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Pulse-Laser Powered Orbital Launcher
Hiroshi Katsurayma1, Kimiya Komurasaki2 and Yoshihiro Arakawa2

1Yamaguchi University
2The University of Tokyo

Japan

1. Introduction

Some innovative plans in space development have been suspended because of high
transportation costs of conventional launching systems. For example, the Japanese H2A
rocket will cost $400 billion to launch a 1 GW output Solar Power Satellite (SPS) whose weight
is 104 ton (Collins, 1993). A pulse-laser powered orbital launcher is a potential alternative to
reduce those costs: a large payload ratio can be achieved because energy is provided from a
ground-based laser and atmospheric air is used as a propellant.
Figure 1 shows an air-breathing pulse-laser powered vehicle (“Lightcraft”) (Myrabo, 2001)
with representative scales for 100 MW-class laser input. The vehicle forms plasma by focusing
transmitted laser beams using a parabolic spike nozzle. The plasma absorbs the following part
of the laser pulse while expanding outward. The resulting blast wave reflects on the nozzle
surface and generates impulsive thrust.
Figure 2 shows a schematic view of a pulse-laser powered launching system from the ground
to a Geosynchronous Earth Orbit (GEO). In the initial stage of the launch, the vehicle closes
its inlet and takes air from its rear area. This flight mode is called “pulsejet mode”. The inlet
is opened and air is taken from the front end of the vehicle when the vehicle is accelerated
sufficiently to be able to use ram-compression. This flight mode is called ”ramjet mode”. The
inlet is again closed and on-board hydrogen is used as a propellant when the vehicle cannot
obtain sufficient air at high altitudes. This flight mode is called “rocket mode.” Through these
three modes, the vehicle is accelerated to reach orbital velocity.
Several researchers have studied the feasibility for orbital launch using several laser
propulsion systems (Toki, 1991; Kare, 1986; Humble et al., 1995; Phipps et al., 2000) , but most
of them calculate flight trajectories using the thrust modeled with a fixed energy conversion
efficiency. However, in an air-breathing propulsion system, the energy conversion efficiency
evidently depends on its flight trajectory.
The present article introduces our realistic performance modeling in three flight
modes: the performance in the pulsejet mode is modeled using measured energy
conversion efficiency (Mori et al., 2004, a) and Computational Fluid Dynamics (CFD)
analysis (Katsurayama et al., 2008); the performance during the ramjet mode is computed
using CFD analysis (Katsurayama et al., 2003); and the performance in the rocket mode is
obtained analytically with the energy conversion efficiency computed using a thermochemical
equilibrium calculation (Katsurayama et al., 2003). In addition, a transfer trajectory to the
GEO is proposed. The launch trajectory to its geosynchronous transfer orbit (GTO) is
computed using these realistic thrust models. Finally, the feasibility of the pulse-laser
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Fig. 2. A pulse-laser powered orbital launching system.

powered orbital launcher is discussed through estimation of its achievable payload mass per
unit beam power and costs (Katsurayama et al., 2009).

2. Performance modeling of pulse-laser powered vehicle
2.1 Momentum coupling coefýcient and blast wave energy conversion efýciency
A momentum coupling coefficient Cm, which is the ratio of cumulative impulse to laser energy
per pulse EL, is used as a performance indicator for laser propulsion. It is defined as

Cm =
∫

I pulse
Fdt

/
EL, (1)

where F denotes thrust. The laser energy absorbed in a gas is converted to the blast wave
energy Ebw, which is the source energy necessary to drive an equivalent blast wave in a
calorically perfect gas Ushio et al. (2008):

Ebw =
∫

Vbw

[
ρ

(
et+r + 1/2u2

)
− ρ0

(
et+r + 1/2u2

)
0

]
dV, (2)
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where Vbw is the volume surrounded by the blast wave, and ρ and 1/2u2 are the density and
kinetic energy. Subscript 0 indicates the properties before laser incidence. Here, et+r is the
sum of internal translational and rotational energy. On the other hand, the vibrational and
electric excitation energy that are excited because of laser absorption are excluded from Ebw

because they are newly stored in molecules and can not achieve pressure work as well as
chemical potential energy. Because only Ebw contributes to F, Cm is proportional to the blast
wave energy conversion efficiency ηbw

ηbw = Ebw/EL. (3)

Therefore, it is necessary to model the performance.

2.2 Explosion source model
According to our previous experiment (Mori et al., 2004, a;b; Mori et al., 2002) with a CO2 TEA
laser, approximately 95 % of EL is absorbed in the form of the Laser Supported Detonation
(LSD) wave (Raizer, 1977), and approximately its 45 % is converted to drive a blast wave. The
remainder energy is confined in the form of chemical potential and electric excitation energy
into rarefied plasma left near the focus: it is inconvertible to thrust, and is gradually lost in the
form of radiation or dissipative heat flux to the surrounding. Therefore the remainder energy
is excludable to reproduce this adiabatically expanding blast wave; the energy converted to
the blast wave Ebw can be assumed to be equivalent to an instantaneous point explosion
energy necessary to drive a blast wave with the same strength.
Mori et al., 2004 (a) has investigated ηbw by comparing measured shock speed with that
calculated using a similarity solution (Kompaneets, 1960) under the assumption of ideal air.
The resulting ηbw in the standard atmosphere was 0.43±0.04, which was insensitive to EL

within the tested range of 4.0–12.8 J (Mori et al., 2004, a).
Although Wang et al. (2002) has computed the propagation of a LSD wave to investigate this
energy conversion mechanism, such a computation is too expensive for our purpose to model
ther thrust performance resulting from the adiabatic expansion of the blast wave whose time
scale (the order of 100 µs) are much longer than that of energy absorption process (3.5 µs). In
the performance modeling using our CFD analyses, the blast wave is driven by a pressurized
explosion source with ηbw=0.43, whose radius is 1mm and density is equal to that in the
ambient atmosphere. Such an explosion source method (Steiner et al., 1998; Jiang et al., 1998;
Liang et al., 2001; 2002) is familiar to simulate blast wave propagation whose time scale is
much longer than that of energy input process.
Measured (Mori et al., 2004, a) and computed (Katsurayama et al., 2008) propagation of a blast
wave in free space are compared to validate the blast wave reproducibility of this explosion
source. Figure 3 shows the histories of the shock front radius Rbw and Mach number Mbw of
the blast wave in the case of EL=5.4J. The CFD can reproduce the measured Rbw and Mbw

after laser heating. Thereby the source model is used for computation to predict the thrust
performance, and it was located at a laser focus.

2.3 Conical laser pulsejet
The thrust generation processes in a laser pulsejet with a conical nozzle were simulated to
validate the performace modeling using our CFD analyses (Katsurayama et al., 2008). Figure 4
schematically shows sequential thrust generation processes in the laser pulsejet with a simple
conical nozzle of its half apex angle α. In an energy absorption process (a), plasma is produced
near the laser focus. The plasma absorbs laser energy in the form of a LSD wave. The large
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part of the absorbed energy is used to drive a high-pressure blast wave in the surrounding air.
In a blast wave expansion process (b), the blast wave imparts an impulsive thrust directly to a
nozzle wall; thereby, main thrust is produced. In exhaust (c) and refill (d) processes, the air in
the nozzle is exhausted and fresh air is taken in. Additional thrust will be produced in these
processes.
Because the exhaust-refill prcoesses results from an adiabatically expanding blast wave after
laser heating, an explosion source is used to drive the blast wave instead of solving a laser
abosrption process. Figures 5 and 6 respectively show the thrust history and corresponding
pressure contours of a conical laser pulsejet. ∆p in the captions of pressure contours shows
the interval of the contours. An explosion starts at t=0 (see Fig. 6(a)). A shock wave reaches
the nozzle exit at t0 µs as shown in Fig. 6(b). F0 is the thrust at t=t0. After t=t0, the heated air
starts to be exhausted and thrust decreases gradually. At t=t1 (see Fig. 6(c)), thrust becomes
zero. Thrust becomes negative because of the rarefaction wave behind the shock wave and
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thrust takes a minimum value at t=t2. The gauge pressure becomes negative for the entire
region inside of the nozzle, as seen in Fig. 6(d). At t=t3 (see Fig. 6(e)), thrust reverts to zero;
subsequently, thrust has a second peak at t=t4. After t=t4, thrust oscillates and the oscillation
attenuates gradually.
Figure 7 shows measured (Mori et al., 2004, b) and computed relationships between Cm and
α. The computation reproduces the Cm decreasing tendency. The processes until the shock
front of a blast wave reaches the nozzle exit are similar regardless of the nozzle apex angle.
However, after the blast wave leaves the nozzle edge, the behavior of the rarefaction wave
induced behind the shock wave depends greatly on the nozzle apex angle. In the case of small
apex angles, succsessive refilling mechanisms with vortices are activated by the prominently
evolved rarefaction wave, in contrast, in the case of large apex angles, this mechanims do
not appear due to the moderate evolution of the rarefaction wave. This difference was found
to result in the decreasing tendency of the momentum coupling coefficient. More detailed
descriptions of these phenomena is found in Katsurayama et al. (2008).
Because the computed Cm is in good agreement with measured data in the cases of
small α, our CFD analyses have the capability for predicting the thrust performace of
a pulse-laser powerd launcher. Although the deviation from the measurement increases
with increasing α, this unpredictability is insignificant because the cause is attributable to
the not-optimized geomertical relation between the LSD propagation distance and nozzle
length (Katsurayama et al., 2008).

2.4 Laser ramjet
Cm during the laser ramjet mode was computed in our previous CFD
analyses (Katsurayama et al., 2003). A blast wave is again driven by an explosion source
model with ηbw which depends on atmospheric pressure (Katsurayama et al., 2009).
Figure 8 shows a part of computational results, and these results (Katsurayama et al., 2003)
have showen that Cm in the ramjet mode is insensitive to laser energy EL and depends only
on flight conditions. Therefore, the performance is obtained from the map of Cm, which is
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Fig. 11. Variation of the velocity increment through the pulse-laser powered launcher and the
velocity increment required for the Hohmann transfer with cut-off velocity.

upper-stage weight (PEP/mu,0) is set to 100 W/kg in view of the ratio of power to weight of
the 1 GW-output SPS.
vc=10.6km/s and λu=0.83 are used in the calculation of launch trajectories described in § 3.4.

3.3 Mode switching criteria
The pulsejet mode should be switched to the ramjet mode when the blast wave becomes free
from propagation over the inlet because of the vehicle acceleration. However, numerous CFD
analyses are necessary to model the timing correctly because it depends on EL and flight
conditions. The present model therefore chooses the safest timing: the mode is switched
when the flow in the vehicle is free from choking by laser heating. An engine cycle, as shown
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in Fig. 12, is analyzed to assess heat-choking. In this cycle, the air is taken in at location #0
through an effective inlet area

A0 = Sv × C.A.R., (7)

where Sv and C.A.R. are the maximum cross sections of the vehicle and the capture area ratio.
The captured air is compressed externally from #0 to #1 as

u1 = ηdu0 (8)

where u and ηd are the flow velocity of the air and diffuser efficiency. ηd and C.A.R. are
obtained using CFD analysis on the Lightcraft. With increasing M∞, ηd decreases from 0.72 to
0.62 and C.A.R increases from 0.31 to 0.71 (Katsurayama et al., 2004). The air is then expanded
isentropically from #1 to #2 to delay heat-choking at #3. Finally, it is laser-heated isometrically
from #2 to #3. The Mach number at #3 is calculated as

M3 = u3

/√
γRT3 = u2

/√
γR

[
T2 + ηbwηtransPL/

(
Cpṁair

)]

Herein, T and ṁair is temperature and the captured mass flow rate. Respectively, R, Cp and γ
denote the gas constant, the constant pressure specific heat, and the specific heat ratio of ideal
air. Furthermore, ηtrans is the transmission efficiency of the laser beam. The pulsejet mode is
switched to the ramjet mode when

M3 = 1. (9)

In the ramjet mode, the mass flow rate taken from the inlet decreases with altitude because
of the decrease in the atmospheric density. Finally, the acceleration of the vehicle becomes
zero because of the balance between thrust and aerodynamic drag, at the time when the flight
mode is switched to the rocket mode.

3.4 Computed launch trajectory and payload ratio
A launch trajectory to the GEO is calculated by solving the following equation of motion by
the 4th order Runge-Kutta scheme.

mv
dv

dt
= F −

1

2
ρ∞v2SvCd − mvg0 [RE/ (RE + h)]2 (10)

Therein, Sv, v and mv are the maximum cross sections of the vehicle, the flight velocity, and
the vehicle weight. Also, g0, RE and h respectively indicate the gravity acceleration on the
ground, the radius of the earth and the flight altitude. An aerodynamic drag coefficient Cd

is obtained using the CFD analysis on the Lightcraft; it varies from 0.15 to 0.64 depending
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upper-stage weight (PEP/mu,0) is set to 100 W/kg in view of the ratio of power to weight of
the 1 GW-output SPS.
vc=10.6km/s and λu=0.83 are used in the calculation of launch trajectories described in § 3.4.

3.3 Mode switching criteria
The pulsejet mode should be switched to the ramjet mode when the blast wave becomes free
from propagation over the inlet because of the vehicle acceleration. However, numerous CFD
analyses are necessary to model the timing correctly because it depends on EL and flight
conditions. The present model therefore chooses the safest timing: the mode is switched
when the flow in the vehicle is free from choking by laser heating. An engine cycle, as shown
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in Fig. 12, is analyzed to assess heat-choking. In this cycle, the air is taken in at location #0
through an effective inlet area

A0 = Sv × C.A.R., (7)

where Sv and C.A.R. are the maximum cross sections of the vehicle and the capture area ratio.
The captured air is compressed externally from #0 to #1 as

u1 = ηdu0 (8)

where u and ηd are the flow velocity of the air and diffuser efficiency. ηd and C.A.R. are
obtained using CFD analysis on the Lightcraft. With increasing M∞, ηd decreases from 0.72 to
0.62 and C.A.R increases from 0.31 to 0.71 (Katsurayama et al., 2004). The air is then expanded
isentropically from #1 to #2 to delay heat-choking at #3. Finally, it is laser-heated isometrically
from #2 to #3. The Mach number at #3 is calculated as

M3 = u3
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γRT3 = u2
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γR

[
T2 + ηbwηtransPL/

(
Cpṁair

)]

Herein, T and ṁair is temperature and the captured mass flow rate. Respectively, R, Cp and γ
denote the gas constant, the constant pressure specific heat, and the specific heat ratio of ideal
air. Furthermore, ηtrans is the transmission efficiency of the laser beam. The pulsejet mode is
switched to the ramjet mode when

M3 = 1. (9)

In the ramjet mode, the mass flow rate taken from the inlet decreases with altitude because
of the decrease in the atmospheric density. Finally, the acceleration of the vehicle becomes
zero because of the balance between thrust and aerodynamic drag, at the time when the flight
mode is switched to the rocket mode.

