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A Study on REMPI as a Measurement
Technique for Highly Rarefied Gas Flows*

(Simulations and Its Fundamental Properties of
REMPI Spectra)

Hideo MORI**, Toshihiko ISHIDA**,
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and Tomohide NIIMI**

Nowadays, a non-intrusive measurement tool of thermodynamic variables with
high sensitivity is strongly demanded for analyses of highly rarefied gas flows. REMPI
(resonantly enhanced multiphoton ionization) is the most suitable technique for
measurement of gas molecules with very low density. In this study, to examine the
fundamental properties of the REMPI spectra, 2R+2 N2:-REMPI spectra including the
spectral broadening are calculated and compared with the experimental results. From
the calculated REMPI spectra, spectral lines adequate to measure temperature are
proposed, especially at relatively high temperature where the measurement error
becomes larger because of the overlap of the spectral lines.
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1. Introduction

Nowadays, analyses of highly rarefied gas flows
are strongly demanded for depelopment of vacuum
science and aerospace engineering. For example, to
diagnose material surfaces for ultra-high vacuum
devices, such as electropolishing and oxidation, we
have to examine not only static properties of amount
of gas molecules desorbed from solid surfaces, but
also behaviors of gas molecules interacting with these
surfaces such as energy transport processes. In the
space engineering, impingement of exhaust gas jets
from satellite thrusters on the solar battery panels or
antennae is also a serious problem including interac-
tion of very cooled gas molecules with these surfaces
and contamination of the exhaust gas molecules.

So far, mass spectrometers and Patterson probes
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have been used to measure number density of rarefied
gas flows, but these method cannot measure nonequili-
brium among internal (translational, vibrational, and
rotational) energy. This means that the molecular
energy transport processes between gas molecules and
solid surfaces cannot be examined precisely.

On the other hand, the necessity of non-intrusive
measurement of thermodynamic variables has
motivated the development of spectroscopic tech-
niques, such as electron beam fluorescence (EBF)®,
laser induced fluorescence (LIF)®, and coherent anti-
Stokes Raman scattering (CARS)®. These spectros-
copic methods have enabled to detect the nonequili-
brium in rarefied gas flows, because they are based on
internal energy distributions of gas molecules
obtained from the spectral profiles. Figure 1l shows
the applicable range of number density for several
optical techniques. Since these techniques are based
on the detection of fluorescence or scattering light,
even LIF, which is the most sensitive method among
them, is difficult to be applied to the rarefied gas flow
below 10" molecules/cm®.

For non-intrusive measurement with high sensi-
tivity, a REMPI (Resonantly Enhanced Multiphoton
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Ionization) technique is the most suitable, allowing
measurement of thermodynamic variables of highly
rarefied gas flows. In the REMPI technique, ions
excited to the ionization state from the ground state
by multiple photons are detected as a signal and its
spectra depending on the wavelength of laser beam
are analysed to measure temperature. In general,
photoionization of gas molecules using multiple
photons has very low transition probability. Using
REMPI method, however, high transition probability
can be established because gas molecules pass through
the resonance state before ionization.  Although
REMPI has been established as a detection technique
with high sensitivity for molecules such as N2 and
H: which cannot be directly excited to the resonance
state by one photon, an attention has been paid to
REMPI recently as a very sensitive measurement
technique for highly rarefied gas flows. In the case of
N3, the detection limit of 10° molecules/cm® for 2R+
2 REMPI®, and 10° molecules/cm® for 2R+ 1 REMPI®
have been reported (see the next chapter for meanings
of 2R+2 and 2R+1).

