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surement of the mixture ratio for
ADN-based liquid propellants using laser-induced
breakdown spectroscopy

Fangyi Wang, ab Shaohua Zhang, *a Xilong Yu,ab Xin Lin,a Jing Licd

and Yan Liu cd

Laser-induced breakdown spectroscopy (LIBS) experiments were carried out with an ammonium

dinitramide (ADN)-based propellant to measure its distribution, that is the mixture ratio, in an inert

atmosphere. A heating sampler was developed to produce a premixed sample with a known mixture

ratio and this was connected to a chamber that had been designed to simulate the space propulsion

environment. Determining the time window for the acquisition and saturation threshold of LIBS were the

main motivations to investigate the effective lifetimes of atomic spectral lines and the effect of laser

energy on the emission ratio. From the spectroscopic analysis, it was found that the ratio of the

intensities of H (656.3 nm), O (777 nm) and N (746.8 nm) over Ar (738.4 nm) increased monotonically

with the mixture ratio in the range of 0–0.06. A series of propellant/Ar mixtures with a pressure in the

region of 40–100 kPa were used to obtain a linear correlation between the intensity ratio of LIBS spectra

and the local mixture ratio. It was observed that the logarithm of the slope of the lines also showed

a linear correlation with the pressure. Considering that the current method was applied by necessity with

the given pressure, the local pressure was studied based on its dependence on the full width at half

maximum (FWHM) of H and Ar spectral lines. Consequently, the emission ratios of H/Ar, O/Ar and N/Ar

were utilized as a diagnostic tool to obtain the distribution of the propellant in the inert atmosphere. The

LIBS-based results not only provide fundamental data for the on-line measurements of ADN-based

thrusters, but also hold promise for promoting the application of LIBS in the field of energetic ionic liquids.
1. Introduction

Over the past decades, energetic ionic liquids have become
a new innovative research direction in the eld of space
chemical propulsion with a priority towards enabling tech-
nology for novel interplanetary vehicles and launchers. As one
of the most promising monopropellants to replace hydrazine,
which is currently the most widely used, ammonium dini-
tramide (NH4N(NO2)2, ADN)-based liquid monopropellants
have attracted much attention since ADN was rst synthesized
in 1971. The detailed properties of ADN are summarized in
Table 1, but the main characteristics include its low toxicity and
environmental friendliness,1,2 which suggest that ADN-based
liquid monopropellants can effectively match the in-space
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mission needs and help solve the drawbacks caused by hydra-
zine, such as its complex handling and testing procedures.

In general, ADN acts as a soluble oxidizer in ADN-based
propellants, which also contain ionic fuel and water (and
stabilizer sometimes). As a non-toxic and pollution-free mono-
propellant, ADN-based liquid propellants are already applied in
the eld of micro-thrusters with a solid catalyst.3–5 The technical
possibility and energy supply capability have also been veried
during the thruster's launching and ying in orbit. However,
there is a fatal problem in the current catalytic ignition that the
catalyst sinters, reduces and then deactivates in environments
with an adiabatic ame temperature. Many other ignition
Table 1 Basic properties of ADN

Density at 20 �C 1.81 g cm�3

Initial decomposed
temperature

160 �C

Melting point 91 �C
Molecular weight 124.056 g mol�1

Enthalpy of melting 140 J g�1

Oxygen balance +25.79%
Heat of formation �148 kJ mol�1

This journal is © The Royal Society of Chemistry 2021

http://crossmark.crossref.org/dialog/?doi=10.1039/d1ja00186h&domain=pdf&date_stamp=2021-08-30
http://orcid.org/0000-0002-8207-7161
http://orcid.org/0000-0002-2520-9754
http://orcid.org/0000-0002-2390-6783
https://doi.org/10.1039/d1ja00186h
https://pubs.rsc.org/en/journals/journal/JA
https://pubs.rsc.org/en/journals/journal/JA?issueid=JA036009


Paper JAAS

Pu
bl

is
he

d 
on

 2
1 

Ju
ly

 2
02

1.
 D

ow
nl

oa
de

d 
by

 S
oo

ch
ow

 U
ni

ve
rs

ity
 C

hi
na

 o
n 

8/
12

/2
02

2 
1:

55
:3

4 
PM

. 
View Article Online
approaches, especially the plasma-assisted,6–10 have been
utilized in recent years to break this restriction. Most studies
have used an inert gas atmosphere due to its low reactivity,
which makes it an ideal candidate given the complicated reac-
tions already caused by this mixture propellant. There are some
structural improvements proposed to initiate combustion or
stabilize the ame better. For the reason of a thorough reaction,
a swirling gas supply system, porous propellant supply system
and larger-scale discharge electrodes have been adopted to
enlarge the contact area between the plasma and propellant as
well as to prolong the reaction time, which have demonstrated
that mixing the propellant completely is bound to increase the
possibility of a successful ignition. It can be concluded that the
decisive factor affecting the experimental results is the distri-
bution of the propellant in the inert atmosphere. Therefore,
exploring the mixture ratio of the propellant and carrier gas is
essential during the thruster operation to evaluate the efficiency
of the propellant as well as to improve the propulsive perfor-
mance. Unfortunately, the distributions of the liquid propellant
or its reaction intermediates are still unclear due to the lack of
available information from accurate measurements during the
procedures of discharge, laser ablation and plasma interaction.
Hence, quantitative optical diagnostic techniques need to be
developed with an ability to perform high sensitivity and on-line
measurements.

As a non-intrusive diagnostic technique, laser-induced
breakdown spectroscopy (LIBS) allows measuring a mixture
composition, proportion and temperature.11–14 A focused pulsed
laser beam utilized, leading to the breakdown and the forma-
tion of laser-induced plasma. The elemental composition of the
test samples in any state can be identied based on their
ngerprint spectral lines collected by a spectrometer equipped
with an intensied charged couple device (ICCD) detector, while
the concentration of such elements can be quantied from the
intensity of the spectral lines. It is worth noting that the relative
intensity of the spectral emission lines is oen employed to
obtain quantitative information on the atomic species consid-
ering the effects of the instrument parameters and the subtle
variations of laser energy. LIBS can rapidly analyse samples in
Fig. 1 Experimental set-up.

This journal is © The Royal Society of Chemistry 2021
situ, no matter gases or liquids or solids, with minimal sample
preparation. It also has the potential for simultaneous multi-
elemental analysis with simple equipment and the capability
to measure in extreme conditions.15–17 These advantages make
the LIBS technique an attractive tool to measure the mixture
ratio, which is a challenging yet essential task in the eld of
combustion diagnostics.

Recently, the LIBS technique has been extensively applied to
determine the equivalence ratio18–21 in the eld of aerospace
propellants, mostly taking solid propellants as the target.22–27

The sensitivity of analysis in the bulk liquid remains a key issue
because most of the plasma energy is lost in vaporization of the
surrounding liquid and in the generation of a shockwave and
cavitation bubbles accompanying the breakdown.28 However,
some researches still focused on liquid samples due to the huge
potential that LIBS offers in a number of applications. As
a method most commonly used in the liquid phase, surface
LIBS is quick and straightforward without needing pre-
treatment of the sample. Mousavi et al.29 studied the plasma
emission of liquid benzene and carbon disulde based on
surface LIBS in air, but found the emission signal was affected
by the surrounding atmosphere. From the point of view of the
actual combustion conditions, the breakdown point cannot be
always guaranteed in the surface of a droplet. Hence many
researchers have taken the vapour as the object. For instance,
Nozari et al.30 applied LIBS in a quartz tube to characterize some
organic vapours at atmospheric pressure. However, this is not
suitable for the detection of ADN-based propellants because its
low volatility and the chemical reactions that may occur
between the components during evaporation. In addition to the
lab-scale chamber, Stützer et al.31 applied LIBS in hot ring tests
at the European research test bench P8 with hydrogen or
methane in the gas phase and oxygen in the liquid phase, which
were injected in to the bench in a non-premixed way. The
technical feasibility was demonstrated during the practical
application, admittedly, but differences between the liquid
oxygen and multicomponent propellant must be considered.
Examination of the aforementioned literature suggests that the
mixture ratio is a crucial parameter to assess the ignition
J. Anal. At. Spectrom., 2021, 36, 1996–2006 | 1997
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Fig. 2 Detailed structure of the sampler containing the propellant.

Table 2 Composition of the ADN-based liquid propellant

Component Proportion Role

NH4N(NO2)2 63% Oxidizer
CH3OH 11% Fuel
H2O 26% Solvent
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possibility. Aer all, an accumulation of the propellant close to
the wall and a short duration of premixing would mean the
propulsion system might be unable to start-up.

In the meantime, it can be seen that most studies rarely
involve ADN-based liquid propellants, which possess compli-
cated physicochemical properties due to the many components
they contain. There are still many challenges in carrying out
LIBS experiments, despite the strong engineering application
background of ADN-based liquid propellants as mentioned
above. In order to achieve a practical propulsion system, the
state of this propellant should be set as small droplets or in the
gasication state. Furthermore, the mixture ratio measured by
LIBS could be utilized in the combustion chamber or at the
outlet of the nozzle to evaluate the uniform area of the ow
eld. Owing to these issues, the use of the LIBS technique in the
eld of developing ADN-based propellants under propulsion
circumstances remains unproven, and given the corresponding
severe changes of the propellant concentrations both tempo-
rally and locally, further work is needed to: (i) establish a set-up
for a premixed propellant and carrier gas, (ii) develop calibra-
tion correlations spanning a wide range of working conditions,
(iii) investigate the precision of the results.