3.4 Computed launch trajectory and payload ratio
A launch trajectory to the GEO is calculated by solving the following equation of motion by
the 4th order Runge-Kutta scheme.

mv
dv

dt
= F −
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2
ρ∞v2SvCd − mvg0 [RE/ (RE + h)]2 (10)

Therein, Sv, v and mv are the maximum cross sections of the vehicle, the flight velocity, and
the vehicle weight. Also, g0, RE and h respectively indicate the gravity acceleration on the
ground, the radius of the earth and the flight altitude. An aerodynamic drag coefficient Cd

is obtained using the CFD analysis on the Lightcraft; it varies from 0.15 to 0.64 depending
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Fig. 13. Flight Mach number vs. flight altitude.

on M∞ (Katsurayama et al., 2004). Flight conditions are determined by tracing the trajectory.
Time-averaged thrust F in each mode is estimated using Cm modeled in § 2 as

F = CmηtransPL. (11)

Herein, if the laser transmitter is the phased array with an effective broad aperture, the
fraction of beamed energy contained in a main-lobe of beam is theoretically predictable.
It is independent of the transmission distance; ηtrans is set to its predicted value of 72
% (Komurasaki et al., 2005) on the assumption that the nonlinear effects attributable to the
atmosphere negligibly affect the beam transmission.
As the result of the trajectory calculation, the payload ratio λ is estimated as

λ =

{
1 −

∫

Rocket mode
ṁpdt

/
[mv,0 (1 − εL)]

}
λu, (12)

where mv,0 is an initial vehicle mass and the upper stage payload ratio λu=0.83 is
used (Katsurayama et al., 2009). The structure weight coefficient of the pulse-laser powered
vehicle εL is set to 0.1 in view of the simple structure of the vehicle.
The vehicle is launched at h=4200m equal to the altitude of Mauna Kea. The calculation
is terminated when the vehicle is accelerated to the cut-off velocity (Katsurayama et al., 2009)
vc=10.6km/s. Figure 13 shows the trajectories and λ for several specific beam power PL/mv,0.
The ramjet period and λ decrease with decreasing PL/mv,0. The ramjet mode becomes
unavailable at PL/mv,0<1.47MW/kg. The beam transmission requests the longest distance
of 400 km and the longest duration of 160 s.
Figure 14 shows the variations of the payload mass per 1 MW beam power mpl/PL and λ
with PL/mv,0. Although λ increases with PL/mv,0, mpl/PL has the maximum 0.084 kg/MW at
PL/mv,0 =2.42MW/kg. Therefore, this

(PL/mv,0)opt = 2.42 (13)

is the optimum condition of minimizing the building cost of a laser transmitter.
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Table 1. Costs and efficiency considered in cost estimation.

3.5 Launch cost
This section estimates the cost of the mission in which a 104-ton SPS is transferred to a
GEO through many pulse-laser powered orbital launches. Although the cost estimation of
a laser transmitter with 100 MW∼1 GW-output is difficult, the most promising technology
for high power output is to coherently couple lasers such as solid, fiber, and diode
lasers (Shirakawa et al., 2002; Sanders et al., 1994). The cost of the laser transmitter can be
estimated as shown in Table 1 if the coherent coupling is applicable to the array of diode
lasers whose production cost per unit of power is currently the cheapest. The cost of the laser
transmitter CLT is assumed to be a current diode laser price per unit output power (Kare,
2004). Other costs, such as that for the cooling system, power supply and maintenance,
are not considered because they are negligibly small compared with CLT (Kare, 2004). The
general electricity cost in Japan is CE. The vehicle production cost CVP is the cost per unit
vehicle weight estimated for the Lightcraft whose dry mass and diameter are 100 kg and 1.4
m (Richard et al., 1988). ηDL is the energy conversion efficiency of a general diode laser (Kare,
2004). To compare costs of the pulse-laser powered launcher and an existing commercial
launcher, the launch cost is defined in the form of redeeming the cost of the laser transmitter.

Launch cost

Payload mass
=

[
CLT/nL + (CE/ηDL) tflight

]
PL + CVPmv,0

mpl

=
CLT/nL(

mpl/PL

)
max

+
(CE/ηDL) tflight(

mpl/PL

)
max

+
CVP

λ
(14)

For that calculation, a payload is divided and transferred through nL launchings. Furthermore,(
mpl/PL

)
max

(=0.084) is used on the basis of using (PL/mv,0)opt, on the condition of which
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on M∞ (Katsurayama et al., 2004). Flight conditions are determined by tracing the trajectory.
Time-averaged thrust F in each mode is estimated using Cm modeled in § 2 as

F = CmηtransPL. (11)

Herein, if the laser transmitter is the phased array with an effective broad aperture, the
fraction of beamed energy contained in a main-lobe of beam is theoretically predictable.
It is independent of the transmission distance; ηtrans is set to its predicted value of 72
% (Komurasaki et al., 2005) on the assumption that the nonlinear effects attributable to the
atmosphere negligibly affect the beam transmission.
As the result of the trajectory calculation, the payload ratio λ is estimated as

λ =

{
1 −

∫

Rocket mode
ṁpdt

/
[mv,0 (1 − εL)]

}
λu, (12)

where mv,0 is an initial vehicle mass and the upper stage payload ratio λu=0.83 is
used (Katsurayama et al., 2009). The structure weight coefficient of the pulse-laser powered
vehicle εL is set to 0.1 in view of the simple structure of the vehicle.
The vehicle is launched at h=4200m equal to the altitude of Mauna Kea. The calculation
is terminated when the vehicle is accelerated to the cut-off velocity (Katsurayama et al., 2009)
vc=10.6km/s. Figure 13 shows the trajectories and λ for several specific beam power PL/mv,0.
The ramjet period and λ decrease with decreasing PL/mv,0. The ramjet mode becomes
unavailable at PL/mv,0<1.47MW/kg. The beam transmission requests the longest distance
of 400 km and the longest duration of 160 s.
Figure 14 shows the variations of the payload mass per 1 MW beam power mpl/PL and λ
with PL/mv,0. Although λ increases with PL/mv,0, mpl/PL has the maximum 0.084 kg/MW at
PL/mv,0 =2.42MW/kg. Therefore, this

(PL/mv,0)opt = 2.42 (13)

is the optimum condition of minimizing the building cost of a laser transmitter.
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Table 1. Costs and efficiency considered in cost estimation.

3.5 Launch cost
This section estimates the cost of the mission in which a 104-ton SPS is transferred to a
GEO through many pulse-laser powered orbital launches. Although the cost estimation of
a laser transmitter with 100 MW∼1 GW-output is difficult, the most promising technology
for high power output is to coherently couple lasers such as solid, fiber, and diode
lasers (Shirakawa et al., 2002; Sanders et al., 1994). The cost of the laser transmitter can be
estimated as shown in Table 1 if the coherent coupling is applicable to the array of diode
lasers whose production cost per unit of power is currently the cheapest. The cost of the laser
transmitter CLT is assumed to be a current diode laser price per unit output power (Kare,
2004). Other costs, such as that for the cooling system, power supply and maintenance,
are not considered because they are negligibly small compared with CLT (Kare, 2004). The
general electricity cost in Japan is CE. The vehicle production cost CVP is the cost per unit
vehicle weight estimated for the Lightcraft whose dry mass and diameter are 100 kg and 1.4
m (Richard et al., 1988). ηDL is the energy conversion efficiency of a general diode laser (Kare,
2004). To compare costs of the pulse-laser powered launcher and an existing commercial
launcher, the launch cost is defined in the form of redeeming the cost of the laser transmitter.

Launch cost

Payload mass
=

[
CLT/nL + (CE/ηDL) tflight

]
PL + CVPmv,0

mpl

=
CLT/nL(

mpl/PL

)
max

+
(CE/ηDL) tflight(

mpl/PL

)
max

+
CVP

λ
(14)

For that calculation, a payload is divided and transferred through nL launchings. Furthermore,(
mpl/PL

)
max

(=0.084) is used on the basis of using (PL/mv,0)opt, on the condition of which
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the resulting λ and flight time tflight are 0.20 and 112 s. The first term in the second line of Eq.
(14) is the redemption of the laser transmitter. The second and third terms correspond to the
electricity and vehicle production cost. Labor costs are omitted because a generally published
launch cost, e.g. $80 million per launch of the Japanese H2A rocket, includes only the rocket’s
production cost.
Figure 15 shows the variations of the launch cost per unit payload mass with nL of the
pulse-laser powered orbital launcher and an existing commercial launcher. The cost of the
existing launcher is assumed to be $80 million per launch. The cost of the laser transmitter is
predominant when nL is less than 103. On the other hand, the electricity cost is negligible. The
launch cost decreases with increasing nL and the cost of the laser transmitter is recovered
at 3,500 launches compared with the existing launcher. The cost becomes a quarter of
the existing launcher at nL=24,000. When nL is greater than 105, the cost of the laser
transmitter is completely recovered and the cost comprises only the vehicle production cost of
approximately $5,000 per unit of payload mass. The electricity cost remains negligibly small
over nL=105.
Consequently, if the laser base of 5 GW-class output is available, the launcher has the
capability of approximately 0.5 ton payload/launch. It is expected to deliver the 104 ton SPS
through 24,000 launches at a quarter of the cost of an existing launcher. Moreover, if the
mass-production effect can reduce CVP to $100/kg, the launcher will cost about a tenth of the
current mode.

4. Summary

Orbital launching from the ground to a GEO using the pulse-laser powered launcher
is calculated using the performance modeled in the pulsejet, ramjet and rocket modes.
Consequently, it can transfer 0.084 kg payload per 1 MW beam power to the GEO. The cost
becomes a quarter of that of existing systems if one can divide a single launch into 24,000
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multiple launches. Furthermore, if the payload is transferred through 105 launches, the
launching system can reduce the cost to the order of $103 per unit of payload mass.
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electricity and vehicle production cost. Labor costs are omitted because a generally published
launch cost, e.g. $80 million per launch of the Japanese H2A rocket, includes only the rocket’s
production cost.
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existing launcher is assumed to be $80 million per launch. The cost of the laser transmitter is
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the existing launcher at nL=24,000. When nL is greater than 105, the cost of the laser
transmitter is completely recovered and the cost comprises only the vehicle production cost of
approximately $5,000 per unit of payload mass. The electricity cost remains negligibly small
over nL=105.
Consequently, if the laser base of 5 GW-class output is available, the launcher has the
capability of approximately 0.5 ton payload/launch. It is expected to deliver the 104 ton SPS
through 24,000 launches at a quarter of the cost of an existing launcher. Moreover, if the
mass-production effect can reduce CVP to $100/kg, the launcher will cost about a tenth of the
current mode.

4. Summary

Orbital launching from the ground to a GEO using the pulse-laser powered launcher
is calculated using the performance modeled in the pulsejet, ramjet and rocket modes.
Consequently, it can transfer 0.084 kg payload per 1 MW beam power to the GEO. The cost
becomes a quarter of that of existing systems if one can divide a single launch into 24,000
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multiple launches. Furthermore, if the payload is transferred through 105 launches, the
launching system can reduce the cost to the order of $103 per unit of payload mass.
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1. Introduction 
Since the 1970s, the possibility of using a laser engine to launch light satellites into orbit has 
been attracting the attention of researchers [1-9].  The solution of problems considered in [3] 
is still of current interest.  This is an increase in the efficiency - the coupling coefficient Jr of 
using laser radiation (the ratio of the propulsion to the radiation power) by several times 
and the prevention of the shock damage of the apparatus, which appears when high-power 
repetitively pulsed laser radiation with low repetition rates / is used.  For example, for Jr ~ 
0.3 kN MW-1 (this value is typical for an air-jet laser engine of 1970th.), the mass of 200 kg, 
and the acceleration of 10g, the required laser power should be ~ 60 MW (the energy Q ~100 
g in the TNT equivalent, f~ 100 Hz), and the power of a power supply should be 0.5-1 GW.  
However, it seems unlikely that such a laser will be created in the near future.  In our 
experiments, Jr ~1 kN MW-1 (obtained experimentally) and 3-5kN MW-1 (estimate, special 
conditions), which allows us to reduce the laser power by a factor of 7-10.  A power of 10-15 
MW can be obtained already at present with the help of gas-dynamic lasers and HF/DF 
lasers by using the properties of repetitively pulsed lasing with high repetition rates and 
methods for power scaling of lasing [10, 11],checked already for CO2,HF and Nd YAG. .  
To solve these problems, it was proposed to use repetitively pulsed radiation with f~ 100 
kHz, the optical pulsating discharge (OPD), and the effect of merging of shock waves 
produced by the OPD [12-14].  The merging criteria were confirmed in experiments [15].  
The OPD is laser sparks in the focus of repetitively pulsed radiation, which can be at rest or 
can move at high velocities [16-20]. The high-frequency repetitively pulsed regime is 
optimal for continuously-pumped Q-switched high-power lasers. In this case, the pulse 
energy is comparatively small and the stationary propulsion is possible. 
The aim of our work is to verify experimentally the possibility of using pulse-periodic laser 
radiation with a high repetition rate to produce very effective stationary propulsion in a 
laser jet engine and to demonstrate the advantages of this technology for production of 
super long conductive canal for energy delivery from space. 

2. Experimental 
In the model considered in [12-14], the pulsed and stationary regimes are possible.  Figure 1 
explains the specific features of these regimes.  An OPD is produced at the focus of a lens on 
the axis of a gas jet flowing from a high-pressure chamber or an air intake to a cylindrical 
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explains the specific features of these regimes.  An OPD is produced at the focus of a lens on 
the axis of a gas jet flowing from a high-pressure chamber or an air intake to a cylindrical 
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reflector.  The shock waves generated by the OPD merge to form a quasi-stationary wave - 
the high-pressure region between the OPD and reflector. 
 

 
Fig. 1. Scheme of the experiment, side (a) and front (b) view: (1) OPD; (2) argon jet; (3) 
replaceable cylindrical attachment (reflector); (4) high-pressure chamber (rocket model); (5) 
elastic hose for argon supply; (6) model suspension wires; (7) laser radiation; (8) focusing 
lens; (9) block; (10) wire connecting cylinder (3) with weight (11); (12) balance; (13) shock-
wave pressure gauge. 
As a result, the propulsion Fr appears.  In a cylindrical reflector, the coupling coefficient is 
maximal, Jr=1.1NkW-1 [13], as for a plane explosion [21].  In the pulsed regime, the OPD is 
produced by trains of laser pulses. A narrow jet of diameter Dj ~ 0.3Rd [13], which is smaller 
than the reflector diameter Dr, carries a plasma out from the OPD region, which is necessary 
for the efficient formation of shock waves.  Here, Rd=2A5(q/P0)1/3 is the dynamic radius of a 
spark, q (in J) is the laser pulse energy absorbed in a spark, and P0 (in atm) is the gas 
pressure. The propulsion acts during a pulse train, whose duration is limited by the air 
heating time. The hot atmospheric air is replaced by the cold air during the interval between 
pulses.  In the stationary regime, gas continuously arrives to the reflector from the bottom, 
by forming a jet over the entire section.  In experiments in this regime, we have Dj ~ 2Rd ~ 3 
mm, which is comparable with the reflector diameter Dr ~ 5 mm. 
The scheme of the experiment is shown in Figure 1. The OPD was produced by radiation 
from a pulsed CO2 laser. The pulse duration was ~ 1 µs, the duration of the front peak was 
0.2 µs. The pulse repetition rate was varied from 7 to 100 kHz, the pulse energy was 0.1-
0.025 J. The peak power was 300-100 kW, the average power of repetitively pulsed radiation 
was W= 600 – 1700 W, and the absorbed power was Wa= ηW(η≈ 0.7).  Figure 2 shows the 
shapes of the incident pulse and the pulse transmitted through the OPD region. Note that 
for a short pulse duration and high power, η~ 0.95. Because the radiation intensity at the 
focus is lower than the optical breakdown threshold in air, the argon jet was used. The 
length l of sparks along the flow was ~ 0.5 cm. 
The model of a rocket with a laser engine was a duralumin cylinder of diameter ~ 8 cm, 
length ~ 26 cm, and weight 1.1 kg, which was suspended on four thin wires of length 1.1 m 
and capable of moving only in the axial direction. A reflector (replaceable cylindrical 
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Fig. 2. Oscillograms of the laser pulse (1) and radiation pulse transmitted through the OPD 
(2) for f=50 kHz. 