To apply REMPI to measurement of ther-
modynamic variables in highly rarefied gas flows,
fundamental properties of REMPI spectra have to be
examined, such as its dependence on temperature and
density of gas molecules. Moreover, it is also impor-
tant to determine which spectral lines are appropriate
for Boltzmann plot to measure rotational temperature
accurately. In this study, we develop the simulation
code of 2R+2 REMPI spectra considering Doppler
and collision broadening and laser linewidth, and
examine the fundamental properties of REMPI spec-
tra by the simulations. As a carrier gas we employ N2
which is the main constituent of air and one of the
main constituent of exhaust gas of satellite thrusters.
Firstly, a basic process of REMPI is described using
rate equations and the dependence of 2R + 2 N,-
REMPI signal intensity on laser flux is clarified.
Secondly, the calculation method for 2R + 2 N,-
REMPI spectra is presented considering the rotational
strength (two-photon Henl-London factor), the spec-
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tral broadening (Voigt profile and laser linewidth)
and so on, and the calculated spectra are compared
with the experimental ones measured on the center
line of the free molecular flow issued from a sonic
nozzle. Finally, we propose the spectral lines ade-
quate to measure temperature accurately by Boltz-
mann plot, especially at relatively high rotational
temperature where the measurement error becomes
larger because of the overlap of the spectral lines.
The selection of the vibration band is also suggested
to detect the signal with high S/N.

2. Theory of REMPI

2.1 Modeling of REMPI process
Figure 2 shows a model of a nR-+m REMPI
process in which molecules in the ground state are
excited to the resonance state by % photons, and then
they are ionized by m photons.
Rate equations for the REMPI process are given
by®

dXldt=—aX+(a+ k)R, (1)
dR/a’l’taXv(a"F/fo‘i‘kp‘|‘£)R, (2)
dCldt=BR, (3)

where X, R, and C are number density of molecules
at the ground, resonance, and ionization state, respec-
tively. @ is the n-photon stimulated absorption con-
stant, and B is the m-photon ionization constant.
They can be defined as a=0y"F" and B=00F™
respectively, if using laser flux F, the #n-photon
absorption cross section 85", and the #-photon ioniza-
tion cross section 8%, & is the one-photon, spontane-
ous emission constant of the resonance state, and % is
the spontaneous, irreversible decay constant of the
resonance state.

Assuming the population of resonant level is
constant”, from Eq.(2) R is given by

a

R= v Bt b )
Substituting R into Eq.(3) and assuming the condi-
tion @< g, ion current [ is given by

dac _  _af
Lo = BT ket s X
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XIS
=SV E 1 ot Fop, (5)

At the limit of the low laser flux (8% F"<K ko, kp), I is
given approximately by
X080 rnem

[ k0+ka+. (6)
When the population of the ground state X is con-
stant, I depends on F**™. On the other hand, when the
laser flux is moderately high under the condition of
negligible depletion of the ground state and it is
assumed that 8%’ F™>ky and kp, I leads to the follow-
ing,

Tx X6 F*, (7)
showing the dependence of I on F". In this case, since
the REMPI spectra reflects only the #—photon transi-
tion from the ground state to the resonance state!”,
this leads to easier analysis of the REMPI spectra for
the measurement of rotational temperature.

2.2 N:-REMPI

In this study, nitrogen is used as carrier gas to -

examine the fundamental properties of REMPI,
because it is the main constituent of air and one of the
main constituent of exhaust gas components for satel-
lite thrusters. For N,-REMPI, three types of
schemes, 2R+2, 2R+1 and 3R+1, have been reported,
and the former two schemes have been widely em-
ployed. Ground-level molecules are excited to the
a'lly (the Lyman-Birge-Hopfield system) and the
a2y state for 2R+2 and 2R+1 REMPI, respective-
ly. In the latter case, in addition to high sensitivity,
only the Q branch is enhanced because of a '35 —'>0%
transition for linearly polarized light, leading to easy
assignment of the spectra. Moreover, as the
rotational transition strength is independent of J, it is
easy to measure rotational temperature from the
spectra. However, since 2R+1 N,-REMPI needs a
laser source whose wavelength is around 200 nm, a
complicated optical system including a frequency
tripled dye laser has to be provided. Further, there is
a problem that the intensity of laser beam will
decrease, because Oz molecules in air have absorption
lines around 200 nm. In this study, therefore, we
employ 2R+2 N,~REMPI because of its easy optical
arrangement and no consideration of O:-absorption.

