplified in the Michelson interferometer geometry.
However, the manufacture of beamsplitters is difficult and even
impossible in the far-VUV range (A <140 nm). This is the main
reason why amplitude-division Fourier-transform spectroscopy
has never been extended to higher energies™!’. In this situation,
wavefront-division interferometers offer an alternative approach.
For example, a lamellar grating interferometer has already been

operated in the far-infrared region'!. Another solution was specifically
designed for the study of autoionization processes in doubly-excited
helium around A =19 nm, but, as far as we know, it was never
successful in this aim!2.

To overcome the beamsplitter problem and with a view to
achieving a broadband VUV Fourier-transform spectrometer
(FTS), we designed a scanning wavefront-division interferometer
based on a variation of the Fresnel bimirror interferometer'®. The
overall geometry of the actual instrument is depicted in Fig. 1.
This is quite similar to the geometry of our first prototype!*, with
which we were able to record the Schuman-Runge bands of O,
around 190 nm at the limit transmission of ambient air with a resol-
ving power of 150,000. Although the basic principles are the same,
the present instrument was fully rebuilt and upgraded to cover the
250-40 nm (5-30 eV) range and to be compatible with ultrahigh-
vacuum (UHV) conditions. It is now a permanent end-station on
the VUV beamline DESIRS' of the SOLEIL synchrotron facility
in France, where the undulator'® provides an ideal, coherent, 7%
bandwidth continuum background.

The upgraded scanning control system is based on a multireflec-
tion HeNe laser interferometer arrangement, which produces the
sampling comb with the required sampling interval for broad spec-
tral range recording (Fig. 1b). Its mobile mirror is the backside of the
VUV mobile reflector, and guarantees a direct and stable relation
between the VUV optical path difference (OPD) changes and the
visible interferometric control signal. A VUV silicon photodiode
records the interferogram on the fly. The visible interferogram has
a period 8x = Ay /2p  in terms of reflector displacement, where
P equals the number of reflections p of the multireflection system,
multiplied by a geometrical factor that is p-dependent and close
to one'. This interferogram is used to trigger VUV interferogram
sampling twice per period, that is, each Ay ./4p’ in terms of displa-
cement Or Ayon./2p  in terms of the VUV OPD, as a result of the
system geometry. This leads to a p-dependent free spectral range
Ao =1/28x=p 03y In the new updated instrument, p is an
adjustable parameter in the range 8-15, allowing adaptation of the
free spectral range to the spectral region to be covered. This adjust-
ment is carried out by tilting the mobile reflector block (Fig. 1). In
Fourier-transform spectroscopy, the resolving power depends on
the maximum OPD that can be reached, and therefore on the
maximal travelling range offered by the scanning system. In this
instrument, the multireflection ray path extends laterally in the
plane of the diagram by an amount proportional to the OPD, but
also roughly proportional to p?. As this extension cannot be larger
than the mirror size, the maximum OPD is in fact limited by p,
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Figure 1| VUV scanning wavefront-division interferometer. a, Two distinct
roof-shaped optical blocks consisting of two VUV reflective surfaces meeting
at an angle of 90° face the incident VUV undulator beam. The reference
reflector (VUV-F) and the mobile reflector (VUV-M) are separated by a

100 pm gap. The VUV beam incident on the adjacent edges is divided and
reflected twice at an incidence angle of 45° by the two reflectors. The two
reflected beams overlap and interfere downstream due to a small vertical tilt
of the top reflector. The interferogram is detected by a VUV photodiode
located 130 cm downstream of the reflectors, just behind a horizontal 50 wm
slit, smaller than the spatial fringe spacing. Note that wavefront-division
interferometers require a certain degree of one-dimensional spatial
coherence, which is provided by the DESIRS undulator source. b, VUV-M
motion is measured using a visible interferometer based on a
multireflections scheme between two plane mirrors. (HeNe, HeNe
frequency-stabilized laser beam; FM, fixed mirror; BS, beamsplitter of the
control interferometer). After the beamsplitter, the beam is reflected p times
(p=11in this case) between the plane surface at the back of the VUV-M
and a reference wedge (RW) prism and then returns. ¢, Image of the
mounted VUV wavefront-division interferometer. Note the HeNe laser beam
spots onto the reference wedge prism plane surface.