attachment) was mounted on the chamber end. Laser radiation was directed to the chamber 
through a lens with a focal distance of 17 cm. The argon jet was formed during flowing from 
a high-pressure chamber through a hole of diameter ~ 3 – 4 mm. The jet velocity V was 
controlled by the pressure of argon, which was delivered to the chamber through a flexible 
hose. The force produced by the jet and shock waves was imparted with the help of a thin 
(of diameter ~ 0.2 mm) molybdenum wire to a weight standing on a strain-gauge balance 
(accurate to 0.1 g).  The wire length was 12 cm and the block diameter was 1 cm. 
The sequence of operations in each experiment was as follows. A weight fixed on a wire was 
placed on a balance. The model was slightly deviated from the equilibrium position (in the 
block direction), which is necessary for producing the initial tension of the wire (~ 1 g).  The 
reading Fm of the balance was fixed, then the jet was switched, and the reading of the 
balance decreased to F1. This is explained by the fact that the rapid jet produces a reduced 
pressure (ejection effect) in the reflector. After the OPD switching, the reading of the balance 
became F2.  The propulsion Fr produced by the OPD is equal to F1 - F2. The pressure of shock 
waves was measured with a pressure gauge whose output signal was stored in a PC with a 
step of ~ 1 µs. The linearity band of the pressure gauge was ~ 100 kHz.  The gauge was 
located at a distance of ~ 5 cm from the jet axis (see Figure 1) and was switched on after the 
OPD ignition (t = 0).  The pressure was detected for 100 ms. 
Let us estimate the possibility of shock-wave merging in the experiment and the expected 
values of Fr and Jr.  The merging efficiency depends on the parameters ω=fRd/C0 and M0= 
V/C0 (M0 < 1), where C0 is the sound speed in gas.  If the distance from the OPD region to the 
walls is much larger than Rd and sparks are spherical or their length l is smaller than Rd, 
then the frequencies characterizing the interaction of the OPD with gas are: 
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For ω<ω1, the shock waves do not interact with each other.  In the range ω<ω1<ω2, the 
compression phases of the adjacent waves begin to merge, this effect being enhanced as the 
value of ω approaches ω2.  In the region ω<ω2, the shock waves form a quasi-stationary wave 
with the length greatly exceeding the length of the compression phase of the shock waves.  
For ω<ω0, the OPD efficiently (up to ~ 30 %) transforms repetitively pulsed radiation to 
shock waves. 
In the pulsed regime the value of M0 in (1) corresponds to the jet velocity.  Because shock 
waves merge in an immobile gas, M0 ≈ 0 in (2) and (3).  The frequencies f=7-100 kHz 
correspond to Rd = 0.88 - 0.55 cm and ω = 0.2 - 1.7.  Therefore, shock waves do not merge in 
this case. In trains, where the energy of the first pulses is greater by a factor of 1.5-2 than that 
of the next pulses (ω≈2), the first shock waves can merge.  The propulsion produced by 
pulse trains is Fr = JrηW = 0.3 N (~ 30 g), where-Jr = 1.1 N kW-1, η = 0.6, and W~ 0.5 kW. 
In the stationary regime for M0 ~ 0.7, the shock wave merge because ω>ω2 (ω = 1.8, ω2 ≈ 1.3).  
A quasi-stationary wave is formed between the OPD and the cylinder bottom.  The excess 
pressure on the bottom is δP = P-P0 = 0.54P0(Rd/r)1.64 ≈ 0.25- 0.5 atm, and the propulsion is Fr 
≈ π(Dr2 – Dj2)δP/4 = 0.03- 0.06kg. 
 

 
Fig. 3. Pressure pulsations produced by the OPD for V=300 ms-1 without reflector), f=7 kHz, 
W=690 W (a); f=100 kHz, W= 1700 W (b), and f=100 kHz, the train repetition rate φ=1 kHz, 
W=1000 W, the number of pulses in the train N=30 (c); the train of shock waves at a large 
scale, parameters are as in Fig. 3c (d). 
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3. Results of measurements 
3.1 Control measurements 
The jet propulsions Fj and Fr and the excess pulsation pressure δP = P - P0 were measured 
for the model without the reflector.  We considered the cases of the jet without and with the 
OPD.  The jet velocity V and radiation parameters were varied.  For V= 50, 100, and 300 m s-

1, the propulsion produced by the jet was Fj = 6, 28, and 200 g, respectively, and the 
amplitude of pulsations was δP = 5×10-6, 2×10-5 and 3×10-4 atm.  The OPD burning in the jet 
did not change the reading of the balance.  This is explained by the fact that the OPD is 
located at a distance of r from the bottom of a high-pressure chamber, which satisfies the 
inequality r/Rd > 2, when the momentum produced by shock waves is small [3, 22].  As 
follows from Fig. 3, pulsations δP(t) produced by the OPD greatly exceed pressure 
fluctuations in the jet. 

3.2 Stationary regime 
The OPD was burning in a flow which was formed during the gas outflow from the 
chamber through a hole (Dj = 0.3 cm) to the reflector (Dr = 0.5 cm) (Figure 4). Because the 
excess pressure on the reflector bottom was ~ 0.5 atm (see above), to avoid the jet closing, 
the pressure used in the chamber was set equal to ~ 2 atm.  The jet velocity without the ODP 
was V=300 and 400 ms-1, Fj= 80 and 140 g.  The OPD was produced by repetitively pulsed 
radiation with f= 50 and 100 kHz and the average power W≈1200 W (the absorbed power 
was Wa ≈ 650 W).  Within several seconds after the OPD switching, the reflector was heated 
up to the temperature more than 100°C. 
Figure 5 illustrates the time window for visualization of shock waves with the Schlieren 
system in the presence of plasma.  Before 7 μs, the plasma is too bright relative to the LED 
source, and all information about the shock wave is lost.  At 7 μs, the shock wave image could 
be discerned under very close examination.  By 10 μs, the shock wave is clearly visible in the 
image; however, at this time the shock wave has nearly left the field of view.  A technique was 
needed to resolve the shock waves at short timescales, when plasma was present. 

 
Fig. 4. Reflector of a stationary laser engine: (1) repetitively pulsed laser radiation with f=50 
and 100 kHz, W=1200 W; (2) OPD; (3)  reflector; (4) hole of diameter ~ 3 mm through which 
argon outflows from a high-pressure chamber (~ 2atm) to the reflector; (5) reflector bottom, 
the angle of inclination to the axis is ~ 30º. 
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For f= 50 kHz and V= 300 m s -1, the propulsion is Fr = 40 g, and for V= 400 m s -1 the 
propulsion is 69 g; the coupling coefficient is Jr ≈ 1.06 N kW-1. The propulsion Fr is stationary 
because the criteria for shock-wave merging in front of the OPD region are fulfilled. 
Downstream, the shock waves do not merge. One can see this from Figure 5 demonstrating 
pressure pulsations δP(t) measured outside the reflector. They characterize the absorption of 
repetitively pulsed radiation in the OPD and, therefore, the propulsion.  For f= 50 kHz, the 
instability is weak (±5 %) and for f= 100 kHz, the modulation δP(t) is close to 100 %. The 
characteristic frequency of the amplitude modulation fa ≈ 4 kHz is close to C0/(2H), where H 
is the reflector length. The possible explanation is that at the high frequency f the plasma has 
no time to be removed from the OPD burning region, which reduces the generation 
efficiency of shock waves. The jet closing can also lead to the same result if the pressure in 
the quasi-stationary wave is comparable with that in the chamber. Thus, repetitively pulsed 
radiation can be used to produce the stationary propulsion in a laser engine. 
 

 
Fig. 5. Pressure pulsations δP produced upon OPD burning in the reflector with Dr=0.5 cm, 
H=4/6 cm, V=400 m s-1, Dj=0/3 cm for f=50 kHz, W=1300 W (a) and f=100 kHz, W=1200 W 
(b, c). 
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3.3 Pulsed regime 
To find the optimal parameters of the laser engine, we performed approximately 100 OPD 
starts. Some data are presented in Table 1. We varied the diameter and length of the 
reflector, radiation parameters, and the jet velocity (from 50 to 300 m s -1). For V= 50 m s -1 
the ejection effect is small, for V= 300 m s -1≈C0, this effect is strong, while for V≈ 100 ms-1, 
the transition regime takes place.  In some cases, the cylinder was perforated along its 
circumference to reduce ejection. The OPD was produced by radiation pulse trains, and in 
some cases – by repetitively pulsed radiation. The structure and repetition rate of pulse 
trains was selected to provide the replacement of the heated OPD gas by the atmospheric 
air. The train duration was ~ 1/3 of its period, the number of pulses was N = 15 or 30, 
depending on the frequency f. The heating mechanism was the action of the thermal 
radiation of a plasma [23], the turbulent thermal diffusivity with the characteristic time ~ 
300 µS [24] and shock waves. 
The propulsion Fr was observed with decreasing the reflector diameter and increasing its 
length. The OPD burned at a distance of ~ 1 cm from the reflector bottom. One can see from 
Figure 6 that the shock waves produced by the first high-power pulses in trains merge. For 
f= 100 kHz, the pulse energy is low, which is manifested in the instability of pressure 
pulsations in trains. As the pulse energy was approximately doubled at the frequency f = 50 
kHz, pulsations δP (t) were stabilized. The OPD burning in the reflector of a large diameter 
(Dr/Rd ≈ 4) at a distance from its bottom satisfying the relation r/Rd ≈ 3 did not produce the 
propulsion. 

 
Fig. 6. Pressure pulsations δP in the OPD produced by pulse trains with φ=1.1 kHz, f=50 
kHz, W=720 W, N=15, V=300 m s-1, Dr=1.5 cm, H= 5 cm, Dj= 4 mm, and F= 4.5 g. 

Table 1 presents some results of the measurements. One can see that the coupling coefficient 
Jr strongly depends on many parameters, achieving 1 N kW-1 in the stationary regime and 
0.53 N kW-1 in the pulsed regime. 
At present, the methods of power scaling of laser systems and laser engines, which are also 
used in laboratories, are being extensively developed [10, 25]. Let us demonstrate their 



 Laser Pulse Phenomena and Applications 

 

24 

For f= 50 kHz and V= 300 m s -1, the propulsion is Fr = 40 g, and for V= 400 m s -1 the 
propulsion is 69 g; the coupling coefficient is Jr ≈ 1.06 N kW-1. The propulsion Fr is stationary 
because the criteria for shock-wave merging in front of the OPD region are fulfilled. 
Downstream, the shock waves do not merge. One can see this from Figure 5 demonstrating 
pressure pulsations δP(t) measured outside the reflector. They characterize the absorption of 
repetitively pulsed radiation in the OPD and, therefore, the propulsion.  For f= 50 kHz, the 
instability is weak (±5 %) and for f= 100 kHz, the modulation δP(t) is close to 100 %. The 
characteristic frequency of the amplitude modulation fa ≈ 4 kHz is close to C0/(2H), where H 
is the reflector length. The possible explanation is that at the high frequency f the plasma has 
no time to be removed from the OPD burning region, which reduces the generation 
efficiency of shock waves. The jet closing can also lead to the same result if the pressure in 
the quasi-stationary wave is comparable with that in the chamber. Thus, repetitively pulsed 
radiation can be used to produce the stationary propulsion in a laser engine. 
 

 
Fig. 5. Pressure pulsations δP produced upon OPD burning in the reflector with Dr=0.5 cm, 
H=4/6 cm, V=400 m s-1, Dj=0/3 cm for f=50 kHz, W=1300 W (a) and f=100 kHz, W=1200 W 
(b, c). 

"Impulsar": New Application for High Power High Repetition Rate Pulse-Periodic Lasers   

 

25 

3.3 Pulsed regime 
To find the optimal parameters of the laser engine, we performed approximately 100 OPD 
starts. Some data are presented in Table 1. We varied the diameter and length of the 
reflector, radiation parameters, and the jet velocity (from 50 to 300 m s -1). For V= 50 m s -1 
the ejection effect is small, for V= 300 m s -1≈C0, this effect is strong, while for V≈ 100 ms-1, 
the transition regime takes place.  In some cases, the cylinder was perforated along its 
circumference to reduce ejection. The OPD was produced by radiation pulse trains, and in 
some cases – by repetitively pulsed radiation. The structure and repetition rate of pulse 
trains was selected to provide the replacement of the heated OPD gas by the atmospheric 
air. The train duration was ~ 1/3 of its period, the number of pulses was N = 15 or 30, 
depending on the frequency f. The heating mechanism was the action of the thermal 
radiation of a plasma [23], the turbulent thermal diffusivity with the characteristic time ~ 
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Table 1 presents some results of the measurements. One can see that the coupling coefficient 
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0.53 N kW-1 in the pulsed regime. 
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application by examples.  We observed the effect when the OPD produced the 'negative' 
propulsion Ft = -97 g (see Table 1), which correspond to the deceleration of a rocket. The 
value of Jr can be increased by approximately a factor of 1.5 by increasing the pulse energy 
and decreasing their duration down to ~ 0.2 µs. An important factor characterizing the 
operation of a laser engine at the high-altitude flying is the efficiency Im of the used working 
gas. The value Im = 0.005 kg N-1s-1 can be considerably reduced in experiments by using a 
higher-power radiation. The power of repetitively pulsed radiation should be no less than 
10 kW. In this case, Fr will considerably exceed all the other forces. The gas-dynamic effects 
that influence the value of.Fr, for example, the bottom resistance at the flight velocity ~ l km 
s-1 should be taken into account. 
 

 
Table 1. Experimental conditions and results. 

Note. Laser radiation was focused at a distance of 1 cm from the reflector bottom; * six holes 
of diameter 5 mm over the reflector perimeter at a distance of 7 mm from its exhaust; **six 
holes of diameter 5 mm over the reflector perimeter at a distance of 15 mm from its exhaust. 
Thus, our experiments have confirmed that repetitively pulsed laser radiation produces the 
stationary propulsion with the high coupling coefficient.  The development of the scaling 
methods for laser systems, the increase in the output radiation power and optimization of 
the interaction of shock waves will result in a considerable increase in the laser-engine 
efficiency. 