The present work was carried out in a chamber with
a constant volume for simulating the aerospace microthruster
environment. A heating sampler was designed to produce pre-
mixed samples and to obtain a precise mass ow rate of the
ADN-based propellant. In addition, to discuss assessing the
ignition possibility by ultra-high-speed imaging, this paper
explores the relevant set-up of LIBS and the calibration lines
between the intensity ratio and mixture ratio. The experimental
data possess great signicance to improve the performance of
propulsion systems, whereby the measurements could also be
references for the on-line diagnostics of propulsion system
based on ADN-based propellants, as well as for other energetic
ionic liquids.
2. Experimental

The experimental set-up for the LIBS-based mixture ratio
measurements is shown in Fig. 1, and was composed of three
parts, as described in the following.
2.1. Constant volume chamber and sample supplying
system

A stainless-steel ow chamber was designed for premixing the
samples for the LIBS experiments, as shown in Fig. 1. The
stainless chamber was equipped with optical accessible quartz
windows with a transmission range of 200–2000 nm on all four
sides. The chamber pressure could be adjusted in the 0–1 bar
range, as monitored by a high-precision pressure sensor.

Pure argon (99.999%) was introduced into the chamber and
monitored by a mass ow controller (CS200, SevenStar). Then
the argon gas entered the Teon-lined sampler with a 75 mL
volume and which contained the ADN-based liquid propellant.
The detailed structure of the sampler is displayed in Fig. 2. The
composition of the ADN-based propellant sample applied in
1998 | J. Anal. At. Spectrom., 2021, 36, 1996–2006
this experiment is listed in Table 2. The sampler was placed in
an oil bath assembly, which could be heated up to 300 �C with
dimethyl silicone oil inside. A premixed sample containing
a variable ratio of the vaporized propellant and argon supplied
from the sampler was slowly passed through the chamber. A
stable chamber pressure and dynamic balance of the premixed
sample were achieved through precise adjustment of the input
and by evacuation during the experiment.

It was noteworthy that a translucent pipe made of Teon was
used to connect the exit of the sampler and the entrance of the
chamber and this was kept as shorten as possible, making it
more convenient to check and avoid the accumulation on the
inner shell of the pipe. Besides, the application of the thermal
insulation belt with a self-limiting temperature in the exterior
pipe shell played a double-handed role in also maintaining the
identical state of the propellant from the sampler to the
chamber. A temperature measurement port was designed to
record the temperature of the ADN-based liquid propellant. A
temperature calibration curve was obtained in advance to
observe the correlation between the setting temperature of the
oil bath assembly and the internal temperature of propellant.
The latter was used as one of the normative variables during the
experiment.

The preheating temperature corresponded to the application
background of the ADN-based liquid propellant as mentioned
above. Accordingly, the temperature of the oil bath assembly
was set in the range of 30–100 �C, which is closer to the actual
working condition. The ow rate of argon was set at 0.2 Lmin�1,
while that of the propellant varied in the range of 0.28–2.62 g
This journal is © The Royal Society of Chemistry 2021
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h�1, corresponding to the mixture ratio in the 0.006–0.057
region based on eqn (1):

r ¼ MAr

Mpropellant

Fpropellant

FAr

(1)

where MAr is the relative atomic mass of Ar, Mpropellant is the
relative molecular mass calculated by the proportion of
components, and F represents the mass ow rate of argon gas or
the propellant. It may be noticed that the mass ow rate of the
propellant (Fpropellant) was obtained by the weight method,
which is commonly used in the space sector.
2.2. LIBS set-up

The LIBS signals of the ADN-based propellant/argon mixture
were generated from the excited atoms in the micro plasma,
which were created by focusing the second harmonic output of
a Nd:YAG laser (Quanta-Ray 190, Spectra-Physics) at 532 nm
with a output frequency of 10 Hz. The single pulse energy of the
excited laser was set as 140 mJ (�5 mJ), unless otherwise
specied. A quartz lens with a focal length of 125 mm was
applied to focus the laser beam. The emission of the plasma was
collected by a 30 mm focal length quartz lens in the perpen-
dicular direction of the laser. Then, the LIBS signals were
focused into the bre, which was positioned at the outer surface
of a side optical window with a diameter of 1 mm, and trans-
mitted into the spectrometer (HRS-500, Princeton Instruments,
Spectral range: 200–900 nm) with a 30 mm input slit. An ICCD
camera (PI-MAX4, Princeton Instruments) equipped with
a spectrometer was utilized, whose delay and width of the gate
were varied in the tests. The LIBS signals during testing were
averaged three times to obtain a good signal-to-noise ratio (S/N).