the longitudinal allowed travel always being larger. In other words,
both the ultimate resolution and the free spectral range are deter-
mined by p. This is illustrated in Table 1, where the full-width at
half-maximum (FWHM) of the instrumental linewidth 8o (which

150

T T T T T T T
106,000 108,000 110,000 112,000 114,000 116,000 118,000

Wavenumber (cm™)

/\

T T T T
12,400 112,600 112,800 13,000

Wavenumber (cm™)

/
| me il
‘J

T
112,200

T T T T
112,850 112,855 112,860 112,865

Wavenumber (cm™)

T T
112,840 112,845

Figure 2 | Krypton absorption spectrum showing the Rydberg series
converging towards the 4p~" (3P, /2) and ép, /2) ionization limits. The
LN,-cooled windowless gas cell was used with a pressure of 0.01 mbar.
Acquisition time for the spectrum is 4 h (80 scans), with p =9, using the full
travelling range allowed by the control system (32.5 mm, corresponding to
1,840,000 independent samples). a, Full spectrum showing the 7% bandwidth
undulator envelope. b,¢, Close-ups of parts of the spectrum in a. Total raw
measured linewidth is 0.13 cm™" (resolving power of 850,000), which, after
deconvolution of the theoretical instrumental linewidth, yields a Doppler
broadening of 0.095 cm ™' corresponding to a gas temperature of ~110 K.

is a sinc function as in any unapodized Fourier-transform spec-
trum) is calculated for each p, considering recording of a typical
1,024” independent samples, a condition that can be met for all p.
However, a larger scan can be obtained for 8 < p < 14, leading to
a significant improvement of the resolution, as shown in Table 1.
As the scan is essentially single-sided, a phase-correction procedure
is required!”. To this end, the scan is extended beyond the zero OPD
position to obtain a short double-sided interferogram.

Instrument resolution has been measured throughout the VUV
range for rare gases, used as model systems, by using a gas sample
chamber specifically developed for the FTS. This sample chamber
includes two different set-ups: a windowless gas cell that can be
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Table1 | Calculated instrument width.

p 8 9 10 Ll 12 13 14 15
Nyquist frequency (cm™ ") 125,639 141,344 157,051 172,752 188,456 204,160 219,863 235,566
FWHM 80 (cm™") 1,0242 samples 0.4 0.16 0.8 0.20 0.22 0.23 0.25 0.27
Ultimate FWHM 80 (cm ™) 0.075 0.090 0 0.13 0.15 0.18 0.22 0.27

The p parameter sets the VUV interferogram sampling interval. First row, free spectral range; second row, absolute instrumental linewidth for 1,024? independent samples; third row, absolute instrumental
linewidth for the maximum travel allowed by the scanning system (the corresponding number of samples depends on p).

cooled with liquid nitrogen (LN,) and a free expansion jet. We
present an example of each set-up. Figure 2 shows the recorded
valence-shell photoabsorption spectrum of krypton. The full
Rydberg series spectrum converging towards the 4p~" (*P, /») and
cp, /2) ionization limits was recorded in 4 h, setting the instrument
to its maximum resolving power at p=9 (80=0.09 cm™; see
Table 1). To decrease Doppler broadening, the windowless LN,-
cooled gas cell was used. The total raw measured linewidth is
0.13 cm~ ' and corresponds to a totally unprecedented raw resolving
power of 850,000. Once deconvolved from the theoretical instru-
mental linewidth, this spectrum yields a Doppler width of
0.095 cm ™' corresponding to a gas temperature of ~110 K. The
spectrum shown in Fig. 2 is the highest resolution spectrum, by a
factor of 6, ever published for the complete Rydberg structure of a
rare gas'®. Figure 3 shows the photoabsorption cross-section
spectrum of helium seeded in argon and cooled by the adiabatic
expansion obtained in the atomic beam. The contribution from
the cooled part appears as a sharp line (0.29 cm™' measured
width) on a broad pedestal corresponding to the room-temperature
background gas.

