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Abstract The plasma characteristics of carbon-doped
glycidyl azide polymer (GAP) are investigated ablation by
nanosecond laser pulses. For the GAP energetic liquid, a
specific impulse of 840 s and an ablation efficiency up to
98% are obtained, which can be attributed to the low mass
loss owing to the carbon doping. A comparison between
the chemical energies shows that the carbon-doped GAP
provides better propulsion than pure GAP. This indicates
that even for an energetic liquid, an efficient approach to
enhance the thrust performance is to reduce the splashing.
High ablation thrust could be achieved at a low laser
fluence and high carbon content.
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1 Introduction

The laser plasma thruster, a new micro-propulsion
technology device, can be employed for space, sea, and
various other applications [1-4]. In laser plasma propul-
sion, the interaction process is related with the propellant
states and properties. Therefore, ablation propellants have
to be extensively analyzed. The coupling coefficient
depends on the state of the propellant; it is only tens of
dyne/W for solid propellants [5]. Liquid propellants can
provide a high coupling coefficient; however, it will be
accompanied with a low specific impulse [6]. In order to
simultaneously obtain a high coupling coefficient and high
specific impulse, liquid propellants can be doped with solid
absorbers. After the doping, the liquid is similar to a jelly
and exhibits both liquid and solid properties [7,8]. In
addition, by investigating the properties of propellants,
energetic liquids have been recently proposed [9,10]. For

Received July 21, 2017; accepted December 7, 2017

E-mail: zhyzheng@cugb.edu.cn

example, glycidyl azide polymer (GAP) has been attracting
a significant attention owing to its high viscosity and stored
chemical energy, which can be released during the laser
ablation process and can significantly improve the ablation
efficiency [9]. Furthermore, based on the chemically stored
energy and laser energy, a hybrid thruster system can be
developed. Shadowgraph images of liquid carbon-doped
GAP have revealed that the splashing behavior was almost
avoided and that the specific impulse was improved to
hundreds of seconds [8,11]. However, the dependence of
the thrust as a function of the laser fluence and carbon
content has not been yet extensively studied.

In this study, a liquid GAP doped with carbon black is
ablated by nanosecond laser pulses. Based on the target
momentum and mass loss as well as ablation pressure, the
plasma thrust characteristics are analyzed for different laser
fluences and carbon contents. In particular, the coupling
coefficient, specific impulse, and ablation efficiency are
measured. The origin of the high specific impulse and
ablation efficiency is discussed. The energetic liquid
polymer is promising for laser plasma propulsion applica-
tions.

2 Experimental methods

The container employed in the experiment is an aluminum
cuboid with dimensions of 4 mm x 5 mm X 8 mm. A
cavity with a depth of 1.5 mm and a diameter of 1.5 mm in
the cuboid is used to hold the liquid GAP. A beam splitter
is used prior to the irradiation of the GAP by the laser
pulse. One part of the energy is incident on the energy
meter (for monitoring purposes), while the other part is
focused by a lens (=200 mm, ® = 50 mm) into the bottom
of the cavity. The employed laser pulse has a wavelength
of 1064 nm. The laser pulse duration is 10 ns, and the
maximum laser pulse energy is ~ 500 mJ at a wavelength
of 1064 nm. The target velocity is measured by a photo-
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electric device [12,13]. As shown in Fig. 1, a He-Ne laser
beam is used as the probe beam, which is reflected by two
mirrors and provides two probe beams. After the laser
ablation, two signals are recorded by an oscilloscope. The
target velocity is calculated as the ratio between the
distance between the two beams (A/) and time delay (Af)
between the two signals. In addition, the transient pressure
during the laser ablation is monitored using a commercial
force sensor with a precision of ~ 0.05 N. The force sensor
is mounted behind the target. The pressure force signal is
recorded by the oscilloscope; the value of the pressure can
be calculated using the signal amplitude.

3 Results and discussion

Carbon black (with particle diameter in the range of 100—
130 nm) is added to the liquid GAP to produce the liquid
propellant. Before ablation, the composite liquid is
dispersed by a magnetic stirrer for 10 min to prevent
agglomeration. The value of the mass loss, caused by one
laser pulse ablation, is directly measured by a balance with
a precision of 0.01 mg. The carbon contents are 0, 5, 10,
15, 20, 25, and 31 wt%; 31 wt% is the highest realized
content of carbon at the employed experimental condi-
tions.