The grating efficiency of the spectrometer was calibrated by
a NIST standard traceable tungsten halogen lamp (63976, Oriel
Instruments), while wavelength calibration of the system pro-
ceeded with a standard Hg–Ar lamp.
Fig. 3 Corrected spectra with different delays.

Fig. 4 Ultrahigh-speed imaging and intensity curve of the emission
signal (no filter).
2.3. Ultrahigh-speed imaging set-up

Image visualization was achieved by an ultrahigh-speed framing
camera (Ultra UHSi 12/24, Invisible Vision Ltd), which was set
perpendicular to the laser. The camera was set up with fully
independent programmable exposures and delays down to 5 ns
and frame rates to 200M fps to visualize the morphology and
continuum radiation of the plasma. A camera lens (AF-S NIK-
KOR 50 MM F/1.8G) was equipped since the spectral window of
this camera was in the visible range. The output of the camera
was analysed with a computer data acquisition system.

It is believed that a combination of imaging devices and
optical lters with a narrow transmittance window for accurate
wavelength selection offers a cost-effective recording method
for analysing selective spectral images. Hence, with a bandpass
lter (central wavelength of 600 nm with 80 nm half-band
width, GCC-203004), the continuum radiation was observed
without interference of the spectral signal owing to the strong
groups of emission lines from the Ar ions (400–500 nm) and Ar
atoms (700–850 nm).
This journal is © The Royal Society of Chemistry 2021
Experimental synchronization was controlled through
a multi-channel digital delay pulse generator (DG645, Stanford
Research System). It was noted that the time scale in the
following text was unied, which took the laser arrival as time
zero.
3. Results and discussion
3.1 Evolution of plasma in the initial stage

Understanding the evolution of plasma at the initial stage,
when the continuum radiation plays a dominant role, can be
extremely helpful to monitor the conditions of the laser-
induced plasma and to correlate the plasma to the ablation
mechanism. The following discussion is based on the
continuum radiation and temporal shape of the spark in the
laser-induced plasma.

As Fig. 3 shows, the spectrum was mainly composed of
a strong continuum emission and superimposed ionic spectral
lines once the laser-induced plasma appeared. Then, the
intensity of the ionic spectral lines gradually decreased due to
the expansion, cooling effect and the recombination reactions
within the plasma. Meanwhile, the intensities of the atomic
J. Anal. At. Spectrom., 2021, 36, 1996–2006 | 1999
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Fig. 6 Relative intensities of the continuum radiation as a function of

Fig. 5 Ultrahigh-speed imaging and intensity curve of the continuum
radiation signal (with filter).
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spectral lines increased. It could be inferred that the atomic
spectral lines under the current experimental conditions mainly
came from the transitions of excited atoms formed by the
recombination of ions and free electrons based on the temporal
difference between the peak intensities of the atomic lines and
ion lines. It could be noticed that the drop around 532 nm was
caused by a notch in the lter.

The wavelength range from 560 nm to 640 nm in Fig. 3 was
selected using a bandpass lter to represent the continuum
radiation, as discussed earlier. A special set-up for ultrahigh-
speed imaging was applied to obtain the intensity of the
continuum radiation of the laser-induced plasma in this
experiment. Fig. 4 and 5 show the sequences for the temporal
development of the laser-induced plasma and its continuum
radiation with a total pressure, that is, vapor from ADN-based
propellant and argon gas, of 40 kPa and laser energy of 140
mJ per pulse, respectively. The acquisition of data with an
exposed gate width of 5 ns generally starts when the laser pulse
arrives in the chamber, as monitored by a silicon photodiode.
The rst set of images in Fig. 4 display the position of the spark,
indicating a stable ow eld in the chamber. The laser beam in
this experiment showed a Gauss prole, which led to the images
in Fig. 5, which show that the continuum radiation has a higher
value in the location nearer to the centre line of the laser inci-
dent direction. Although a decreasing trend could be clearly
observed in both sets of images, quantitative analysis was
proposed to explore the ignition possibility.