3. Simulation of REMPI Spectra

3.1 Spectral line intensities of REMPI

When the laser power is constant, the rotational
line intensity in REMPI spectra is given by®®

17, 7=Cg(J")S, I")exp(— Erot/kTrot). (8)
In this equation, C is a constant independent of the
rotational quantum number J, including Franck-Con-
don factor, laser flux, number density of the mole-
cules, and so on. g(J”) is the nuclear statistical factor.
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Table 1 Two-photon Honl-London factors of N, for the
a'Tlo—X'2% transition using linearly polarized

light
Branch S(J,J"
0 (AJ=-2) M@O)J"(J" —2)/15(2J" — 1)
P (AJ=-1) M(P)(J"+1)/30
Q (AJ=0) M(Q)(2J" +1)/10(2J" — 1)(2J" + 3)
R (AJ=1) M(R)J"/30
S (AJ=2) M(S)(J"+1)(J" +3)/15(2J" + 3)

For N¥ ¢(J”) is 3 and 6 for odd and even J”, respec-
tively. S(J’,J”) is the rotational transition strength
(two-photon Honl-London factor), which depends on
the electronic angular momentum £2 about the inter-
nuclear axis and on the polarization (linear or circu-
lar) of laser beam. In Tablel, two-photon Honl-
London factors for the a'lls—X'2} transition by
linearly polarized light®-“V are listed. The M(O)-
M(S) in Table 1 are the transition dipole factors given
by products of the electronic dipole transition
moments, and they depend on the kind of the
branches. However, since they are independent of J,
they can be considered as constants® when the spec-
tral lines of REMPI in the same branch are analysed.

The exponential term in Eq.(8) is the Boltzmann
factor originating from the rotational population; £
is the Boltzmann’s constant, Tro¢ the rotational tem-
perature, and Er: the rotational energy. Plotting
_In([/gS ) versus Er:/k according to the above equation,
rotational temperatures can be easily derived from its
slope — Tro: ! (Boltzmann plot). Instead of the Boltz-
mann plot, rotational temperature can be also mea-
sured by best fitting of the simulated spectra to experi-
mental ones.

3.2 Intensitiy of vibrational bands

In this study, we use (1, 0) band to examine the
fundamental properties of the N,~-REMPI signals and
to compare with the experimental ones®?. The (1, 0)
band basically shows the same properties as another
band, e.g., (2, 0) or (3, 0) band. For detection of the
N,-REMPI signal with a high ratio of signal to noise,
however, it is desirable to select the most intense
vibrational band, leading to accurate measurement of
the rotational temperature. The relative strength of
the REMPI signal among vibrational bands depends
on the Franck-Condon factor, which is included in C
of Eq.(8). For (1,0), (2,0), (3,0), and (4, 0) bands, the
Franck-Condon factors for the a< X transition are
0.1155, 0.1707, 0.1832, and 0.1600, respectively®®.
Therefore, it is better to use (2, 0) or (3, 0) band for
N,-REMPI experiments.

3.3 Effects of line broadening

Actually, no spectral lines in experimental

REMPI spectra are monochromatic. The spectral
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lines are broadened by collision and Doppler broaden-
ing and the laser linewidth. Therefore, to examine the
effects of these broadening and the spectral overlaps
on the Boltzmann plot, we have to calculate the
REMPI spectra considering these effects. Also, for
temperature measurement using the best fitting
instead of the Boltzmann plot, these broadening
should be considered. The Voigt profile®* is employed
for the each line to calculate the effects of both
collision and Doppler broadening. Then the convolu-
tion of these line broadening and the laser profile is
calculated to simulate the realistic REMPI spectra.
Voigt profile is given by :

__ ¥ *_exp(—t?)
o [, )
where x and y are defined by
o AVC
y*—duo“/ln 2, (10)
_ V=W
T="7 " JIn2. (11

Vo is the resonance frequency of the absorption line.

Aye and dyp in Egs.(9)-(11) are collision and
Doppler width (full width at half maximum:
FWHM), respectively14-(9,

4. Results and Discussions

4.1 Comparison of calculated spectra to experi-
mental ones

4.1.1 Conditions of experiment and simulation
We compared the calculated REMPI spectra with the
experimental ones*? to check whether the simulation
method mentioned in the previous chapter is appropri-
ate. The experimental spectra is measured at the
centerline of the free molecular flow issued from a
sonic nozzle. To simulate the REMPI spectra in the
free molecular flow, it is necessary for calculation of
Voigt profile to obtain translational temperature and
pressure in advance. Both values are determined from
isentropic flow relations through Mach number along
the centerline of the jet®®, which is calculated from
the empirical equation given by Ashkenas and
Sherman”. The stagnation pressure and the temper-
ature are kept at 3750 Torr and 300 K, respectively.