Owing to its exothermic decomposition, GAP has a high
ablation efficiency and requires a low incident laser
intensity to induce the plasma formation [9]. The
dependences of the coupling coefficient, specific impulse,
target momentum, and mass loss as a function of the laser
fluence are shown in Fig. 2. It shows that the laser fluence
has a significant effect on the thrust performance. With the
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increase of the laser fluence from 3 to 15 J/cm?, the
coupling coefficient decreases from 323 to 189 dyne/W,
while the specific impulse increases from 2.5 to 9.6 s.
These values of the coupling coefficient and specific
impulse are very close to those that correspond to non-
energetic liquids such as water and glycerol [7]. The
coupling coefficient is defined as the ratio between the
target momentum and incident laser energy, while the
specific impulse is the ratio between the target momentum
and mass loss. An inversely proportional relationship
between the coupling coefficient and specific impulse is
observed, which agrees with the theoretical prediction
[14].

On the other hand, with the increase of the laser fluence,
the target momentum increases from 9.7 to 28 g-cm/s. The
mass loss caused by one laser pulse is several milligrams.
Owing to the plasma shielding effect, even for high
fluences, larger than 8 J/cm? the mass loss is almost
unchanged. The residual volume in the container shows
that the GAP is almost consumed during the process.
Instead of being ionized into plasma, most of the GAP is
not ionized and it is splashed into droplets during the
plasma expansion. According to the definition of the
specific impulse as the ratio between the target momentum
and mass loss, a high mass loss implies a low specific
impulse. Furthermore, this indicates that the splashing is
the dominant contribution to the thrust, compared with the
chemical energy released from the decomposition.

In order to evaluate the effect of the carbon black on the
ablation, experiments were performed at different carbon
contents, at a fluence of 15 J/cm® as shown in Fig. 3. It
shows that the coupling coefficient and specific impulse
are sensitive to the carbon content. The coupling
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Schematic of the experimental setup with two crossing beams for the measurement of the target velocity
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Fig. 2 C,, (coupling coefficient), I, (specific impulse), target
momentum, and mass loss as a function of the laser fluence for
ablation of pure GAP
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Fig. 3 Dependences of the C,, (coupling coefficient), Iy, (specific
impulse), momentum, and mass loss as a function of the carbon
content for a laser fluence of 15 J/em®

coefficient decreases from 189 to 15 dyne/W, with the
increase of the carbon content from 0% to 31%. However,
the specific impulse exhibits an increasing tendency; it
begins to rapidly increase to a value of 800 s for contents
larger than 5%. The highest value of ~ 840 s is obtained for
a carbon content of 15%. Compared with the pure GAP

(Fig. 2), which provides a mass loss of several milligrams,
for the carbon-doped GAP, the mass loss is decreased to
~ 0.02 mg (Fig. 3). The mass loss is almost inversely
proportional with the specific impulse. As the specific
impulse is determined by the target momentum and mass
loss, a more rapid decrease of the mass loss, compared with
that of the target momentum, yields a high specific
impulse.

It is known that the penetration depth is strongly
dependent of the carbon content. If the carbon content is
larger than 31%, the laser pulse cannot penetrate the GAP;
it only reaches the GAP surface. The plasma will be
induced on the surface. In this case, the laser intensity is
lower than that at the focal point. The intensity, in turn,
influences the ablation thrust. In order to confirm this
statement, we performed an experiment to reveal the
dependence of the ablation pressure as a function of the
focal position, as shown in Fig. 4. Different focal positions
are obtained by changing the position of the focal lens; the
zero position corresponds to the focal point at the cavity
bottom and the position of 1.5 mm corresponds to the case
where the laser pulse is focused on the target surface. It can
be noticed that the ablation pressure has its maximum
value of ~ 1800 mN at the position of 0.5 mm. The position
values indicate that an efficient ablation will occur when
the plasma is induced within the liquid, which is referred to
as a confinement ablation. The GAP volume is important
for the confinement ablation. Owing to the confinement
type of ablation, a high ablation pressure and high coupling
coefficient can be obtained. If the focal position is further
away from the surface (e.g., at 2.0 mm), the laser pulse
starts to defocus and a low ablation pressure is provided. In
addition to the carbon content, the maximum pressure is
also related with the laser energy, lens’s focal length, and
incident laser wavelength.

Using the target momentum mAv, the coupling coeffi-
cient C,, can be expressed as [15,16]
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Fig. 4 Dependence of the ablation pressure as a function of the
focus positions for carbon-doped (5%) GAP. The position of zero
corresponds to the cavity bottom, while the position of 1.5 mm
corresponds to the target surface
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mAv
C, = z

where E is the incident laser energy, £ is the thrust, and P is
the incident laser power. Then, the specific impulse /g, can
be expressed as

I8 = ve = C,, Q" [em/s], )

where vg is the exhaust velocity, and Q is the specific
ablation energy. Using Eq (1) and (2), the ablation
efficiency 7, defined as the efficiency of conversion of
the laser energy into exhaust kinetic energy, can be written
as

F
= — [dyne/ W], (1

1 1
n==Cuvg = Egocm[sp (3)

2

It is obtained that the ablation efficiency is determined
by the coupling coefficient and specific impulse.