The intensity of the signal zone was calculated by summing
the value of each pixel and displaying this against time as
intensity curves in Fig. 4 and 5. The maximum laser intensity
and continuum radiation intensity appeared at 11.1 ns and 27.7
ns, respectively. Exponential decay tting was used to obtain the
relaxation time of the laser-induced plasma (no lter) and of the
continuum radiation (with lter), which were 8.1 ns and 21.8 ns.
The intensity of the continuum radiation with the bandpass
lter decreased more slowly in comparison to those observed
without a lter. It is worth noting that it was not possible to
distinguish all the continuum radiation from the spectra till the
2000 | J. Anal. At. Spectrom., 2021, 36, 1996–2006
delay of around 1 ms, as evidenced by the ame kernel not being
produced in all working conditions as the intensity could last
for 100 ms (ref. 32) with the chemiluminescence generated in the
ame kernel. This would usually be observed in a successful
ignition.

In the local thermodynamic equilibrium state, the
continuum radiation in plasma is a coupled result of Brems-
strahlung, recombination, and black-body radiation usually. It
is shown that Bremsstrahlung and black-body radiation
increased with a higher electron temperature, while the
recombination radiation presented the opposite effect based on
the following:33,34

Pbrf
1

l2Te
1=2

exp

�
� 1

Te

�
(2)

Pref
1

ðTeÞ3=2
exp

�
� 1

Tel

�
(3)

Pblf
1

l5 exp

�
1

Tel
� 1

� (4)

where Pbr, Pre, Pbl is the irradiance of Bremsstrahlung, recom-
bination and black-body radiation, respectively, Te is the elec-
tron temperature, and l is the wavelength.

Therefore, the Bremsstrahlung and black-body radiation
play dominant roles for over tens of nanoseconds aer the
the: (a) laser pulse energy, (b) gas pressure.

This journal is © The Royal Society of Chemistry 2021
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Fig. 8 Relaxation processes of the spectral lines of H, Ar, N and O
atoms in terms of the: (a) absolute and (b) relative intensity.
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breakdown with a high electron temperature. With a delay of 30
ns, as shown in Fig. 3, the intensity of the short waveband is
much higher than the long waveband in the spectrum accord-
ing to eqn (2)–(4), which was due to the atoms and molecules
produced by recombination reaction possessing a lower excited
energy. The recombination reaction becomes a more decisive
factor aer that due to its compensation effect on the collisional
process in plasma. The intensity of the continuum radiation
declined due to the combined effect of the Bremsstrahlung and
recombination reaction.

The intensity of continuum radiation depends on, in
particular, the chamber pressure and electron temperature
among many factors. Hence, the impact of laser energy and gas
pressure on the relative intensities of the continuum radiation
were investigated. As illustrated in Fig. 6, the time when the
maximum relative intensity of continuum radiation appeared
was kept at around 30 ns as the laser energy or gas pressure
rose. Meantime, the tted relaxation time, i.e., when the
intensity was reduced to 1/e of the peak, are also displayed, and
it can be seen that it changed little as the laser energy rose,
while it showed a decreasing trend with greater gas pressure
due to the more frequent collisions caused by there being more
particles. If the practical application requires higher pressure,
the relaxation time would get shorter with less possibility of
ignition. In addition, the relaxation time changed with pressure
linearly so that a predictive value could be obtained for other
conditions. Determination of the ignition state with a am-
mable sample based on LIBS is a necessary step before setting
up the experiment, as described in the following.

3.2 Temporal characteristics of atomic spectral lines

The spectral lines of atoms (Ha 656.3 nm, N–I 742.3 nm,
744.2 nm, 746.8 nm and O–I 777 nm) were collected by a spec-
trometer. A typical laser-induced breakdown spectrum of pre-
mixed ADN-based propellant/argon gas was recorded and is
shown in Fig. 7. The pressure was set at 40 kPa and the mass
ow rate was 2.62 g h�1.

The effective lifetimes of the emission lines of H, N and O
atoms were investigated by time-resolved LIBS technique to
Fig. 7 Typical spectrum of premixed and-based propellant/argon gas
in the LIBS experiment.

This journal is © The Royal Society of Chemistry 2021
determine the suitable experimental parameters. The total
pressure of gases was 70 kPa, while the gate width of ICCD was
programmed as 50 ns. Delay of the ICCD was set above 500 ns to
reduce the intensity of the continuum radiation. The time-
resolved intensities of the spectral lines of H, N and O atoms
are demonstrated in Fig. 8.