4. The impact of thermal action 
A laser air-jet engine (LAJE) uses repetitively pulsed laser radiation and the atmospheric air 
as a working substance [1-3].  In the tail part of a rocket a reflector focusing radiation is 
located.  The propulsion is produced due to the action of the periodic shock waves 
produced by laser sparks on the reflector.  The laser air-jet engine is attractive due to its 
simplicity and high efficiency.  It was pointed out in papers [26] that the LAJE can find 
applications for launching space crafts if ~ 100-kJ repetitively pulsed lasers with pulse 
repetition rates of hundreds hertz are developed and the damage of the optical reflector 
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under the action of shock waves and laser plasma is eliminated.  These problems can be 
solved by using high pulse repetition rates (f~ 100 kHz), an optical pulsed discharge, and 
the merging of shock waves [12, 13].  The efficiency of the use of laser radiation in the case 
of short pulses at high pulse repetition rates is considerably higher.  It is shown in this paper 
that factors damaging the reflector and a triggered device cannot be eliminated at low pulse 
repetition rates and are of the resonance type. 
Let us estimate the basic LAJE parameters: the forces acting on a rocket in the cases of 
pulsed and stationary acceleration, the wavelength of compression waves excited in the 
rocket body by shock waves, the radius Rk of the plasma region (cavern) formed upon the 
expansion of a laser spark.  We use the expressions for shock-wave parameters obtained by 
us.  A laser spark was treated as a spherical region of radius r0 in which the absorption of 
energy for the time ~ 1 µS is accompanied by a pressure jump of the order of tens and 
hundreds of atmospheres.  This is valid for the LAJE in which the focal distance and 
diameter of a beam on the reflector are comparable and the spark length is small.  The 
reflector is a hemisphere of radius Rr.  The frequency f is determined by the necessity of 
replacing hot air in the reflector by atmospheric air. 
Let us estimate the excess of the peak value Fm of the repetitively pulsed propulsion over the 
stationary force Fs upon accelerating a rocket of mass M.  It is obvious that Fs = Ma, where the 
acceleration a = (10-20)g0 ≈ 100 - 200 m s-2. The peak value of the repetitively pulsed propulsion 
is achieved when the shock wave front arrives on the reflector. The excess pressure in the 
shock wave (with respect to the atmospheric pressure P0) produces the propulsion Fj(t) and 
acceleration a of a rocket of mass M. The momentum increment produced by the shock wave is: 

  
(4)

 
Here, Fa is the average value of the propulsion for the time ta of the action of the 
compression phase of the shock wave on the reflector, and Fm ≈ 2Fa.  By equating δPi to the 
momentum increment δps = F/f= aM/f over the period under the action of the stationary 
propulsion Fs, we find: 

  
(5)

 
The value of ∆, as shown below, depends on many parameters.  The momentum increment 
per period can be expressed in terms of the coupling coefficient J as δPi = JQ, where Q [J] is 
the laser radiation energy absorbed in a spark.  The condition δPi = δps gives the relation: 

  (6) 

between the basic parameters of the problem: W = Qf is the absorbed average power of 
repetitively pulsed radiation, and J ≈ 0.0001 - 0.0012 N s J-1 [3, 13, 26].  
The action time of the compression phase on the reflector is ta ~ Rc/V, where V≈ k1C0 is the 
shock-wave velocity in front of the wall (k1 ~ 1.2) and C0 ≈ 3.4 × 104 cm s-1 is the sound speed 
in air.  The length Rc of the shock wave compression phase can be found from the relation: 

  
(7)
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under the action of shock waves and laser plasma is eliminated.  These problems can be 
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Here, h is the distance from the spark centre to the reflector surface and Rd ≈ 2.15(Q/P0)1/3 is 
the dynamic radius of the spark (distance at which the pressure in the shock wave becomes 
close to the air pressure P0).  In this expression, Rd is measured in cm and P0 in atm.  The 
cavern radius can be found from the relation: 

  
(8)

 
The final expression (8) corresponds to the inequality r0/Rd < 0.03 – 0.1, which is typical for 
laser sparks (r0 is their initial radius).  Let us find the range of P0 where the two conditions 
are fulfilled simultaneously: the plasma is not in contact with the reflector surface and the 
coupling coefficient J is close to its maximum [3, 22, 26].  This corresponds to the inequality 
Rk<h<Rd. By dividing both parts of this inequality by Rd, we obtain Rk/Rd < h/Rd < 1, or 0.25 < 
h/Rd < 1. As the rocket gains height, the air pressure and, hence, h/Rd decrease.  If we assume 
that at the start (P0 = 1 atm) the ratio h/Rd = 1, where h and Rd are chosen according to (2), 
then the inequality 0.25 < h/Rd < 1 is fulfilled for P0 = 1 – 0.015 atm, which restricts the flight 
altitude of the rocket by the value 30 - 40 km (h = const). 
The optimal distance h satisfies the relation h/Rd ≈ 0.25bi where bi ≈ 4 - 5. By substituting h/Rd 

into (7), we find the length of the shock-wave compression phase and the time of its action 
on the reflector: 

  (9) 

  
(10)

 
Where s1=0.37bi0.32/(k1C0)≈9×10-6bi0.32. From this, by using the relation ∆=Fm/Fa=2/(Fta) we 
find: 

  
(11)

 
Of the three parameters Q, W, and f, two parameters are independent. The third parameter 
can be determined from expression (6). The conditions l/f~ta and ∆ ≈ 1 – 2 correspond to the 
merging of shock waves [12]. 
The important parameters are the ratio of ta to the propagation time tz = L/Cm of sound over 
the entire rocket length L (Cm is the sound speed in a metal) and the ratio of tz to 1/f. For steel 
and aluminum, Cm = 5.1 and 5.2 km s-1, respectively.  By using (10), we obtain: 

  
(12)

 
Here, L is measured in cm and Cm in cm s-1. Expression (12) gives the energy: 
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(13)

 
From the practical point of view, of the most interest is the case U> 1, when the uniform 
load is produced over the entire length L.  If U< 1, the acceleration is not stationary and the 
wavelength of the wave excited in the rocket body is much smaller than L.  If also Cm/f < L, 
then many compression waves fit the length L.  The case U≈ 1 corresponds to the resonance 
excitation of the waves.  Obviously, the case U≤ 1 is unacceptable from the point of view of 
the rocket strength. 
By using the expressions obtained above, we estimate ∆, U, and Rk for laboratory 
experiments and a small-mass rocket.  We assume that bi = 4, J=5×10-4 N s J-1, and s1 = 1.4×10-

5.  For the laboratory conditions, M ≈ 0.1 kg, Rr ≈ 5 cm, L= 10 cm, and a = 100 m s-2.  The 
average value of the repetitively pulsed propulsion F1P is equal to the stationary propulsion, 
FIP = Fs = 10 N; the average power of repetitively pulsed radiation is W=FIP/J = 20 kW, and 
the pulse energy is Qp = W/f.  We estimate the frequency f and, hence, Qp ≈ Q for the two 
limiting cases. 
At the start, P0 ≈ 1 atm and the cavern radius Rk is considerably smaller than Rr.  Here, as in the 
unbounded space, the laser plasma is cooled due to turbulent thermal mass transfer.  For Qp < 
20 J, the characteristic time of this process is 2-5 ms [8,9], which corresponds to f = 500 – 200 
Hz.  If Rk ~Rr (P0 < 0.1 atm), the hot gas at temperature of a few thousands of degrees occupies 
the greater part of the reflector volume.  The frequency f is determined by the necessity of 
replacing gas over the entire volume and is ~ 0.5C0/Rr -850 Hz.  Let us assume for further 
estimates that f = 200 Hz, which gives Qp = 100 J.  We find from (7) and (8) that ∆ = 74 and U = 
3.5.  This means that the maximum dynamic propulsion exceeds by many times the propulsion 
corresponding to the stationary acceleration.  The action time of the shock wave is longer by a 
factor of 3.5 than the propagation time of the shock wave over the model length.  For P0 = 1 
and 0.01 atm, the cavern radius is Rk = 2.5 and 11.6 cm, respectively. 

5. The dynamic resonance loads 
Let us make the estimate for a rocket by assuming that M ≈ 20 kg, Rr ≈ 20 cm, L = 200 cm, 
and a = 100 m s-2. The average repetitively pulsed propulsion is FIP = FS = 2000 N, the 
average radiation power is W=4MW, for f= 200 Hz the pulse energy is Qp = 20 kJ, ∆ = 12.6, U 
= 1, Rk = 14.7 and 68 cm (P0 = 1 and 0.01 atm), and Fm = 25.6 kN = 2560 kg.  One can see that 
the repetitively pulsed acceleration regime produces the dynamic loads on the rocket body 
which are an order of magnitude greater than Fs.  They have the resonance nature because 
the condition U ~ 1 means that the compression wavelengths are comparable with the rocket 
length.  In addition, as the rocket length is increased up to 4 m and the pulse repetition rate 
is increased up to 1 kHz, the oscillation eigenfrequency Cm/L of the rocket body is close to f 
(resonance). 
Thus, our estimates have shown that at a low pulse repetition rate the thermal contact of the 
plasma with the reflector and strong dynamic loads are inevitable. The situation is 
aggravated by the excitation of resonance oscillations in the rocket body. These difficulties 
can be eliminated by using the method based on the merging of shock waves.  Calculations 
and experiments [28] have confirmed the possibility of producing the stationary propulsion 
by using laser radiation with high laser pulse repetition rates.  The method of scaling the 
output radiation power is presented in [10]. 
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(11)

 
Of the three parameters Q, W, and f, two parameters are independent. The third parameter 
can be determined from expression (6). The conditions l/f~ta and ∆ ≈ 1 – 2 correspond to the 
merging of shock waves [12]. 
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(12)

 
Here, L is measured in cm and Cm in cm s-1. Expression (12) gives the energy: 
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output radiation power is presented in [10]. 



 Laser Pulse Phenomena and Applications 

 

30 

6. Matrix of reflectors 
This matrix consists of N-element single reflectors, pulse-periodic radiation with a repetition 
rate of 100 kHz, pulse energy q and average power WC. All elements of the matrix are very 
similar (Figure 7), radiation comes with the same parameters: qm = q / N, Wm = WC / N. The 
matrix of reflectors creates a matrix of OPD, each one is stabilized by gas flux with velocity -
VJm. OPD’s have no interactions in between. Elements structure of the matrix of reflectors 
could help find the solution for better conditions of gas flux penetration. In our case the 
number of reflectors was N = 8. Larger values of N are not reasonable.  
The following estimations are valid for the boundary conditions: WC = 20 MW (Wm = 2.5 
MW), f = 105 Hz, q = 200J (qm = 25J), arm = 0.3.  Index 1 is for – P0 = 1 atm. (Start of 
“Impulsar”) and index  2 for  P0 = 0.1 аtm. (end of regime). 
Radius of cylinder for each reflector 
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Focus of reflector ~ 5 сm. The size of matrix ~ 90 сm. Additional pressure is: 

δPm1 = 1.56 atm. and δPm2 = 0.55 atm. 

Force acting on matrix: 

Fam1 = 100⋅103 N, Fam2 = 35.6⋅103 N. 

Specific force for each element of the matrix (for MW of average power): 

Jm1 ≈ 4000 N/MW, Jm2 ≈1500 N/MW. 

The velocities of gas flux in the reflectors of matrix: 

VJ1= 2520 m/s, VJ2 = 5440 m/s 

Flight control in this case can be done by thrust change for the different elements of the 
matrix of reflectors. At the same time, such a configuration could be very helpful in the 
realization of efficient gas exchange in the area of breakdown behind of the reflectors 
(Figure 7). 
Thus, an OPD can be stationary or move at a high velocity in a gaseous medium. However, 
stable SW generation occurs only for a certain relation between the radiation intensity, laser 
pulse repetition rate, their filling factor, and the OPD velocity. The OPD generates a QSW in 
the surrounding space if it is stationary or moves at a subsonic velocity and its parameters 
satisfy the aforementioned conditions. The mechanism of SW merging operates in various 
media in a wide range of laser pulse energies. The results of investigations show that the 
efficiency of the high repetition rate pulse-periodic laser radiation can be increased 
substantially when a QSW is used for producing thrust in a laser engine [13, 14]. 

7. Super long conductive canal for energy delivery  
Powerful lasers are capable to create the spending channels of the big length which are 
settling down on any distances from a radiator. At relatively small energies of single 
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Fig. 7. “Impulsar” engine scheme based on QSW. А) Focusing system, Б) – OPD matrix, 
creating flat QSW; В) Plasma created inhomogeneities; 1) OPD elements; 1’) Model of OPD 
(Distance  from 1’ to 4: less 10 сm); 2) Flat QSW, (P – P0)/P0 ≈ 0.5 – 3; 2’) Radial QSW, (P – 
P0)/P0 < 0.1; 3) Main beam, q ~ 100 J; 3’ – focused beams q ~ 3-5J, creating QSW matrix; 4) 
Matrix of focusing elements and air injecting system; 5) OPD matrix of plasma decay; 5’) 
OPD plasma turbulence ; 6)  Gas flow; 7) Nozzle. 

impulses the lengths of channels make about hundreds of meters. Since 1970 the successful 
attempts of their usage were undertaken for solution of problems of interception of 
lightning and blocking of overload waves on electric lines. The traditional lightning 
protection systems being used currently are not always in a position to ensure the desired 
level of efficiency. This stimulates the quest for new approaches to solve this problem. Laser 
protection against lightning is one of the most prospective trends that are being developed 
actively at present [29,30]. 
. While using this approach, it is assumed that the lightning discharge channel being 
developed is guided towards the conventional rod of the metal lightning rod along the 
plasma channel formed as a result of the laser induced breakdown of the atmosphere. This 
method is based on the concept of an active lightning rod, when a laser beam can be used 
for “triggering” and guiding a positive ascending leader from the tip of a lightning rod to a 
negatively charged thunderstorm cloud. It is expected that in contrast to the traditional 
approach, the use of laser spark will make it possible to control efficiently the very process 
of protection from lightning, ensure the selectivity of lightning capture, and provide safety 
of tall objects and large areas. Conductive canal in this case is about 10-15m long and main 
advantage of the approach is due to immediate appearance of laser produced prolongation 
of the lightning rod. But maximum length of the laser produced breakdown in the air was 
registered on the level of 100m and limited by optical method of laser energy delivery into 
the focal point. Where is the way to get conductive canal of much longer length?  
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attempts of their usage were undertaken for solution of problems of interception of 
lightning and blocking of overload waves on electric lines. The traditional lightning 
protection systems being used currently are not always in a position to ensure the desired 
level of efficiency. This stimulates the quest for new approaches to solve this problem. Laser 
protection against lightning is one of the most prospective trends that are being developed 
actively at present [29,30]. 
. While using this approach, it is assumed that the lightning discharge channel being 
developed is guided towards the conventional rod of the metal lightning rod along the 
plasma channel formed as a result of the laser induced breakdown of the atmosphere. This 
method is based on the concept of an active lightning rod, when a laser beam can be used 
for “triggering” and guiding a positive ascending leader from the tip of a lightning rod to a 
negatively charged thunderstorm cloud. It is expected that in contrast to the traditional 
approach, the use of laser spark will make it possible to control efficiently the very process 
of protection from lightning, ensure the selectivity of lightning capture, and provide safety 
of tall objects and large areas. Conductive canal in this case is about 10-15m long and main 
advantage of the approach is due to immediate appearance of laser produced prolongation 
of the lightning rod. But maximum length of the laser produced breakdown in the air was 
registered on the level of 100m and limited by optical method of laser energy delivery into 
the focal point. Where is the way to get conductive canal of much longer length?  