A major factor in spectroscopy is the absolute precision of the
energy scale. Because some of the angular parameters are not
known with the required accuracy, the ultimate intrinsic precision
of the FTS apparatus is in the range of 1x 107° to 2 x 10~°
without any external calibration, in other words, about two orders
of magnitude better than that for a grating-based spectrometer’.
To reach a higher level of precision, we used different reference
lines from the literature that have been measured precisely by
laser spectroscopy. Because of the linearity property of the Fourier
transform, the procedure of referencing to a single known spectral
line is always easy and direct. This is not the case for grating-
based spectroscopic methods, where it is necessary to have a set
of references distributed throughout the region of interest.
Following this procedure and using two reference laser-based
measurement lines!®, internal statistical uncertainty from run to
run was checked for the argon case on five different scans. The
resulting standard deviation on the measured position of the lines
was within 1 x 1077, a value that is consistent with the expected
line position uncertainties given by the empirical relation?

f w
O=—"=—""
/N SNR

where SNR is the signal-to-noise ratio, W is the linewidth, N is the
number of independent points per linewidth, and f is a constant of
the order of unity that is lineshape-dependent. Relative intensity
branching ratios can be accurately measured with the Fourier-trans-
form spectroscopy technique, with all wavelengths recorded at the
same time. This contrasts with the situation in a sequential instru-
ment, in which small drifts in the column density can ruin a
measurement covering a large spectral range.

Another important issue to be considered is the signal-to-noise
ratio in the spectrum. In absorption Fourier-transform spectroscopy,
the signal (that is, the depth induced by the spectral absorption line
under the local source level), depends on the spectral feature under
consideration through the ratio of the molecular linewidth to the
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instrumental resolution. Assuming that the interferogram noise is
white, the noise in the spectrum varies in proportion to the square
root of the number of interferogram samples. In other words, by
keeping the OPD sampling interval constant, the spectral noise
increases with resolution (this has been checked in experimental
spectra, with all other FTS settings being the same). In practice, this
means that it is necessary to trade off between instrumental resolution
and noise level to optimize the signal-to-noise ratio of a given spec-
trum?.. Although this is easily realized with Fourier-transform
spectroscopy, this property is not available, or only for a very
limited range, for VUV laser sources based upon four-wave mixing
for which the instrumental linewidth is fixed, as given by the
pumping laser, and not directly linked to the generated VUV flux.

1.5
e
S
 10]
o
X
c
o
3051
(]
o
|
(@)
0.0 o o ' " - ‘ \l"luu
196,500 197,000 197,500 198,000
Wavenumber (cm™)
//J lr\—,,
_— T
_— T
/// \%\,
b
“E 1.04
S
T 08
o
< 0.6+
§ 0.4
=
8 0.21
u'n
8 00— _ —
(@)
: g L
2 00
50 ‘
2 03] Ay
% 0.0- T T /Cjt\7 T T
196,956 196,958 196,960 196,962 196,964

Wavenumber (cm™)

Figure 3 | Helium photoabsorption cross-section using the free expansion
jet set-up. a, Absolute absorption cross-section of the Rydberg series of
helium converging towards the 1s "' (251/2) ionization threshold (n = 8-20).
b, Enlarged view of the 1s — 9p transition. The cross-section is fitted using
two Gaussian curves with two different FWHM corresponding respectively
to the cold (0.29 cm™") and room-temperature (1.24 cm™") contributions.
The room-temperature contribution has been set to 1.24 cm™" (convolution
of the theoretical Doppler width and instrument linewidth). The cold-
contribution linewidth is close to the instrument resolution for p =14,

0.25 cm™, its corresponding Doppler temperature being below 10 K. The
absolute cross-section is calibrated on the cold part considering theoretical
oscillator strength calculations from the literature?’.
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Table 2 | Level-to-noise ratio measured experimentally throughout the FTS range from 55,000 to 200,000 cm™ .