The input laser intensity profile is assumed to be
gaussian, and the laser linewidth is decided to be 1.4
cm™' by fitting the calculated spectra to the experi-
mental one (Fig.3) at S(1) and S(2), considering the
collision and Doppler broadening.

The experimental REMPI spectra and the calcu-
lated ones shown in Figs.3 and 4 are obtained at
z/D=17 and 83, respectively. The spectra at the
bottom of these figures are calculated at 16.2 K and
7.5K which are deduced from the Boltzmann plot
(Fig.5) of the peak values at S(1), S(2), S(3) and
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Fig. 3 Experimental spectrum at z/D=17 compared with
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S(4) of the experimental spectra.

4.1.2 Effect of collision and Doppler broadening
At z/D=17 as shown in Fig. 3, the Mach number M,
the translational temperature 7, and the pressure p
at the focal point result in 11.2, 11.4 K, and 4.05 % 107*
Torr, respectively. Under these condition, the
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collision and Doppler width are dv.=1.50X10"cm™
and dvp=3.22%X10"2cm™". On the other hand, at x/D=
83 (Fig. 4), M.=21.3, T:»=3.26K, and p=5.01x10~"
Torr, Ave=3.47x10""cm™ and Avp=1.72X10"?cm™".
Therefore, in the REMPI spectra at low pressure, it is
found that the effect of collision broadening is negli-
gible. Further, at very low temperature, since the
effect of Doppler broadening also becomes small, the
broadening of these REMPI spectra is caused mainly
by the laser linewidth (1.4 cm™).

4.1.3 Comparison between calculated spectra
and experimental ones Figures 3 and 4 show that
the calculated spectra agree well with the experimen-
tal ones, except the relative strength of S(1) and S(2)
in Fig. 3. This is because the relative strength of S(1)
and S(2) changes critically at very low rotational
temperature. Therefore, small error in the deduced
temperature causes incorrect relative strength of S(1)
and S(2) in the calculated spectra from the experi-
mental one. As shown in Fig.5, at x/D=17, the
plotted data deviate from the line fitted by the least
square method, so the rotational temperature deduced
by the Boltzmann plot may have an error.

It can be seen in Fig. 3 or 4 that relative intensity

of two spectral lines each belonging to different -

branches is incorrect, for example, Q(1) and P(2).
This may be caused by no consideration of difference
between M’s for two branches. Normally, there is no
problem because spectral lines belonging to the same
branch are used for Boltzmann plot. It should be
noted that, when using the fitting method to measure
temperature, M values have to be deduced experimen-
tally in advance, comparing the experimental spectra
with theoretical ones calculated at known tempera-
ture.
4.2 Properties of N,~-REMPI spectra and selec-
tion of spectral lines
In this study, the fundamental properties of
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Fig. 6 Simulated REMPI spectrum at Tr:=20 K (laser
linewidth: 1.5cm™)

REMPI spectra such as the dependence on the temper-
ature and the pressure are clarified by the simulated
spectra. Moreover, spectral lines adequate to mea-
sure the rotational temperature are selected. We
assumed that the translational and rotational temper-
ature are equal for the spectra in this section. As
shown in previous section, the effect of collision
broadening is very small for rarefied gas flows, so the
collision broadening is ignored for the spectra shown
in this section.

Figures 6, 7, and 8 are simulated 2R+2 N,-REMPI
spectra for (1, 0) band. The laser linewidthis1.5cm™,
and the rotational temperature 7. is 20 K, 120 K, and
300 K, respectively. The lower part of each figure
shows the REMPI spectrum. The horizontal axis
shows the wavelength of the laser and the vertical
axis shows the relative intensity normalized by the
maximum. The upper part is a Fortrat diagram

‘'showing the wavelength of each absorption line. In

this diagram, the vertical axis shows the rotational
quantum number J” of the ground state.