 Laser Pulse Phenomena and Applications 

 

32 

The same goal to produce long conductive canal has ongoing French-German program 
“Teramobile”, based on femto - second multi-photon lasers technology. But the goal is to get 
very long canal with very low level of electrical resistivity in comparison with canals 
produced by infrared laser radiation breakdown.  The ionisation of  air,  produced by ultra-
intense and ultra-short pulse can be put to use to channel bolts of lightning. As a 
“Teramobile” burst propagates it creates a sort of straight filament of ionised air, which 
should conduct electricity. If the laser were directed toward a dark and threatening 
thunderhead, it would trigger a lightning bolt that could be safely pushed away from doing 
harm. This capacity has already been demonstrated over a distance of a few meters only 
with a laboratory version of lightning, and tests on a more natural scale are limited by very 
high filaments resistivity. So what do we do with a mobile terawatt laser, if it is not good 
enough for the lightning control ? It can  be used very effectively to study the propagation of 
intense laser light in the atmosphere, detect pollution, and control the parameters of fast 
objects in the space. Ultra - high intensity brings its own special qualities; it modifies 
significantly the index of refraction while it induces a focusing of the light beam along its 
path, the effect of the latter being to produce a self - guiding laser burst which can travel 
hundreds of meters. Another effect is that the luminous spectrum widens to yield a white 
laser whose light is composed of a wide range of wavelengths, which is important for a 
wide spectrum of applications. 
There upon the well known program of creation of “Impulsar” represents a great interest, as 
this program in a combination with high-voltage high - frequency source can be useful in 
the solution of above mentioned problems. The principle of “Impulsar” operation can be 
shortly described as follows [31]. 
Jet draught of the offered device is made under influence of powerful high frequency pulse-
periodic laser radiation. In the experiments the CO2 laser and  solid - state Nd YAG laser 
systems were used. Active impulse appears thanks to air breakdown (<30km) or to the 
breakdown of vapour of low-ionizable material saturated by nano – particles (dust plasma), 
placed on the board in the vicinity of the focusing mirror - acceptor of breakdown waves. 
With each pulse of powerful laser the device rises up, leaving a bright and dense trace of 
products with high degree of ionization and metallization by nano - particles after ablation. 
The theoretical estimations and experimental tests show that with already experimentally 
demonstrated figures of specific thrust impulse the lower layers of the Ionosphere can be 
reached in several ten seconds that is enough to keep the high level of channel conductivity 
with the help of high frequency high voltage generator. 
The space around globe represents a series of megavolt class condensers created by Earth 
surface, the cloudy cover, various layers of ionosphere and radiating belts. With the help of 
supported by high - voltage source of trajectory trace of “Impulsar” it is possible to create a 
conductive channel of required length and direction.   In process of the optical vehicle lifting 
and conductive channel following it, the breakdown characteristics of the interval with 
decreasing for 5 orders of magnitude (90 km) density considerably reduce, than the process 
must be prolonged by the expanding of micro-discharges net and develop as self - 
supported process in the external field of all studied interval. It is important to notice, that 
presence of such an orbital scale channel allows us also to perform a number of important 
experiments from the Earth surface as well as from space. Ball and bead lightning 
investigation is the most interesting application for the long conductive canal technology 
based on “Impulsar” due to the intriguing possibility for investigator to set up the stationary 
laboratory with variable boundary conditions for effective tests. Most likely, their nature is 
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multiple. It would appear that natural ball lightning may be not one phenomenon but many, 
each with similar appearance but with different mechanisms of origin, different stability 
criteria, and somewhat different properties dependent upon the atmosphere and the 
environment present at the time of the event. 
Consideration of a large set of available applications of high power high repetition rate 
pulse-periodic lasers  give us strong confidence to open  on that basis a new horizons of 
instrumental space science  and wide spectrum of very new and important  applications. 
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The same goal to produce long conductive canal has ongoing French-German program 
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placed on the board in the vicinity of the focusing mirror - acceptor of breakdown waves. 
With each pulse of powerful laser the device rises up, leaving a bright and dense trace of 
products with high degree of ionization and metallization by nano - particles after ablation. 
The theoretical estimations and experimental tests show that with already experimentally 
demonstrated figures of specific thrust impulse the lower layers of the Ionosphere can be 
reached in several ten seconds that is enough to keep the high level of channel conductivity 
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and conductive channel following it, the breakdown characteristics of the interval with 
decreasing for 5 orders of magnitude (90 km) density considerably reduce, than the process 
must be prolonged by the expanding of micro-discharges net and develop as self - 
supported process in the external field of all studied interval. It is important to notice, that 
presence of such an orbital scale channel allows us also to perform a number of important 
experiments from the Earth surface as well as from space. Ball and bead lightning 
investigation is the most interesting application for the long conductive canal technology 
based on “Impulsar” due to the intriguing possibility for investigator to set up the stationary 
laboratory with variable boundary conditions for effective tests. Most likely, their nature is 
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multiple. It would appear that natural ball lightning may be not one phenomenon but many, 
each with similar appearance but with different mechanisms of origin, different stability 
criteria, and somewhat different properties dependent upon the atmosphere and the 
environment present at the time of the event. 
Consideration of a large set of available applications of high power high repetition rate 
pulse-periodic lasers  give us strong confidence to open  on that basis a new horizons of 
instrumental space science  and wide spectrum of very new and important  applications. 
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1. Introduction 
The need of increased precision and efficiency of thermal processing of modern construction 
materials with the aid of lasers, makes it especially timely to examine the problem of 
nonstationary temperature fields in non-homogeneous materials during the heating and 
cooling stages. This is the reason of continuous interest of many researchers (Kim et al., 
1997; Loze & Wright, 1997; Said-Galiyev & Nikitin, 1993; Sheng & Chryssolouris, 1995).  
Providing an example, such materials applied among other things in automotive and power 
industry, are these in the electrical steel – insulator’s layer systems of which transformers’ 
core or magnetic cores in electric engines are made. However, the core-loss occurs as a result 
of the overheating of these materials due to Joule’s effect, this is the reason why the 
efficiency reduces in electrical devices. The induction currents, which are generated by 
changing magnetic field and connected with them magnetic structure domains has great 
influence on transformers’ efficiency, too. It turns, that in order to decrease the transformer’s 
core-loss, the size of magnetic structure domains should be decreased. This can be achieved 
by the application of pulsed laser heating of sheet steel (electrical steel – insulator’s layer 
system), in such manner that homogeneous and stable stresses are made – it is a refinement 
method of magnetic structure domains. As a final result, a sheet steel with an energy lost of 
about 10% lower than for conventional sheet steel, is obtained. It should be underlined, that 
during the induce processing of stresses (setting the desired magnetic domains size) coating 
should not be damaged, the application of pulsed laser radiation satisfies this condition 
(Coutouly et al., 1999; Li et al., 1997). 
Cleavage of the material in the process of thermal splitting results from tensile stresses when 
the sample is heated by the moving heat flux. When the stresses value exceeds the tensile 
strength of material then cracks arise on the surface of the processed sample and they follow 
the movements of the heat source. The cracks in the material are generated on condition that 
the temperature is higher than material’s temperature corresponding to the thermal 
strength. But for the purpose of guaranteed destruction of the sample considerable 
temperature gradient must be produced by heating the smallest possible area. For this 
reason the heating should proceed quickly, in the pulsed mode and the maximum 
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1997; Loze & Wright, 1997; Said-Galiyev & Nikitin, 1993; Sheng & Chryssolouris, 1995).  
Providing an example, such materials applied among other things in automotive and power 
industry, are these in the electrical steel – insulator’s layer systems of which transformers’ 
core or magnetic cores in electric engines are made. However, the core-loss occurs as a result 
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changing magnetic field and connected with them magnetic structure domains has great 
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core-loss, the size of magnetic structure domains should be decreased. This can be achieved 
by the application of pulsed laser heating of sheet steel (electrical steel – insulator’s layer 
system), in such manner that homogeneous and stable stresses are made – it is a refinement 
method of magnetic structure domains. As a final result, a sheet steel with an energy lost of 
about 10% lower than for conventional sheet steel, is obtained. It should be underlined, that 
during the induce processing of stresses (setting the desired magnetic domains size) coating 
should not be damaged, the application of pulsed laser radiation satisfies this condition 
(Coutouly et al., 1999; Li et al., 1997). 
Cleavage of the material in the process of thermal splitting results from tensile stresses when 
the sample is heated by the moving heat flux. When the stresses value exceeds the tensile 
strength of material then cracks arise on the surface of the processed sample and they follow 
the movements of the heat source. The cracks in the material are generated on condition that 
the temperature is higher than material’s temperature corresponding to the thermal 
strength. But for the purpose of guaranteed destruction of the sample considerable 
temperature gradient must be produced by heating the smallest possible area. For this 
reason the heating should proceed quickly, in the pulsed mode and the maximum 
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temperature should not exceed the temperature of melting for in such conditions the stress 
quickly disappears. Thermal splitting of brittle non-metals (like glass, ceramic materials, 
granite) is the easiest of all for they exhibit big difference between the melting temperature 
and the temperature of thermal strength. Low thermal conductivity of brittle materials is the 
cause why considerable thermal stresses are generated in thin subsurface layer in the initial 
moment. As a result, destruction of the sample takes place shortly after the heating process 
starts. 
Laser treatment is one of the methods of improving the properties of coatings. It is applied 
when the heating of large areas is difficult or when heating should be limited to some 
specified parts of the product. Ceramic with zirconium dioxide ZrO2 as a base constituent is 
one of the most promising materials for thermally insulating coatings (Dostanko et al., 2002). 
Functional parameters of such coatings can be improved by laser processing. As results the 
bigger density and smaller porosity are obtained. At the same time a specific structure of the 
processed surface is formed – many, nearly equidistant micro cracks arose on it. Usually the 
width of these micro cracks does not exceed 2 μm, the depth – 10 μm and the maximum 
length of this specific structure of the processed surface is smaller than 50 μm. When the 
surface with such a layer produced on it undergoes heating, the parts of the coating between 
micro cracks can slightly change their relative positions what retards the development of 
destructive macro cracks. This explains experimentally observed thermal strength increase 
of the zirconium dioxide ZrO2 coatings after their laser processing (Dostanko et al., 2002). 
Ornaments from granite in buildings like churches, theatres and hotels are often covered, to 
make them more attractive, with thin metallic foil (gold, platinum, copper). Remaining for 
years in polluted atmospheric air, sooner or later such ornaments require cleaning. 
Nowadays laser methods are used for this purpose. In the course of the process of cleaning 
the metallic foil can not be melted and must stay in thermal contact with the substrate. That 
is the cause why the problem of modelling temperature and stress fields generated by 
pulsed laser irradiation is so important for the system consisted of a bulk substrate of low 
thermal conductivity and a thin metallic coating deposited on it. 
Analytical methods for calculation of the temperature fields generated by the pulse laser 
irradiation were developed mainly for homogeneous materials (Duley, 1976; Rykalin et al., 
1985; Ready, 1971; Welch & Van Gemert, 1995; Hector & Hetnarski, 1996). On the other 
hand, the material to be split quite often has the form of a protective coating or thin film 
deposited on the homogeneous substrate. The mathematical model of controlled thermal 
splitting of homogeneous and piece-wise homogeneous bodies at assumption of uniform 
distribution of the heat flux intensity was considered earlier (Li et al., 1997; Yevtushenko et 
al., 2005). The reviews of different methods of analysis for the thermal phenomena 
connected with laser heating are presented in the relevant literature (Gureev, 1983; 
Rozniakowska & Yevtushenko, 2005). 
Therefore, the aim of this chapter of the book is the analysis of temperature distribution and 
thermal stresses in the non-uniform body heated by the heat flow changing in time. For this 
purpose the analytical solution of the transient heat conduction problem and corresponding 
thermoelasticity quasi-static problem for the system, which consists of semi-infinite 
homogeneous substrate with coating and heated by the laser pulse with rectangular or 
triangular time shape, was used. The obtained solution determines the temperature and 
thermal stresses in the piecewise homogeneous body both in the heating phase at laser pulse 
irradiation and in the cooling phase, when the laser is switched off. 
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2. Temperature field 
For small values of Fourier’s numbers, which correspond to characteristic times of thermal 
splitting, the large part of the heat flux is directed into the body, perpendicularly to its 
surface. That makes it possible to consider the generation of temperature fields and thermal 
stresses as the one-dimensional non-stationary process. Let us consider the system of semi-
infinite substrate with the coating of the thickness d (Fig. 1). Thermophysical properties of 
the substrate and the coating differ. 
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Fig. 1. Heating model of the homogeneous body with coating. 

It is assumed, that the intensity of heat flux propagating in the coating material has the 
following form:  
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where A  is the absorption coefficient, 0q  is the characteristic value of heat flux intensity, t  
is the time. Usually one assumes a rectangular laser pulse shape 
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where tr is the pulse rise time, ts is the laser pulse duration. For comparative numerical 
analysis the parameters of functions (2) and (3) are chosen in such a manner that pulse 
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where tr is the pulse rise time, ts is the laser pulse duration. For comparative numerical 
analysis the parameters of functions (2) and (3) are chosen in such a manner that pulse 
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duration and energy are the same in both cases. The perfect thermal contact between the 
substrate and the coating is assumed. All the values and parameters which refer to coating 
and the substrate in the further considerations will have bottom indexes c and s respectively. 
The dimensionless temperature distribution in the coating and in the substrate can be found 
from the solution of the following boundary-value problem of heat conduction:  
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,K k  are coefficients of thermal conductivity and thermal diffusivity, respectively. Taking 
the equations (2) and (1) into account, the dimensionless temporal profile ( )q τ∗  of the laser 
pulse in the right side of the boundary condition (6) can be written in the form 
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( )H ⋅ is the Heaviside’s step function. 
Solution of a boundary-value problem of heat conduction in friction (4)–(11) by applying the 
Laplace integral transform with respect to dimensionless time τ    
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the transforms (17)–(20) for the temperatures of the coating and substrate can be written as 
follows 
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The transforms (23) and (24) were obtained for arbitrary form of the function ( )q τ∗ . 
Transition into the originals of integral Laplace transform will be at first considered for two 
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duration and energy are the same in both cases. The perfect thermal contact between the 
substrate and the coating is assumed. All the values and parameters which refer to coating 
and the substrate in the further considerations will have bottom indexes c and s respectively. 
The dimensionless temperature distribution in the coating and in the substrate can be found 
from the solution of the following boundary-value problem of heat conduction:  
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special cases of laser pulses: with constant intensity 0( ) 1q t* = , 0t >  and linearly changing 
1( )q t t* = , 0t > . Then, the corresponding Laplace transforms are (Luikov, 1986)  

 1( ) , 0,1.i
iq p p i* - -= =  (25) 

Inversion of formulas (23) and (24) will be conducted independently for the transforms 
0 ( )q p*  and 1 ( )q p*  (25) with the use of the convolution theorem for the integral Laplace 

transform (Luikov, 1986)  
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To calculate the integrals (28), a new variable 
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Integration by parts of (31) gives 
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erf( )x  is Gauss error function. After substitution of functions ( )iu w , 0,1i =  (32) into 
formulas (30) is obtained finally 
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Subsequently, when the temperature fields ( )
, ( , )i

c sT z t* , 0,1i =  (36)-(40) are determined then 
temperature of the non-homogeneous body can be found from the expressions 
(Yevtushenko et al., 2007) 
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for the triangular one (14). 
It must be noted that equations (41) and (42) determine the temperature of the body 
(composed of coating and substrate) in a point beneath the heated surface ( 0z ² ), after time 

0t ²  from the beginning of laser irradiation to the moment, when the cooling of the body is 
completed. The solutions of the corresponding problems of heat conduction for 
homogeneous semi-space it is possible to obtained from the first component of the 
expressions (36) and (37) (for 0n = ) (Rozniakowska & Yevtushenko, 2005). 
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           parameter 
 
metal 

5
0 10T -¡ ³ , 

K 1-  
hz , 
- 

st , 
- 

310tD ³
- 

A  
exp. 

A  
axisym. 

A  
one-dimen. 

St. 45 0.111 0.0625 0.0732 0.36 0.3 · 0.5 0.42 0.41 

Co 0.228 0.286 0.672 9.8 0.1 0.112 0.045 

 

Table 2. Values of the effective absorption coefficient for the St.45 steel and Co monocrystal 
samples. 

Values of the effective absorption coefficient for the St.45 steel sample irradiated with pulses 
of short duration 0.0732st = , found on the basis of the solutions for axisymmetric 
( 0.42A = ) and one-dimensional ( 0.41A = ) transient heat conduction problem are nearly the 
same, and correspond to the middle of the experimentally obtained values range 

0.3 0.5A = ·  (Table 2). The cobalt monocrystal samples were irradiated with pulses of much 
longer duration 0.672st = . In this case, there is more than twofold difference of A  values 
found on the basis of the solutions for axisymmetric ( 0.112A = ) and one-dimensional 
( 0.045A = ) transient heat conduction problem. Moreover, only the value of effective 
absorption coefficient obtained from the axisymmetric solution of transient heat conduction 
problem corresponds to the experimental value 0.1A = . In that manner, it was proved that 
the solution of one-dimensional boundary heat conduction problem of parabolic type for the 
semi-space can be successfully applied in calculations of the effective absorption coefficient 
only for laser pulses of dimensionless short duration 1st << . Otherwise, the solution of 
axisymmetric heat conduction problem must be used. 