In Fig. 8(a), the colourized dotted curves are mono-
exponential ttings of four sets of data. The emission life-
times of the spectral lines could be derived directly from the
curves, which were �657 ns for H excited atoms with an upper
energy level of 3d, �1171 ns for Ar excited atoms with an upper
energy level of 3s23p5(2P3/2)4p,�828 ns for O excited atoms with
an upper energy level of 2s22p3(4S0)3p, and �384 ns for N
excited atoms with an upper energy level of 2s22p3(3P)3p in the
present LIBS experiment. Similar results were found in the work
of Camacho et al.35 and Cao et al.36 Obviously, the intensities of
the spectral lines were too weak to be detected when the data
acquisition started at 4 ms aer the impacting of the laser pulse.
Meantime, the variation of the relative intensities of the atomic
spectral lines were considered carefully while the decay
processes of the relative intensities of the spectral lines were
also investigated, as shown in Fig. 8(b). The decrease trend of
the relative intensity ratio was mainly due to the lower
concentration of N, H and O compared with Ar, which led to
a steeper reduction of the former. A better SNR (signal-to-noise
ratio) was observed with a delay greater than 1.6 ms according to
J. Anal. At. Spectrom., 2021, 36, 1996–2006 | 2001
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Fig. 9 Relative intensity ratios of the atomic emission lines of (a) H/Ar
(b) N/Ar (c) O/Ar as a function of the laser pulse energy for premixed
ADN-based propellant/argon gas.
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Fig. 3. Furthermore, the relative intensity ratios were almost
constant above 2 ms. The delay was thus set above 2 ms to avoid
the oscillation of the intensity ratio and as this would not affect
the equivalence ratio measurement. Combined with the life-
time of each atom, the time window was set in the region from
2 ms to 4 ms in the current LIBS set-up to maximize the SNR and
minimize the data jitter.

3.3 Effect of laser energy on the intensity ratio

In the LIBS technique, the temperature of the laser-induced local
plasma must be hot enough to dissociate the target molecules
into their constituent atoms. The right value of excited energy for
a specic molecule should be higher than its “saturation
threshold”, which is dened as the initiation point of the
intensity ratio in the relatively stationary region. The variation of
2002 | J. Anal. At. Spectrom., 2021, 36, 1996–2006
the intensity ratio is affected by the concentration of the detected
species, the plasma size, and the settings of the diagnostic
system, etc. In order to explore the effect of the laser energy on the
intensities of the spectral lines, the above-mentioned variables
were controlled under the same conditions in the current
experiment. The energy of the excited laser was in the range of
50–200 mJ per pulse and the total gas pressure was xed at 70
kPa. As shown in Fig. 9, the saturation threshold of ADN/Ar,
which is presented as inection point of the curve, was investi-
gated based on the relative intensities of H/Ar, N/Ar, O/Ar with
three different mixture ratios. Note that the signal intensities
were calculated by the peak area of the spectra.

It is suggested that the mixture in the probe volume displays
a saturation phenomenon when the laser energy is over 120 mJ
per pulse in Fig. 9. The values of H/Ar, N/Ar, O/Ar of the three
mixture ratios changed little within the laser energy from 120–
200 mJ per pulse. Therefore, the excited laser energy of a single
pulse was set as 140 mJ with a gate delay and width of 2 ms and 1
ms in the present work. This arrangement makes the LIBS signal
strong enough as well as keeps it apart from the continuum
emission of the luminous plasma. The specic value of the
saturation threshold is related to the experimental conditions
as discussed previously. Therefore, it is worth noting that the
saturation threshold increased by 20% as the gas pressure rose
to 100 kPa on account of the greater gas pressure leading to
a higher saturation threshold.

Despite the specic value related to the experimental
conditions, the production rate of different atoms could be
inferred from the trend of the saturation threshold. In Fig. 9,
the ratios of H/Ar, N/Ar, O/Ar decreased with the excited energy
as represented by the increase in H or N or O atomic emission
intensity gradually lagging behind the growth of Ar as the laser
energy was increased. Alongside the laser energy, the effect of
the mixture ratio on the saturation threshold was also investi-
gated. The transition energy from high to low of the emission
spectral lines in the present experiment followed the order:
H656.3 nm > Ar738.4 nm > N746.8 nm > O777 nm. In the volume of the
laser-induced plasma, atoms with a lower transition energy
have a greater odds of being excited. A greater mixture ratio
translates to a relative larger concentration of H, N and O atoms
and a relative lower concentration of Ar atoms. This means that
when the mixture ratio increased, an increment of laser energy
was necessary to accomplish the photoexcitation process of the
H atoms and the excitation for Ar atoms, which led to the
saturation threshold of H/Ar growing, as seen in Fig. 9(a).
However, N/Ar and O/Ar acted in an opposite way, as seen in
Fig. 9(b) and (c), for the same reason that indicated that the
increment of the relative concentration of the atomic species
had a great impact on the emission intensity. As a result, the
aforementioned trend can be utilized to infer the saturation
threshold with a certain state.
3.4 Linear correlation between the emission intensity ratio
and the mixture ratio