The dependence of the ablation efficiency as a function
of the laser fluence and carbon content is shown in Fig. 5. It
can be noticed that the efficiency is sensitive to both carbon
content and laser fluence. With the increase of the laser
fluence, the efficiency increases and then it reaches the
maximum value of ~ 11% at 11.4 J/cm?. For fluences
higher than 15 J/cm?, the efficiency decreases. It is
believed that the plasma shielding effect reduces the
ablation efficiency. For the GAP energetic propellant, the
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Fig. 5 Dependence of the ablation efficiency as a function of the
(a) laser fluence for pure GAP and (b) carbon content for a laser
fluence of 15 Jem?
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energy provided by decomposition has no evident effect on
the thrust performance; the obtained thrust effect is similar
to that of a non-energetic propellant. This indicates that the
performance is mainly determined by the physical proper-
ties such as flowability and viscosity; the energy supplied
by decomposition has a minor contribution.

A comparison of the effects of laser fluence and carbon
content on the ablation efficiency shows that the carbon
content can provide significantly larger ablation efficiency
than that provided by the laser fluence; an efficiency of
~ 98% is obtained at a carbon content of 15%. This means
that the carbon doping is an efficient method to improve
the ablation efficiency. With the increase of the carbon
content, the laser focal position and laser intensity vary.
When the plasma is induced on the GAP surface, the mass
loss has its minimum value, while the specific impulse and
ablation efficiency have the highest values.

4 Conclusions

The energetic GAP liquid was ablated and characterized
during the nanosecond laser pulses ablation. It was shown
that the carbon doping is more efficient than the laser
fluence for the improvement of the thrust performance. A
specific impulse of up to ~ 840 s was achieved, owing to
the low mass loss for a high carbon content. However, the
chemical energy which is released from GAP has no
evident effect on the performance, and it has even a similar
value to those of non-energetic liquids. For all liquid
propellants, splashing always accompanies the ablation
process. This indicates that the thrust performance can be
improved by reducing the splashing volume, by doping
with absorbers, or by increasing the viscosity. For the
doping with carbon black, the agglomeration of carbon
nanoparticles will affect the thrust, hence it should be
prevented in future studies.

Acknowledgements This project was supported by the Fundamental
Research Funds for the Central Universities of China (Nos. 53200859165,
2562010050), and by the National Natural Science Foundation of China
(Grant No. 11504337).

References

1. Luke J R, Phipps C R, McDuff G G. Laser plasma thruster. Applied
Physics A, Materials Science & Processing, 2003, 77(2): 343—348

2. Ahmad M R, Jamil Y, Saeed H, Hussain T. A new perspective of
ablative pulsed laser propulsion: study on different morphologies of
nano-structured ZnO. Laser Physics Letters, 2015, 12(5): 056101

3. Fardel R, Urech L, Lippert T, Phipps C, Fitz-gerald ] M, Wokaun A.
Laser ablation of energetic polymer solutions: effect of viscosity and
fluence on the splashing behavior. Applied Physics A, Materials
Science & Processing, 2009, 94(3): 657-665

4. Phipps C, Luke J, Lippert T, Hauer M, Wokaun A. Micropropulsion
using a laser ablation jet. Journal of Propulsion and Power, 2004, 20



I1.

12.

14.

15.

Jing QI et al. Plasma characteristics of energetic liquid polymer ablated by nanosecond laser pulses 265

(6): 1000-1011

. Zheng Z Y, Zhang J, Zhang Y, Liu F, Chen M, Lu X, Li Y T.

Enhancement of coupling coefficient of laser plasma propulsion by
water confinement. Applied Physics A, Materials Science &
Processing, 2006, 85(4): 441443

. Zheng Z Y, Zhang S Q, Liang T, Gao L, Gao H, Zhang Z L.

Characteristics of droplets ejected from liquid glycerol doped with
carbon in laser ablation propulsion. Chinese Physics B, 2016, 25(4):
045204

. Zheng Z Y, Liang T, Zhang S Q, Gao L, Gao H, Zhang Z L.

Ablation of carbon-doped liquid propellant in laser plasma
propulsion. Applied Physics A, Materials Science & Processing,
2016, 122(4): 317

. Fardel R, Urech L, Lippert T, Phipps C, Fitz-gerald ] M, Wokaun A.