As shown in Fig. 6 at Tr: =20 K, only the spectral
lines corresponding to low rotational levels (J”<5)
appear at extremely low temperature, and these
abosorption lines have no overlap with another line.
Therefore, lines S(1), S(2), S(3) and S(4) are suitable for
the measurement of temperature by the Boltzmann
plot.

For Ty:>100 K, however, since spectral lines
become crowded, it is difficult to measure the spectral
intensity because of overlap with other lines. In this
case, therefore, Boltzmann plot using these lines
becomes incorrect. As seen in Fig. 7 for T5:=120 K,
spectral lines of higher rotational level appear, and
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1r T,,=300K —°—0 7]
- 1 —a—Pp A
— 0.8k P(7) 1.5cm ——Q -
5 0 o(s)|  0(19) ——R |
<

= 0.6f pa2)\ 00D TS
2 1 \ 0(12) o(14)]
E 0.4 \LO(13)/ ]
0.2 J .
O . A -

283 2832 283.4 283.6 283.8 284

Wavelength[nm]

Fig. 8 Simulated REMPI spectrum at 770: =300 K
(laser linewidth: 1.5¢cm™)

the lines near the band head have overlap with
another line. If using the S(1), S(2), S(3) and S(4) to
measure rotational temperature, we obtain 134.9 K in
spite of the use of the calculated spectra. This error
is mainly attributed to that S(12) and S(11) lines
coincide with S(3) and S (4), respectively, as shown in
the Fortrat diagram (see Fig. 7). Therefore, S branch
cannot be used to measure temperature above 100 K.
Instead of S branch, O branch including O (5), O(10), O
(11) and O(12) is suitable for the measurement of
rotational temperature, because these lines separate
from any other lines. We deduce rotational tempera-
ture from the Boltzmann plot using these lines in this
calculated spectra (Fig.7) and can evaluate the tem-
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perature of 120.0 K. In the experimental condition of
low S/N, however, there may be a large error in the
measured temperature, because the effect of the noise
becomes larger at O(11) and O(12) lines whose inten-
sities are relatively low. In this case, the fitting
method may be appropriate for the measurement of
the rotational temperature.

In the range of a rotational temperature near 300
K, Boltzmann plot using spectral lines of O(5), 0(10),
0O(11) and O(12) also can be used. In this case (See
Fig. 8 at Tr:=300 K), since intensity of O(13) and O
(14) becomes large and these lines are also separated
from any other lines, by using these lines additionally
for the Boltzmann plot, it is possible to measure
rotational temperature more accurately.

We think that integrated intensity values of the
spectral lines should be used for the Boltzmann plot.
When the effect of overlap of the spectral lines is
large, however, the overlap causes errors for the
integrated intensity of the lines. As mentioned above,
rotational temperature deduced by Boltzmann plot
using the simulated REMPI spectra indicates more
accurate one when using spectral peak intensity
instead of integrated one. In this study, therefore,
peak intensity of the spectral lines is used for the
Boltzmann plot.

5. Conclusions

In this study, the theory of REMPI and the typical
features of N,-REMPI spectra for highly rarefied gas
flows were described, and the calculation method for
the REMPI spectra was presented, considering two-
photon Honl-London factor, Franck-Condon factor
and the spectral broadening. Following concluding
remarks are obtained.

1. To examine the fundamental properties of the
REMPI spectra, 2R+2 N,-REMPI spectra were cal-
culated and compared with the experimental ones
successfully.

2. When rotational temperature is measured by the
use of 2R+2N,-REMPI spectra through the
Boltzmann plot, S branch is better for low tempera-
ture (near 20 K).

3. For relatively high temperature (>120 K), using
S branch for the Boltzmann plot induce some error of
temperature because the lines belonging to S branch
overlap each other. In this case, O branch is more
suitable for the measurement of rotational tempera-
ture.

In this study, the vibrational band of (1, 0) is used
to elucidate the fundamental properties of the
REMPI. For the high S/N measurement, however,
(2, 0) or (3, 0) band may be better because they have
larger Franck-Condon factors than (1, 0) band.
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