The emission intensity ratio of spectral peaks is correlated with
the relative concentration of the elemental composition at
This journal is © The Royal Society of Chemistry 2021
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a given mixture ratio condition. There can be some inherent
variability uncertainties associated with experimental repeti-
tions, especially due to uncertainties associated with the
mixture ratio measurements. However, it is clear that the
intensity ratio trends diminish the inuence of these sources of
variability. The relationship between the value of the relative
intensity and themixture ratio was measured in this chamber at
different pressures to simulate the microthruster combustion
state.

Here, the single pulse energy of excited laser was xed at 140
mJ. The LIBS emission of atoms was focused into the bre and
transmitted into the spectrometer with a delay and width of 2 ms
and 1 ms, respectively. The mixture ratio was in the range of 0–
0.06 and the pressure of the chamber was varied at 40, 55, 70, 85
and 100 kPa. The linear correlations between the emission
Fig. 10 Correlation of the mixture ratio with the relative intensity of
the ratios of: (a) H/Ar (b) N/Ar (c) O/Ar under different pressures.

This journal is © The Royal Society of Chemistry 2021
intensity ratio and the mixture ratio under different pressures
are presented in Fig. 10.

It was clearly shown that the lower the gas pressure, the
greater the slopes of the linear correlations, no matter whether
for H/Ar or N/Ar or O/Ar. In LIBS measurement, R2 (goodness of
t) is an important index for the linear correlation between the
mixture ratio and intensity ratio, and is used for assessing the
calibration model established from similar experiments.37,38

Fig. 10 shows that the R2 values of 15 tted curves were greater
than 0.96 mostly. It is important to compare the slope since
a higher slope indicates a higher sensitivity; therefore it is
important to ensure that the intensity ratio calibration exhibits
a higher sensitivity to variations in the mixture ratio to facilitate
its use as a detection tool. With Fig. 10, it can be concluded that
the H/Ar intensity ratio calibration was a better choice to
measure the mixture ratio compared to N/Ar and O/Ar. More-
over, the linear correlation could be extendable to other working
conditions as long as the emission spectral lines could be
detected. Taking a previous work carried out by Wada et al.39 as
an example, where the electric ignition characteristics of an
ADN-based propellant were studied based on the discharge
plasma, the mass ow of ADN-based propellant was 0.637 g s�1

with in an undersea level and in a vacuum condition, which
could be evaluated by the extension of the curve in Fig. 10.

More intuitive results can be deduced from Fig. 10 and
display the relationship between the slopes and gas pressures of
the discharge chamber in Fig. 11. The slope of the calibration
lines decreased with the pressure in the present LIBS experi-
ment, which was due to the particle densities as well as the
interactions increasing with the pressure. The quenching of
excited atoms was also intensied greatly by the increase in
pressure, while the intensities of the spectral lines were weak-
ened. Therefore, it is believed that the reduced variation of the
slopes originated from the increasing pressure.

As shown in Fig. 11, the linear correlation between the gas
pressure and the logarithm of the slope can be promoted to
a typical pressure region of the thruster chamber, 0.1–1 MPa
usually. The mass ow of the ADN-based propellant when
testing a practical thruster is much greater than the value of the
current lab-scale status. Consequently, the mixture ratio region
Fig. 11 Variation of the slopes of the calibration lines with the chamber
pressure.
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is not emphasized deliberately because it would not hinder the
promotion procedure of these linear correlations shown in
Fig. 10 to other working conditions.
3.5 Effect of the gas pressure on the FWMH of H and Ar

As a vital input parameter, the gas pressure should be deter-
mined to obtain the local mixture ratio based on the linear
correlation in the previous section. Obtaining information on
the gas pressure from the spectra directly would be a signicant
step in the process of performing in situ measurements. It is
known that the connement effect of ambient gas on plasma
increases as the gas pressure rises, which causes stronger
collisions and a higher electron density. So, the widths of the
spectral lines would go up for a plasma with increasing electron
density. The FWHM of the observed spectral lines was a convo-
lution result of natural broadening, instrumental broadening,
Doppler broadening and Lorentzian broadening (which
contains collisional broadening and stark broadening). Among
this, natural and instrumental broadening were xed by using
the same experimental apparatus. Doppler broadening is in the
form of a Gaussian prole, whose inuence is eliminated
during the deconvolution processing. Consequently, the varia-
tions of FWHM in different tests was mainly determined by the
Lorentzian broadening. Furthermore, the FWHM of spectral
lines varies with the gas pressure linearly according to the
Stern–Vollmer equation: uFWHM ¼ aP + b.