Laser ablation of energetic polymer solutions: effect of viscosity and
fluence on the splashing behavior. Applied Physics A, Materials
Science & Processing, 2009, 94(3): 657-665

. Urech L, Lippert T, Phipps C R, Wokaun A. Polymer ablation: from

fundamentals of polymer design to laser plasma thruster. Applied
Surface Science, 2007, 253(15): 6409-6415

. Wang XY, WuL Z, Guo N, He N B, Shen R Q, Ye Y H. Preliminary

study for effects of laser pulse width on propulsion performance of
gap propellant doped with carbon. Journal of Propulsion Technol-
ogy, 2016, 37(4): 788-792

XueY T,DouZG, YeJF,LiN L, Zhang G Z, Wan Y. Experimental
study on influence of splashing behavior on mechanical effects.
High Power Laser and Particle Beams, 2014, 26(10): 101020
Zheng Z 'Y, Gao H, Gao L, Xing J, Fan Z J, Dong A G, Zhang Z L.
Laser plasma propulsion generation in nanosecond pulse laser
interaction with polyimide film. Applied Physics A, Materials
Science & Processing, 2014, 115(4): 1439-1443

. Choi S, Han T, Gojani A B, Yoh J J. Thrust enhancement via gel-

type liquid confinement of laser ablation of solid metal propellant.
Applied Physics A, Materials Science & Processing, 2010, 98(1):
147-151

Phipps C R, Luke J K, Lippert T, Hauer M, Wokaun A.
Micropropulsion using laser ablation. Applied Physics A, Materials
Science & Processing, 2004, 79(4—6): 1385-1389

Sinko J E, Phipps C R. Modeling CO, laser ablation impulse of
polymers in vapor and plasma regimes. Applied Physics Letters,
2009, 95(13): 131105

. Phipps C, Birkan M, Bohn W, Eckel H A, Horisawa H, Lippert T,

Michaelis M, Rezunkov Y, Sasoh A, Schall W, Scharring S, Sinko J.
Review: laser-ablation propulsion. Journal of Propulsion and Power,
2010, 26(4): 609-637

"W Jing Qi obtained the B.E. degree in
Gemmology and Material Technology in
2016 from China University of Geos-
ciences, Beijing. Nowadays, she is a master
student major in Materials Engineering,
China University of Geosciences, Beijing.
Her research interests include the interac-
tion of laser plasma with matter.

Siqi Zhang obtained the M.Ch.E. degree in
Chemical Engineering in 2017 from China
University of Geosciences, Beijing. His
research interests include the interaction of
laser plasma with matter.

Tian Liang received a bachelor’s degree in Engineering in 2014
from China University of Geosciences. And now, he is a master
student major in Physics, China University of Geosciences, Beijing.
His current research interests include the interaction of laser plasma
with matter.

Weichong Tang received the B.Sc. degree
in Applied Physics in 2015 from Hebei
University of Science and Technology,
Hebei, China. And now, he is a master
student major in Materials Engineering,
China University of Geosciences, Beijing.
His current research interests include the
application of terahertz time-domain spec-
troscopy in geology and mineralogy.

Ke Xiao obtained the B.Sc. degree in
Information and Computing Science in
2014 from Nanjing University of Science
and Technology, Nanjing, China. And now,
she is a master student major in Materials
Engineering, China University of Geos-
ciences, Beijing. Her research interests
include thermal light ghost imaging and the
characteristics of thermal light correlation.

Lu Gao received the Ph.D. degree from
Beijing Normal University, China, in 2009.
She is now an Associate Professor in School
of Science, China University of Geos-
ciences, Beijing. Her current research inter-
ests include thermal light ghost imaging and
the characteristics of thermal light correla-
tion.

Hua Gao received the Ph.D. degree from
Beijing Normal University, China, in 2007.
She is now an Associate Professor in School
of Science, China University of Geos-
ciences, Beijing. Her current research inter-
ests include metamaterials and plasmonics,
photonics.



266

Front. Optoelectron. 2018, 11(3): 261-266

Zili Zhang received the Ph.D. degree from
China University of Geosciences, Beijing,
in 2009. He is now an associate professor in
School of Science, China University of
Geosciences, Beijing. His current research
interests include the application of terahertz
time domain spectroscopy.

Zhiyuan Zheng received the Ph.D. degree
from Institute of Physics, Chinese Academy
of Sciences, Beijing, China, in 2005. He is
now a professor in School of Science, China
University of Geosciences, Beijing. His
current research interests include the inter-
action of laser plasma with matter and the
application of terahertz time domain spec-
troscopy.



	Outline placeholder
	bmkcit1
	bmkcit2
	bmkcit3
	bmkcit4
	bmkcit5
	bmkcit6
	bmkcit7
	bmkcit8
	bmkcit9
	bmkcit10
	bmkcit11
	bmkcit12
	bmkcit13
	bmkcit14
	bmkcit15
	bmkcit16