7. Conclusions  
The analytical solution of transient boundary-value heat conduction problem of parabolic 
type was obtained for the non-homogeneous body consisting of bulk substrate and a thin 
coating of different material deposited on its surface. The heating of the outer surface of this 
coating was realised with laser pulses of the rectangular or triangular time structure. 
The dependence of temperature distribution in such body on the time parameters of the 
pulses was examined. It was proved that the most effective, from the point of view of the 
minimal energy losses in reaching the maximal temperature, is irradiation by pulses of the 
triangular form with flat forward and abrupt back front. 
Analysis of the evolution of stresses in the homogeneous plate proves that when it is heated, 
considerable lateral compressive stresses occur near the outer surface. The value of this 
stresses decreases when the heating is stopped and after some time the sign changes – what 
means that the tensile stresses takes place. The time when it happens increases 
monotonously with increase of a thermal pulse duration (for rectangular laser pulses) or 
with increase of rise time (for triangular laser pulses). When the lateral tensile stresses 
exceed the strength of the material then a crack on the surface can arise. The region of lateral 
compressive stresses, which occur beneath the surface, limits their development into the 
material. 

The Effect of the Time Structure of Laser Pulse on Temperature Distribution  
and Thermal Stresses in Homogeneous Body with Coating   

 

59 

The presence of the coating (for example, ZrO2) with thermal conductivity lower than for 
the substrate results in considerably higher than for the homogeneous material, lateral 
tensile stresses in the subsurface after the termination of heating. The depth of thermal 
splitting is also increased in this case. When the material of the coating (for example, copper) 
has greater conductivity than the substrate (granite) then the stresses have compressive 
character all the time. The coating of this kind can protect from thermal splitting. The region 
that is vulnerable for damage in this case is close to the interface of the substrate and the 
coating, where considerable tensile stresses occur during the cooling phase. 
The method for calculation of the effective absorption coefficient during high-power laser 
irradiation based on the solution of one-dimensional boundary problem of heat conduction 
for semi-space, when heating is realised with short pulses, was proposed, too.  
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1. Introduction 
X-rays were observed for the first time by Wilhelm Conrad Röntgen in 1895 (Röntgen, 1895). 
During the first century since that great event X-rays were benefiting mostly from their 
spatial resolution capability. However, recently it was possible to take advantage also from 
their temporal resolution due to novel sources providing ultrashort bursts of short-
wavelength radiation (i.e. wavelength λ < 100 nm) and to get an inside view of physical 
processes in molecules and atoms. One possibility of how to obtain ultrashort bursts of 
coherent extreme ultraviolet (abbreviated XUV or EUV; wavelength spectral range between 
10-100 nm), soft X-ray (1-10 nm) and/or X-ray radiation (< 1 nm) is by high-order harmonic 
generation (HHG) process. It involves interaction of laser light at a given frequency during 
which it is being converted into integer multiples of the fundamental frequency through a 
highly nonlinear interaction with a conversion medium (typically a noble gas; Brabec & 
Krausz, 2000). Laser-driven HHG uses acceleration of electrons on time-scales that are of the 
order of an optical cycle of the laser field. Currently this technique gives rise to the shortest 
flashes of light ever generated in a laboratory which are typically of the order of a few 
hundreds of attoseconds (1 as = 10-18 s; Paul et al., 2001; Kienberger et al., 2004; Schultze et 
al., 2007). When laser field of intensity of about 1014 - 1015 W/cm2 and time durations in  
 

 
Fig. 1. Ms. Röntgen's hand. First medical imaging with X-rays (December 22, 1985; source: 
wikipedia.org). 
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range of femtoseconds (1 fs = 10-15 s) is applied to the gas, a plateau of equally intense 
harmonics of very high order can be observed. The atom is ionized when the absolute 
electric field of the laser is close to its crest during an optical cycle and is pulled away from 
the parent ion. Since the laser electric field changes its sign about a quarter of a period later, 
the electron will slow down, stop at a position far from the ion and start to accelerate back 
towards it (Corkum, 1993). When it returns to the ion, it can possess significant amount of 
kinetic energy, much larger than the photon energy but being its multiple. This energy plus 
the ionization potential is transferred into emitted  photon energy as soon as the electron 
recombines with its parent ion, which gives rise to very high harmonic orders observed in 
the experiments (Macklin, 1993). Thus HHG represents a source of coherent X-rays bursts of 
ultrashort time duration. Additionally, the HHG source features spectral tunability from UV 
to hard X-rays. Moreover, advantage of particular importance is a very high repetition rate 
of HHG which is given by the repetition rate of the driving laser only and can be easily as 
much as few kHz (Schultze et al., 2007)! 
It has been shown that high-order harmonic pulse comprises train of attosecond pulses 
(Papadogiannis et al., 1999). This great advantage constitutes a stimulus for further 
development of high-order harmonic sources, especially of the techniques leading to 
generation of single attosecond pulses. Nowadays, well explored and most frequently 
deployed are: 
• usage of very short IR laser pulses ( < 5 fs) (Christov et al., 1997; Baltuska et al., 2003), 
• a technique called polarization gating (Sola et al., 2006). 
The details of the aforementioned techniques will not be discussed in detail here; however, 
it is worth noting that the intension of improvement of high-order harmonic sources has 
become a boost for laser technology progress leading to development of laser systems 
emitting pulses with duration in the range of single optical cycle (~ 3.3 fs at ~810 nm central 
wavelength) and shifting the laser pulse central wavelength to the mid-infrared spectral 
range (MIR) in around 2-3 μm. Besides, the lasers’ repetition rates have been significantly 
increased typically to a few kHz (and energy ~mJ per pulse; e.g. Schultze et al., 2007). 
Another recent achievement of particular interest is carrier-envelope absolute phase 
stabilization (CEP). 
State-of-the-art HHG sources require not only development of the high-harmonic source 
itself but also sophisticated metrology techniques and methods for characterization of 
femtosecond and attosecond pulses (Véniard et al., 1996; Drescher et al., 2002; Kienberger et 
al., 2002; Mairesse et al., 2005; Itatani et al., 2002; Sansone et al., 2008). 
Due to unusual combination of all properties that high-order harmonics feature, they 
immediately found vast number of unprecedented applications. For example, a number of  
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experimental results have been recently published related to time-resolved investigation of 
atomic processes. For instance manipulation of drift energy of photoelectron wave packets 
(so called "steering of wave packets") and their imaging (e.g. Kienberger et al., 2007), 
measurement of relaxation and lifetime dynamics in an atom by the direct measurement in 
time domain with attosecond resolution (e.g. Baltuska et al., 2003; Kienberger et al., 2002) in 
contrary to thus far frequency-domain measurements of transition linewidths (Becker & 
Shirley, 1996), spectroscopy of bound electron dynamics in atoms and molecules (Hentschel 
et al., 2001), observation of interference of coherent electron wave packets (Remetter et al., 
2006), probing molecular dynamics (Niikura et al., 2002) and real-time tomography of 
molecular orbitals (Itatani et al., 2004). 
Moreover, novel and very promising schemes for HHG have been recently demonstrated, 
e.g., generation of harmonics during reflection of super intense ultrashort IR laser pulses 
(I > 1017 W/cm2) from plasma mirror oscillating at relativistic velocities on the surface of a 
solid state target (Quéré et al., 2006), or generation of HHG from interaction of IR 
femtosecond laser pulses with molecules (N2, H2+; Lorin et al., 2008). 

2. Physical mechanisms of high-order harmonic generation 

If material is subjected to a strong electric field, nonlinear polarization of the material is 
induced. The magnitude of the arisen polarization strongly depends on the intensity of the 
incident radiation. At moderate and low intensity values the external electric field does not 
influence significantly the electronic structure of the irradiated atoms. The potential barriers 
can be just slightly modified and Stark effect can be observed. To great probability the atoms 
remain in their ground state and extension of their ground state wave function is of the 
order of Bohr radius ( -115.2917 10  m⋅ ). All nonlinear phenomena taking place in this regime 
are well described by the perturbation theory. Thus it is referred as the perturbative regime of 
nonlinear optics. Comprehensive discussion on phenomena and related theory in the 
perturbative regime can be found e.g. in Boyd, 2003. Some of nonlinear optical phenomena 
in this regime are: 
• harmonic radiation generation (second, third, etc.), 
• optical parametric amplification, 
• optical rectification, 
• stimulated Raman scattering, 
• self-phase modulation, 
• self-focusing. 
However, when the electric field strength of the incident radiation is comparable to (or 
higher than) atomic electric field strength ( 115.142 10  V/m⋅ ; Brabec & Krausz, 2000) then 
the potential barriers are strongly modified. With high probability the electrons from the 
most-outer atomic shells may be liberated either through the tunnel ionization or the above-
barrier ionization (depending on the external field strength; see Fig. 3 and Fig. 4). 
Subsequently, if the field is linearly polarized electron wave packets will start oscillatory 
motion. The amplitude of oscillations exceeds Bohr radius and cycle-averaged kinetic 
energy of electron wave packet surpasses binding energy (Brabec & Krausz, 2000). 
Range of intensities implying these phenomena defines the strong field nonlinear optics regime. 
In contrary to the perturbative regime, here, the nonlinear response of the polarization of the 
medium is affected by the ionization process. The nonlinear treatment can be only applied  
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Fig. 3. Tunnel ionization. The atomic potential affected by the external electric field whose 
the field strength is comparable to the atomic fields. It is plausible that the electrons from the 
most-outer atomic will be unbound. This transition is often referred as optical field 
ionization (OFI). 

 
Fig. 4. In this case, the applied electric field is higher than the atomic field strength. The 
atomic potential barrier is suppressed and electrons from most-outer shells are liberated 
through above barrier ionization. 
to an electron which is in very close vicinity of a parent ion. As soon as it is released by 
optical field its response is linear to the electric field and may be treated by classical laws of 
motion (Corkum, 1989; Corkum, 1993). 
Very interesting phenomena are present in the intermediate range of parameters, in the so 
called intermediate regime, i.e. between the perturbative and the strong field regimes. They 
include long-distance self-channeling when nonlinear Kerr effect causes beam focusing, on 
the one hand, and free electrons cause its defocusing, on the other. This interplay leads to 
the channeling of the propagating intense pulse (even at distances as long as a few meters).  
Another interesting phenomenon in this regime is multiphoton ionization, where the total 
amount of absorbed energy exceeds the ionization potential (Fig. 5). 
When electric field strengths are even higher, the nonlinearities become stronger. Electric 
field is able to optically liberate electrons from inner shells of the atom and the wiggling 
energy of an electron is comparable with its rest energy mc2. This is a launch of relativistic 
regime. 
Publications of crucial importance related to the intermediate to strong-field nonlinear 
optics regimes were made by Keldysh (Keldysh, 1965) and Ammonsov, Delone and Krainov 
(Ammosov et al., 1986). Keldysh defined a parameter, which was later named after him that 
allows determining whether tunneling or multiphoton process is dominant for particular 
experimental conditions. It reads: 
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Fig. 5. Multiphoton ionization process: n-photons are absorbed. The total energy of absorbed 
photons (n*hν; n - number of absorbed photons, h - Planck's constant, ν - light frequency) 
exceeds ionization potential. 
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Ip - is ionization potential of a nonlinear medium, 
Up - is ponderomotive potential, which is cycle-averaged quivering energy of an electron in 
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Where: 
e - stands for charge of electron, 
me - is mass of electron, 
E0 - external field amplitude oscillating at frequency ω. 
Substitution of constants leads to simplified relation: 
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The laser field amplitude can be estimated from relation: 
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Where: 
I - is laser intensity [V/cm2], 
Z0 - is vacuum impedance. 
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Where: 
µ0 - is vacuum permeability, -6
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1. Introduction    
The Laser Induced Breakdown Spectroscopy (LIBS), is a technique that has been firmly 
established for the rapid determination of the elemental composition (Cremers, 2006). It 
relies on material ablation by using a short duration laser pulse with high density energy 
enough to produce plasma.  By analyzing the light emitted by the plasma, it is possible to 
determine the elemental composition of practically any material. This technique has 
significant advantages over other conventional analytical techniques (Cremers, 2007; Rusak 
et al., 1998; Song et al., 1997). For example, requires no sample preparation, may be 
performed in solid, liquid or gas phase in samples with any shape or dimension.  Moreover, 
it allows an in-depth study in order to characterize the composition of multi-component 
material (Adamson et al., 2007; Radziemski et al., 1983).  It is especially suitable for field 
work by offering the possibility of real-time analysis with high portability.  Thanks the 
above mentioned advantages, the LIBS technique has experienced strong growth, which is 
reflected in a large and growing number of publications. 
LIBS is not a new technique: firsts laser-induced breakdown studies go back to the early 
1960s and important application studies date from the 1980s with the work of Radziemski 
(Tognoni et al., 2002). A comprehensive review of LIBS development and applications 
through the mid-1990s was produced by Rusak et al.(Rusak et al., 1997).  
The technique has many attributes that make it an attractive tool for chemical analysis, 
particularly as regards its potential as a field-portable sensor for geochemical analysis. LIBS 
is relatively simple and straightforward, so skilled analysts are not required. Little to no 
sample preparation is required, which eliminates the possibility of adulteration of the 
sample through improper handling or storage or cross-contamination during sample 
preparation. LIBS provides a real-time response and simultaneous multi-element detection 
and analysis. The laser plasma is formed over a very limited spatial area, so that only a very 
small amount of sample (picograms to nanograms) is engaged in each laser micro-plasma 
event. All components of the instrument can be made small and rugged for field use and 
LIBS sensors can be operated either as a point sensor or in a standoff detection mode.  The 
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detection limits of LIBS are in the low hundreds to tens of ppm range for most common 
elements, so field-portable LIBS should be capable of field surveying and screening for the 
geochemical exploration and environmental remediation applications envisaged. 
The existing equipment on the market used predominantly solid-state lasers based on 
Nd:YAG crystals. This is because this type of lasers, in addition to the advantages of 
robustness and compactness; allow obtaining very short pulses with high power density.  
To ensure the appropriate parameters, it works in the so-called Q: Switch regime. In this 
mode of operation, is introduced into the laser cavity an optical shutter based on a crystal 
whose transmittance is electrically switched, allowing the production of single-pulse of 
several nanoseconds in duration and very high intensity.  In the last years several works 
have reported an improvement of plasma intensity, and therefore the limits and quality of 
detection, using systems that generate two consecutive pulses, delivered from one or two 
synchronized lasers (Tognoni et al., 2002). Recently, it was reported a system with dual 
crystal modulator by using two LiF crystals (Galbacs et al., 2005). While this system 
improved the signal-noise relation and the intensity of the plasma emission, has the 
disadvantage associated with the gradual degradation of these crystals (Zabello et al., 2003). 
In our study we propose a new low cost LIBS system, which uses passively Q:Switched, 
capable to produce pulse trains that enhances the plasma intensity. The employment of this 
regime is illustrated by LIBS characterization of art object. On the other hand, as an example 
of on-line monitoring of industrial process, and also the possibilities for different pulse 
regimes, we present the applications of free-running regime in the de-thorning process of 
cactus, a food Mexican product.    

2. A low cost and portable LIBS device description  
Figure 1 shows an outline of the experimental setup. A Nd:YAG laser emitting at 1064 nm, 
produces pulses with energy adjustable up to 0.9 J. The active element is a 6 x 60 mm 
Nd:YAG rod, pumped by a xenon lamp.  It uses a Q:Switch consisting of a Cr:YAG crystal 
with 6 mm in diameter and 3 mm in thick and initial transmittance of 14%. The light emitted 
by laser is focused through a 5 mm focal length lens.  The distance between the lens and the 
surface of the sample was 8.5 cm to achieve an area of 0.19 cm2. For the experimental 
conditions used, this means a yield of 4.7 J/cm2. The sample is placed on metallic base 
ensuring that the sample surface is located at the focal point. 
An optical system coupled with the entry of optical quartz fiber, whose entry can be moved 
respect to the sample surface. By this way it is possible to capture the emission from a 
specific region of the plasma. 
The spectrometer used in our configuration was an USB4000 Ocean Optics, with 350 nm to 
900 nm spectral range and 0.2 nm resolution. The spectra were processed in computer by 
using Spectra Suite software. 