1

Position of the 55,000 65000 75000 85000 95000 110,000 120,000 130,000 145,000 165000 180,000 200,000
undulator peak

(cm™)

Level-to-noise ratio 970 565 465 245 175 230 225 205 250 215 230 165

The level is the maximum of the undulator spectrum; the noise is the corresponding r.m.s. amplitude. Each column corresponds to different central undulator energies. Results are normalized for 60 min of
integration time and a spectral linewidth 8o = 0.25 cm™". These figures take into account all experimental parameters, in particular the source emission and beamline transmission. The experimental noise

was estimated to be three times the photon noise limit.

To characterize the FTS instrument (including the source), Table 2
presents experimental noise data measured with various FTS and
source settings at the undulator peak. The noise data are referred to
the maximum source spectral level, as this scales the absorption
signal, and the result is presented in terms of level-to-noise ratio.
The FTS resolution is set to 0.25 cm ™, and the noise is reduced by
co-adding several spectra, corresponding to a total acquisition time
of 60 min.

As well as the wavenumber scale accuracy aspects and the ulti-
mate resolving power, level-to-noise ratio is an overall figure of
merit, with which it is interesting to compare Fourier-transform
spectroscopy with other broadband VUV absorption spectroscopy
techniques. In particular, we have been able to perform a direct
comparison with experimental data recorded using a high-resol-
ution state-of-the-art grating monochromator’ from the third-
generation synchrotron radiation undulator-based beamline
(DESIRS)®. To achieve the same given level-to-noise ratio and
moderate resolution (8o=13cm ') over a spectral range with
a width of 6,000 cm™", which is the typical bandwidth covered
by the FTS around 100,000 cm™ ', the recording time with the
monochromator is ~30 times longer than with the FTS. This
could appear paradoxical, as the wavefront-division interferometer
does not show an aperture advantage and is at best limited by
photon noise, like the grating spectrometer. The main difference
lies in the dead time (acquisition, electronics and mechanical)
between recorded points, which cannot be less than 0.5 s on the
DESIRS beamline, as in any existing scanning monochromator.
We should also mention the loss of flux on the monochromatic
branch due to the two extra reflections onto the pre- and post-focus-
ing mirrors of the monochromator. This spectacular gain is particu-
larly interesting when the spectroscopic information is very dense
and spread out through a large spectral domain, as in the case of
dense predissociative Rydberg states series?? and super-excited
states?® in the region of the different valence shell ionization
limits. Therefore, even in the case of ‘moderate’ resolution, the
FTS can be a unique tool. For instance, spectrum with a coarse
6 cm™ ' resolution and with a level-to-noise ratio of ~60 can be
recorded over the 7% bandwidth in 10 s, which is orders of magni-
tude faster than with existing scanning grating-based monochroma-
tors. This feature may give access to real-time spectroscopic probing
of slow chemical reactions, such as aerosols growing in smog
chambers or nanoparticles in solution.

We believe that this new Fourier-transform-based instrument,
because of its unprecedented resolving power, absolute line pos-
ition accuracy, very broad allowed domain and its effective very
high data acquisition efficiency, will soon lead to unique results
in gas-phase absorption spectroscopy over the whole VUV
range. Projects using the FTS are ongoing in relation to astrophy-
sics in the fields of cosmology?, interstellar media?® and planetary
atmosphere?, for which there is a crucial need for accurate high-
resolution laboratory databases with which to interpret airborne-
spectrometer and telescope data. Breakthroughs are also expected
in the study of the terrestrial atmosphere and combustion pro-
cesses, including the spectroscopy of radicals, as well as in
plasma physics. In principle, the FTS could also be applied to
emission spectroscopy for the study of highly ionized atomic
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states, provided that high-luminance VUV emission sources
are available.
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