With a laser energy of 140 mJ per pulse and a mixture ratio of
0.057, the pressure dependence of FWHM of different spectral
lines was determined and the results are presented in Fig. 12.
Apparently, the FWHM of the spectral lines increased linearly
with the pressure as described by the Stern–Vollmer equation.
The curve of the H atom is applied more widely since it has
a steeper slope. However, H atoms are not contained in some
compounds; furthermore, H atoms have a greater chemical
reactivity than inert atoms. In order to make the linear corre-
lation more universal, a few FWHM from argon's spectral lines
were also assessed, given the inert gas barely affects the
chemical reactions. This means that Ar atoms that have long-
Fig. 12 Linear correlation between the full width at half maximum
(FWHM) of the spectral lines with the gas pressure when the mixture
ratio was 0.057.

2004 | J. Anal. At. Spectrom., 2021, 36, 1996–2006
lived emission spectral lines can be added to the ow eld to
be measured.

In general, although a higher R2 value is desirable, a greater
slope is a more signicant factor to ensure the intensity ratio
exhibits a better sensitivity to variations in the mixture ratio. It
also means that instead of the goodness of t shown in Fig. 12,
the slope should be taken into account rst. As a result, it may
be concluded that Ar811.5 nm with a greater slope of 0.0052 is
a better choice to obtain the local pressure in more common
cases.

Here, a procedure of applying the LIBS technique to diag-
nose the mixture ratio can be summarized as follows. First, the
time window of the acquisition and laser energy have to be set
to reasonable values according to Sections 3.2 and 3.3. Then,
the local pressure is analysed from the FWHM of the spectral
lines discussed in Section 3.5 as an essential precondition to
obtain the mixture ratio. The intensity ratios of the spectral
lines are obtained with further analysis of the spectra. Under
a certain pressure, the mixture ratio can also be determined
based on the linear correlation formula from Section 3.4. Note
that when the gas pressure and intensity ratio are not in the
range mentioned above, it could still refer to the extended line
discussed in Section 3.4.

4. Conclusions

The current study mainly focused on the quantitative
measurement of the mixture ratio with a premixed ADN-based
propellant/argon gas mixture under simulated space pro-
pulsion conditions. Both ultrahigh-speed imaging and laser-
induced breakdown spectroscopy (LIBS) were used to study
the state of the laser-induced plasma. It is desirable and
important to establish a linear correlation between the mixture
ratio within 0–0.06 and the relative intensity ratios for hydrogen
(656.3 nm)/nitrogen (746.8 nm)/oxygen (777 nm) to argon
(738.4 nm) under a gas pressure from 40 kPa to 100 kPa. The
salient conclusions drawn from this work are as follow:

(1) Continuum radiation and effective lifetimes were studied
to determine the acquisition time window of LIBS. It was
observed that the intensities of the continuum radiation would
not interfere with the LIBS signal till the delay at around 1 ms.
Hence a time window with a better SNR was dened combining
the effective lifetimes of the spectral lines.

(2) For the reliability of the data obtained from LIBS, the
impact of the laser energy on the emission ratio of the spectral
lines were investigated to gure out the saturation threshold.
Besides, it was evidenced that the transition energy of each
atom was related to the sequence of its production rate.

(3) The correlations between the mixture ratio of the
propellant/Ar and intensity ratio of H/Ar, O/Ar, N/Ar were ob-
tained and linearly tted. The slopes of the tted lines
decreased with the increase in the chamber pressure due to the
particle densities and the interactions were all increased, while
the quenching of the excited atoms was also intensied greatly
in the present LIBS experiment.

(4) For prediction of an unknown dataset, the mixture ratio
was better obtained from the H/Ar calibration than from O/Ar or
This journal is © The Royal Society of Chemistry 2021
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N/Ar due to the higher sensitivity; that is, the greater slope of the
tted lines.

(5) Determination of the pressure value was a prerequisite for
applying the linear correlation between the emission ratio and
mixture ratio. Considering the pressure dependence of FWHM
of the spectral lines, it was found that in addition to the tradi-
tional FWHM of the H656.3 nm atom, Ar811.5 nm was also a good
choice to infer the pressure with an improved universality.

To sum up, the fundamental data obtained here could be
a reference for the on-line quantitative measurements of
mixture ratios with ADN-based propellants, which is of great
interest for better understanding the detailed kinetics. Besides,
exploring the distribution state of ADN-based propellants by
LIBS allows great convenience to make targeted improvements
in the propulsion efficiency for further studies.
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