2.1 Nd:YAG laser with passive Q:Switch 
In the laser head of our device the pump radiation is produced by xenon pulse lamp.  The 
light from this lamp is concentrated on the active medium of Nd:YAG through an special 
reflector made from monolithic quartz with external metallic coating. The quartz block is 
doped with atomic Ce at 1 % doping level. This feature avoids the optical damage of the 
active medium due the ultraviolet light emitted by xenon lamp. On the other hand, the 
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conversion of UV to visible radiation contributes to enhance the absorption of pump light in 
laser crystal and, in consequence, the laser efficiency. 
For obtaining a compact device, the resonator mirrors of 99,8% and 50 % reflectance 
respectively, were placed at 1.5 cm form the rod ends. The rod dimensions are 5 x 50 mm.  
As a Q:Switch element a YAG:Cr crystal with dimensions 6 mm in diameter and 3 mm thick 
was used.  The initial transmittance of Q:Switch was 21 % for 1064 nm wavelength. 
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Mirror

Lens Array
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Fig. 1. Schematic of experimental setup 

For this configuration, the laser can produce a train of pulses with duration for each pulse of 
about 20 ns, separated by 10 μs interval, with a total duration of the pulse train about 700 μs.  
In Figure 2 the acquired signal of laser pulse for passive Q:Switched laser is showed.  
 

 
Fig. 2. Oscilogramme of pulse train obtained with passive Q:Switch. 

All system elements are mounted on a stereo-microscope in order to obtain better facility for 
positioning and observation of samples as well as to follow the results of irradiation.  The 
dimensions and weight of LIBS device is 40 x 20 x 15 cm and 5 kg respectively. Figure 3 
shows a photograph of device, called MicroLIBS.  
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detection limits of LIBS are in the low hundreds to tens of ppm range for most common 
elements, so field-portable LIBS should be capable of field surveying and screening for the 
geochemical exploration and environmental remediation applications envisaged. 
The existing equipment on the market used predominantly solid-state lasers based on 
Nd:YAG crystals. This is because this type of lasers, in addition to the advantages of 
robustness and compactness; allow obtaining very short pulses with high power density.  
To ensure the appropriate parameters, it works in the so-called Q: Switch regime. In this 
mode of operation, is introduced into the laser cavity an optical shutter based on a crystal 
whose transmittance is electrically switched, allowing the production of single-pulse of 
several nanoseconds in duration and very high intensity.  In the last years several works 
have reported an improvement of plasma intensity, and therefore the limits and quality of 
detection, using systems that generate two consecutive pulses, delivered from one or two 
synchronized lasers (Tognoni et al., 2002). Recently, it was reported a system with dual 
crystal modulator by using two LiF crystals (Galbacs et al., 2005). While this system 
improved the signal-noise relation and the intensity of the plasma emission, has the 
disadvantage associated with the gradual degradation of these crystals (Zabello et al., 2003). 
In our study we propose a new low cost LIBS system, which uses passively Q:Switched, 
capable to produce pulse trains that enhances the plasma intensity. The employment of this 
regime is illustrated by LIBS characterization of art object. On the other hand, as an example 
of on-line monitoring of industrial process, and also the possibilities for different pulse 
regimes, we present the applications of free-running regime in the de-thorning process of 
cactus, a food Mexican product.    

2. A low cost and portable LIBS device description  
Figure 1 shows an outline of the experimental setup. A Nd:YAG laser emitting at 1064 nm, 
produces pulses with energy adjustable up to 0.9 J. The active element is a 6 x 60 mm 
Nd:YAG rod, pumped by a xenon lamp.  It uses a Q:Switch consisting of a Cr:YAG crystal 
with 6 mm in diameter and 3 mm in thick and initial transmittance of 14%. The light emitted 
by laser is focused through a 5 mm focal length lens.  The distance between the lens and the 
surface of the sample was 8.5 cm to achieve an area of 0.19 cm2. For the experimental 
conditions used, this means a yield of 4.7 J/cm2. The sample is placed on metallic base 
ensuring that the sample surface is located at the focal point. 
An optical system coupled with the entry of optical quartz fiber, whose entry can be moved 
respect to the sample surface. By this way it is possible to capture the emission from a 
specific region of the plasma. 
The spectrometer used in our configuration was an USB4000 Ocean Optics, with 350 nm to 
900 nm spectral range and 0.2 nm resolution. The spectra were processed in computer by 
using Spectra Suite software. 

2.1 Nd:YAG laser with passive Q:Switch 
In the laser head of our device the pump radiation is produced by xenon pulse lamp.  The 
light from this lamp is concentrated on the active medium of Nd:YAG through an special 
reflector made from monolithic quartz with external metallic coating. The quartz block is 
doped with atomic Ce at 1 % doping level. This feature avoids the optical damage of the 
active medium due the ultraviolet light emitted by xenon lamp. On the other hand, the 

Burst Mode Q:switched Laser Pulses for Plasma Excitation in LIBS Analysis   

 

85 

conversion of UV to visible radiation contributes to enhance the absorption of pump light in 
laser crystal and, in consequence, the laser efficiency. 
For obtaining a compact device, the resonator mirrors of 99,8% and 50 % reflectance 
respectively, were placed at 1.5 cm form the rod ends. The rod dimensions are 5 x 50 mm.  
As a Q:Switch element a YAG:Cr crystal with dimensions 6 mm in diameter and 3 mm thick 
was used.  The initial transmittance of Q:Switch was 21 % for 1064 nm wavelength. 
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Fig. 1. Schematic of experimental setup 

For this configuration, the laser can produce a train of pulses with duration for each pulse of 
about 20 ns, separated by 10 μs interval, with a total duration of the pulse train about 700 μs.  
In Figure 2 the acquired signal of laser pulse for passive Q:Switched laser is showed.  
 

 
Fig. 2. Oscilogramme of pulse train obtained with passive Q:Switch. 

All system elements are mounted on a stereo-microscope in order to obtain better facility for 
positioning and observation of samples as well as to follow the results of irradiation.  The 
dimensions and weight of LIBS device is 40 x 20 x 15 cm and 5 kg respectively. Figure 3 
shows a photograph of device, called MicroLIBS.  
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Fig. 3. Photograph of MicroLIBS system. 

3. Results and discussion 
The use of LIBS as an analytical tool depends on three underlying assumptions: (i) that 
material ablation is stoichiometric so that the composition of the plasma generated is fully 
representative of the sample composition; (ii) that an optically thin plasma is generated so that 
emission from the central high-temperature portion of the plasma plume is not reabsorbed in 
the colder plasma boundary region; and (iii) the plasma is in local thermodynamic 
equilibrium.  These conditions have been verified by Chan & Russo (Chan & Russo, 1991) and 
Corsi et al. (Corsi et al., 2000) and it is understood how to realize these conditions analytically. 
The use of LIBS for elemental detection is simple and readily accomplished via peak 
matching against a spectral library constructed in advance for a specific application.  For this 
type of application, which can be accomplished through statistical analysis of LIBS spectra 
(Anzano et al., 2000), it is only relative peak intensities and overall spectral shape that is 
important, not absolute peak intensities.  Quantitative LIBS analysis of specific elements in 
natural materials is significantly more difficult because of the broad issue known as “matrix 
effects”.  This is an observed dependence of the intensity of the LIBS emission response to 
the nature of the material analysed (Eppler et al., 1996), which manifests as variations in 
laser-target coupling and resultant plasma intensity variations.  These two facets of the 
sample, which are generally lumped together as “matrix effects”(Aguilera et al., 2009; Corsi 
et al., 2000; Ctvrtnickova et al.; Lu et al., 2010; Ma et al.; Mohamed, 2008; Shen et al., 2009; 
Windom & Hahn, 2009), will determine LIBS signal reproducibility, namely sample 
composition and sample surface character. 

3.1 Multi-pulse excitation  
An important approach for enhance the detection limits and the signal-noise relation was 
reported early (Ponce et al., 2008), and consist in the use of passively Q:Switched multi-
pulse scheme in order to perform the plasma formation-excitation process.  In order to 
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establish a comparison, it was used an electro-optically Q:Switched Nd:YAG laser with 
similar parameters with the passively Q:Switched laboratory-made device.  In the first case, 
the laser pulse energy of 0.14 J was focused on an area of 1 mm diameter, thus obtaining a 
fluency of 4.6 J/cm2, similar to that used in the passively Q:Switched laser. The only 
experimental difference: Pulse duration of 20 ns in single pulse configuration and 700 μs 
total duration for the multi-pulse configuration.  In Figure 4 are observed an example of 
spectra captured for both lasers. The spectra chosen to illustrate the comparison were 
collected form Prickly Pears spines. As can be seen, are clearly identified several peaks 
associated with the CaII, MgII and CI. These peaks, like the rest of the spectrum, have 
higher intensity and better signal-noise relation for a train of pulses configuration. 
These results can be explained through a several steps process (Zabello et al., 2003).  
Initially, the absorption occurs in the first laser pulse at the sample surface, with the 
consequent overheating above the melting point. This causes the explosive material 
ablation, his rupture and rapid heating of the surrounding atmosphere, and a strong 
electronic emission. The steam flow expands and produces a shock wave, which in its 
motion dragging behind an area of low pressure. The initial pressure is restored after about 
100 μs, as estimated experimentally (Kabashin et al., 1990).  
 

 
Fig. 4. LIBS spectra captured by using multipulse (above) and single-pulse (below) 
configurations. 

By influencing subsequent pulses, separated from each other by a few tens of microseconds, 
the conditions for these interactions are the same as the first except for the presence of the 
above mentioned area of low pressure and a broadcast electronics (noise), much lower, 
because at that time the flow of electrons has disappeared. Moreover, the highest line 
intensity for multipulse regime can be explained by the additional excitation pulses 
produced in the steam of initially ejected material. Thus, the use of pulse trains by using 
passive Q:Switch, produce higher emission intensities and betters signal noise rate.  

3.2 Free-running excitation 
Typically, the LIBS technique is performed using Q:Switched lasers with high power pulses 
(megawatt range), produced with time durations in nanosecond range.  As far as we know, 
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no LIBS experiments were performed by using free-running regime until the recent reports 
of LIBS in Prickly Pear (Flores et al., 2009), because the low energy density for this mode of 
laser operation. However, in the mentioned report, due to the strong absorption in areoles, 
an intense plasma emission takes place even for microsecond range in pulse duration with 
kilowatts/cm2 range of laser fluency.  As we demonstrated, this allows to use in experiments 
not only a Q:Switched laser but also a free running low cost Nd:YAG laser regime. The 
experiments in free-running regime have a great practical interest because at this regime is 
possible to obtain a higher productivity in spines elimination.  On the other hand, the laser 
operating at this regime is less expensive and the operation cost is lower.  
At present, our research group is working of high energy and long pulse LIBS excitation, 
performed at millisecond pulse time duration.  The special interest of this exotic conditions 
in plasma generation, is explained by two reasons: The possibility of simulation of some 
natural events like interstellar jets or atmospheric thunders from one side, and, the on-line 
monitoring of several industrial applications in millisecond range as hole perforation or 
pulse welding from the other side. 
In principle, as lower pulse duration them better resolution can be obtained, if we taking in 
to account the fact that typically with shorter pulse duration avoid higher power densities 
and better plasma ionization level.  I also important the fact that the plasma life is extended 
no more than several microseconds, and, in consequence, if the pulse duration is longer, 
them the interaction with subsequent excitation must be taken in consideration in the LIBS 
spectra interpretation. As an example of line-width behaviour for different pulse duration, 
LIBS spectra captured on metal sample are showed in figure 5. 
 

 
Fig. 5. LIBS spectra obtained from Cu sample. 

Burst Mode Q:switched Laser Pulses for Plasma Excitation in LIBS Analysis   

 

89 

3.3 Field applications: Free-running excitation for Cactus de-thorning 
An exciting example of our LIBS device is the on-line elemental determination for laser de-
thorning process. In this new application a Nd:YAG (Flores et al., 2009) laser is used for 
selective ablation of thorns of cactus called opuntia.   In figure 6, is showed a deep-profile 
LIBS measurement of thorn-cortex systems illustrating the behavior of Na(I) 589.5 nm line 
and C-H band.  
These curves shows that LIBS technique contribute to control the spine elimination process: 
For C-H line the relative intensity reach the maximal value after two or three pulses and 
decrease gradually until the full thorn elimination reaching in this moment a fixed value 
that correspond to lower percent of C-H concentration in cortex. In opposite direction, the 
Na line intensity grows gradually reaching a higher level simultaneously with C-H 
decrease. The high concentration of Na in cortex is reached after spine elimination precisely 
when the inner part of cactus is to be ablated. 
On the other hand, it is another important difference between the two curves showed in 
figure 6.  While the Na pike dependence versus number of pulses growth continuously, the 
C-H dependence shows periodical changes.  It’s remarkable that similar variations were 
detected in previous work (Arronte et al., 2010), by photo-acoustic technique when the 
signal intensity versus number of pulses was measured.  In principle, these changes can be 
attributed to periodical character of combustion process in laser de-thorning, consisting in 
 

 
Fig. 6. Intensity profile curves Na I (589.5 nm) y emission band of the C-H clusters 
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(Advantest Corp., 2002) for L-I measurement or Advantest Q8383 Optic Spectrum System 
(Advantest Corp., 1994) for LD spectra. All the equipments are controlled by the computer 
through the NI-GPIB interfaces. The Newport Beam Profile Acquisition module is separated 
from the above equipments excluding the temperature varying system for far-field pattern 
measurement.  
In addition, measures the characteristic which temperature-dependent. Install the device 
which temperature changing on n 3-D axis holder consisting of the copper plate hybridized. 
Designed temperature-dependent measuring system is demonstrated in Fig. 13. Variable 
temperature unit include thermoelectric cooler, temperature controller, heat sink and 
temperature Sensor. The temperature controller controls the power that the cooler device 
outputs. Then reach temperature the temperature controller from temperature sensing 
device that purpose to achieve temperature control. 
 
 

 
 

Fig. 13. Variable temperature measuring system 

6. Results and discussions 
6.1 Oxide confined 850 nm VCSEL  
Using best empirical and selectively oxidized parameters of device process, the 
temperature-dependent I-V measurement of the optimized VCSEL sample are shown in 
Fig.14. From 30 to 80 °C of I-V measurement, temperature is the higher and the higher slope 
of IV-curve is presented. While showing the environment temperature rises, energy gap and 
energy barrier reduce of material. So, diffused current is easy to cross energy gap of surface. 
On the other hand, the surface defect of junction will be reduced to catch electrons with 
improvement of temperature, too. The differential resistances of the optimized VCSEL 
sample are shown in Fig. 15. From 30 to 80 °C and oxidized times of 70 min, the averagely 
differential resistance of Oxide confined 850 nm VCSEL is 25 . 
The temperature-dependent spectra of the optimized VCSEL sample are shown in Fig. 16. 
From 30 to 80 °C and under the driving current of 30mA and oxidized times of 70 min, the   
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Fig. 14. I-V curve of oxide confined 850nm VCSEL devices  

 
Fig. 15. The temperature-dependent Differential Resistance of Oxide confined 850 nm VCSEL 
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Fig. 16. The temperature-dependent spectra of Oxide confined 850 nm VCSEL 
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spectra exhibit the quiasi-single transverse modes successfully excluding the 50°C spectrum 
due to mode hopping. The shifts of FWHM and peak-wavelength red-shift are 0.71±0.05 and 
0.06 nm/°C, respectively. In the analysis on far-field patterns (Advantest Corp., 1993), 30°C 
laser beam profiles are shown in Fig. 17 after selectively oxidized times of 60 min. From the 
diagram, it is clear to note that the HE10 or EH10 lasing modes occur suddenly from 
spontaneous mode once the injected currents increase to 24 mA. While the injected current 
increases continuously to 26 mA, the transverse modes are transited to HE11. Many modes 
happen when the injected current is higher than 27 mA. 
 

 
 

Fig. 17. The far-field pattern of 850 nm VCSEL as function of injected currents, oxidized 
times of 60 min 
Similarly, 30°C laser beam profiles after selectively oxidized times of 70 min are shown in 
Fig. 18. From the profiles, it is found that the HE00 fundamental lasing mode occurs 
suddenly from spontaneous mode once the injected currents increase to 17 mA. While the 
injected current increases continuously to 20 mA, the transverse modes are transited to HE10 
or EH10. Higher modes like HE20 or EH20 modes happen when the injected current is higher 
to 29 mA. 
 

 
 

Fig. 18. The far-field pattern of 850 nm VCSEL as function of injected currents, oxidized 
times of 70 min 
Differently, 30°C laser beam profiles are shown in Fig. 19 after selectively oxidized times of 
80 min. From the profiles, it is very strange that the higher-order lasing modes like HE20 or 
EH20 modes occurs directly from spontaneous mode once the injected currents increase to 
15mA. While the injected current increases continuously to 19 mA, the transverse modes are 
transited to lower-order HE10 or EH10. Mode-merging phenomenon happen when the 
injected current is higher to 30 mA 
 

 
 

Fig. 19. The far-field pattern of 850 nm VCSEL as function of injected currents, oxidized 
times of 80 min 
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Compared with the Fig. 17 and 19, the spontaneous mode is transited to lasing mode with 
respect to aperture size and injected current values. The main reason possibly is that the 
temperature increasing of the hetero-junction for VCSEL attribute to increasing injected 
current. This can result in the changes of refractive index in the cavity of VCSEL so that the 
k would be subsequently changed to be a large influence on the far-field mode-transition. 
The parameter of aperture size is also key factor for current density, which cause mode- 
transition. The aperture size of oxidized times of 60 min for VCSEL is larger than one of 
oxidized times approaching to 80 min. It may result in the divergent distribution and 
obscure profile for the mode patterns as displayed in the pattern transition increasing 
injected current from 23 to 24 mA shown in Fig. 17. In contrast with Fig. 19, the smaller 
aperture and threshold current density lead to constrictive mode patterns and clear profiles. 
Similarly, the formation of feature on mode-pattern transition has been explained as the 
mentioned before in Fig. 17 to 19. The asymmetric aperture window due to non-uniformity 
of selectively oxidized process may be lead to the initial laser mode appear with higher 
order mode. It also results in non-uniformity and asymmetry for pattern distribution. 
 
 

 
 
Fig. 20. The far-field pattern of 850 nm VCSEL as function of injected currents, oxidized 
times of 70 min 
Far-field patterns, 80 °C laser beam profiles are shown in Fig. 20 after selectively oxidized 
times of 70 min. From this Figure, it shows that the HE00 lasing modes appear while injected 
current with 19 mA. Increasing injected current to 23 mA, it transits to HE10 or EH10, then to 
higher order mode of HE20 or EH20 while further increasing current to 40 mA. In compared 
with Fig. 18 and 20, two mode pattern distributions are very similar excluding mode 
intensities. It can be to depict that insensitive operation temperature for far-field pattern 
distributions. The thermal effect like electron-phonon interaction mechanism leads to 
enhancement of non-radiation process which may be key factor for intensity degradation. 

6.2 Proton-Implant 850nm VCSEL (D. Burak. et.al., 1998),  
Contrast to the above selectively oxidized VCSEL performance, the best empirical and 
proton implanted parameters of device process are treated in the VCSEL sample. The 
temperature-dependent I-V measurements of the optimized proton-implanted VCSEL 
sample are shown in Fig. 21. Similarly, from 30 to 80 °C of I-V measurement, the higher 
temperature is, the larger of slope of IV-curves are. (G. T. Dang et.al., 2003) The depicted 
phenomenon is previously mentioned. The differential resistances of the optimized VCSEL 
sample are shown in Fig. 22. From 30 to 80 °C, the averagely differential resistance of 
proton-implanted 850 nm VCSEL are 36.8 Ω. The differential resistances and turn-on 
voltages of proton-implanted are higher than those of oxidized confined ones, respectively. 
It could be explained that the ion-implant process treated in the VCSEL causes some  
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Fig. 21. I-V curve of proton-implant 850 nm VCSEL devices 
 
 

 
 

Fig. 22. The temperature-dependent differential resistance of proton-implant 850 nm VCSEL 

disorder and damage in contact region even though the high-resistance regions are designed 
to be fabricated far from the top contact layer. (E.W. Young et.al., 2003) 
The temperature-dependent spectra of the optimistically ion-implanted VCSEL sample are 
shown in Fig. 23. From 30 to 80°C and under the driving current of 10 mA. The shifts of 
FWHM and red-shifts of peak-wavelength are 0.12 and 0.07 nm/°C, respectively. It is 
worthy to note that the shifts of FWHM in the proton-implanted VCSEL is smaller with 
compared to that of above oxidized confined VESEL under the same effective dimension of 
the optical cavity. And the comparable red-shifts of peak-wavelength in the two different 
confined types. In the analysis on far-field patterns (Advantest Corp, 1993), 30°C laser beam 
profiles of the VCSEL sample after ion-implanted treatment are shown in Fig. 24. From the  
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Fig. 23. The temperature-dependent spectra of Proton-Implant 850 nm VCSEL 
 

 
 

Fig. 24. The far-field pattern of Proton-Implant 850 nm as function of injected currents, 
temperature of 30°C 
diagram, it is clear to obtain that the single lasing modes occur suddenly from spontaneous 
mode once the injected currents increase to 0.3 mA. While the injected current increases 
continuously to 1 mA, lasing intensities eventually become stronger and the profile remain 
the same shape. The transverse modes always are single modes. And the threshold current 
of proton-implanted VCSEL is much smaller than that of the sample treated in oxidized 
confined process. (P. K. Kondratko et.al., 2003) 
Similarly, 80°C laser beam profiles after ion-implanted treatment are shown in Fig. 25. From 
the profiles, it is found that the single fundamental lasing mode occurs suddenly from 
spontaneous mode once the injected currents increase to 1.2 mA. And the profiles of far-field 
pattern remain the quasi-circular shape. While the injected current increases continuously to 
1.3 mA, the transverse modes still are single modes. Only lasing intensity becomes stronger 
like that of the low temperature operation. It can be depicted that the proton-implanted 
VCSEL have a good performance to be operated in higher circumambient temperature. 
The experimental results in summary of the oxidized and proton-implanted confined 
VCSEL as sown in Table I, as well as the assistance of using theoretical DBR simulated with 
transfer matrix method (TMM), matrix calculating method (MCM), Marcatili's method. 
Table I demonstrates the superior performance of VCSEL treated in ion-implanted process 
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Fig. 21. I-V curve of proton-implant 850 nm VCSEL devices 
 
 

 
 

Fig. 22. The temperature-dependent differential resistance of proton-implant 850 nm VCSEL 
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contrast to the oxidized confined VCSEL. However, the low-differential resistance and 
lower-cost process with high-temperature oxidized treatment in VCSEL has some benefits 
for the specific optical-communication application as short-distance data transmission. 

 
 

 
 

Fig. 25. the far-field pattern of Proton-Implant 850 nm as function of injected currents, 
temperature of 80°C 
 

VCSEL Oxidized Ion Implanted 

Peak 
wavelength 859 nm IF= 30 mA 851 nm IF=10 mA 

Threshold 
current 16.9 mA CW 3.2 mA CW 

Threshold 
voltage 1.9 V IF=30 mA 1.8 V IF=10 mA 

Series 
differential 
Resistance 

25.8 Ω IF=30 mA 36.8 Ω IF=10 mA 

Lasing mode Multi mode Single mode 

Table 1. The comparison sheets of oxide confined 850 nm VCSEL and Proton-Implant 850 
nm VCSEL 

7. Conclusions 
In the theoretical simulation, the optical TMM and MCM method as well as multi-layer 
films evolution software of essential Macleod have been proposed to verify the model 
validity. Besides, the operation temperature leading changes of material refractive index is 
considered for reflectivity spectra on graded AlxGa1-xAs/ GaAs DBR mirrors. For oxidized 
confined 850 nm VCSEL, under injected current of 30 mA and the operation temperature 
increasing from 30 to 80°C, the FWHM shifts and peak-wavelength red-shifts are 0.71±0.05 
and 0.06 nm/°C. It can be concluded that the aperture size, hetero junction temperature 
changes and uniformity of selectively oxidized process have very critical influences on the 
far-field mode pattern distributions, mode numbers, mode transitions. For proton-
implanted 850 nm VCSEL, under smaller injected current of 10mA and the operation 
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temperature increasing in the same temperature region of the above oxidized confined 
VCSEL, the FWHM shifts and peak-wavelength red-shifts are 0.12 and 0.07 nm/°C, 
respectively. The summary of our experimental results as well as the assistance of the DBR 
simulation using the TMM, MCM and Macleod’s models can be concluded that the 
optimized 850 nm VCSEL has been proposed in the promising application for high efficient 
and low-cost optical fiber and free space data communications in the future. 
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• Transverse knife edge widths 
• Width at 1/e or 1/e2 in the beam profile 
• Radius containing 86% of the entire power 
• Second-order moment 
• Others 
The radius containing 86% of the entire power can be used to calculate the beam 
propagation of a high-power laser beam in air. The second-order moment is useful to 
mathematically define the radius of an arbitrary laser beam profile. In the second-order 
moment, the beam radii for the x- and y-directions are defined by 
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In the cylindrical coordinate, the beam radius for a radially symmetrical beam profile is 
defined by 
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Now, let us calculate the beam radius for a Gaussian laser beam in terms of the second-order 
moment. For a Gaussian laser beam having a radius 0w , equation (4.2) becomes 

 

2 43
020

02 2
022

0
20
0

2 1!exp
2 42 2
0!2exp 2 2

r

r wr dr
w

w w
wrr dr

w

∞

∞

⎛ ⎞
−⎜ ⎟⎜ ⎟
⎝ ⎠= = =
⎛ ⎞
−⎜ ⎟⎜ ⎟
⎝ ⎠

∫

∫
.  (4.3) 

And to calculate equation (4.3), we use the definite integral formula 
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Fig. 16. How to define the beam width for an arbitrary laser beam profile. 
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Thus, for a Gaussian laser beam, we can quickly see the beam radius defined by the second-
order moment is again the Gaussian radius 0w . Thus, for a Hermite-Gaussian laser beam of 
order m  and n , equation (4.1) becomes 
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02 1yw n w= + , (4.5) 

where the following integral formulae are used to obtain the expression for equation (4.5): 
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In the same way, we can calculate the beam radius for a Laguerre-Gaussian laser beam 
having an arbitrary order. For a Laguerre-Gaussian laser beam, for p and l, equation (4.2) 
becomes 
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For an Airy beam profile ( ( ) ( )2 2
0 1I r I J kar f r⎡ ⎤= ⎣ ⎦ ), which can be obtained by focusing a 

flat-top laser beam, equation (4.2) results in 
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The numerator in equation (4.9) continuously grows as the radius increases. Thus, as shown 
in equation (4.9), the radius is not defined for the Airy beam profile in terms of the second-
order moment.  

4.2 Theoretical determination of the beam quality factor 
As mentioned in Section 4.1, the beam quality factor is closely related to the beam 
propagation. Thus, knowing the intensity distribution near the focal plane is required. Let 
us begin with equation (3.2) to derive a useful relation for the beam radius with respect to 
the distance. As shown in equation (3.2), the general expression of the electric field for a 
laser beam is 
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In the plane ( 1 0z z= ) of the beam waist, ( )0R z = ∞  and 
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Then, after a distance z  from 0z , the ABCD matrix is given by 
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Again, the definition of the Rayleigh range ( 2
0Rz wπ λ= ) is used to derive equation (4.11). 

From this equation, the beam radius with respect to the distance from the focal plane, 0z , 
can be expressed by 
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Note that equation (4.12) is satisfied for all laser beam modes. From equation (4.12), we 
know that the change in the size of the beam mode follows a quadratic function with respect 
to the distance z (after this point, the sign  in equation (4.12) will be omitted for 
convenience). Then, by inserting equations (4.5) and (4.8) into equation (4.12), we can 
rewrite the beam radii for several laser beams as follows: 
For the Hermite-Gaussian beam mode: 
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For the Laguerre-Gaussian beam mode: 
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Here, 2
0xW , 2

0yW , and 2
0,plW  are defined by ( ) 2

02 1m w+ , ( ) 2
02 1n w+ , and ( ) 2

02 1p l w+ + , 
respectively. In addition, it should be noted that in real situations the laser beam can have 
arbitrary beam profile. In this case, it is convenient to generalize the beam radius with 
respect to the distance as follows: 
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For a Gaussian laser beam
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Fig. 17. Beam quality factor, beam radius, divergence angle, and Rayleigh range. 

where 2M  is the beam quality factor. From equations (4.13) and (4.14), we can quickly 
recognize that, for the Hermite-Gaussian and Laguerre-Gaussian beam modes, the beam 
quality factors are given by ( )2 1m +  and ( )2 1p l+ + . 
Thus, by using equations (4.1) and (4.2), we can easily derive the property of the radius-
divergence product. 
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where θ  is the beam divergence defined in Fig. 17. Because the beam quality factor is 
invariant, it is not affected by the focusing optic once the focusing optic is ideal. In other 
words, using the invariant property of the beam quality factor, the radius-divergence 
product remains constant even under different focusing conditions and is given by 
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Finally, from equation (4.17), the beam quality factor for an arbitrary laser beam can be 
directly calculated by using the second-order moments 2

,x yW  at the beam waist and the 
Rayleigh range ,x yZ : 
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Now, let us calculate the beam quality factor by calculating the beam radii at different 
positions near the focal plane and the Rayleigh range from the beam radii. In calculating the 
beam radius, we employ the Fourier transform approach to obtain the intensity distribution, 
and from the calculated intensity distribution we can calculate the second-order moment as 
the beam radius. A Gaussian laser beam TEM00 is considered first. In this case, the Gaussian 
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respectively. In addition, it should be noted that in real situations the laser beam can have 
arbitrary beam profile. In this case, it is convenient to generalize the beam radius with 
respect to the distance as follows: 

 ( ) ( )
2

22 2 4
02 2w z W M z z

W
λ

π
= + −  (4.15) 
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Fig. 17. Beam quality factor, beam radius, divergence angle, and Rayleigh range. 

where 2M  is the beam quality factor. From equations (4.13) and (4.14), we can quickly 
recognize that, for the Hermite-Gaussian and Laguerre-Gaussian beam modes, the beam 
quality factors are given by ( )2 1m +  and ( )2 1p l+ + . 
Thus, by using equations (4.1) and (4.2), we can easily derive the property of the radius-
divergence product. 

 
2

2 2 4
2W M λθ

π
⎡ ⎤ =⎣ ⎦   (4.16) 

where θ  is the beam divergence defined in Fig. 17. Because the beam quality factor is 
invariant, it is not affected by the focusing optic once the focusing optic is ideal. In other 
words, using the invariant property of the beam quality factor, the radius-divergence 
product remains constant even under different focusing conditions and is given by 

 
2
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0 0
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WW W M
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λθ θ
π

= = = . (4.17) 

Finally, from equation (4.17), the beam quality factor for an arbitrary laser beam can be 
directly calculated by using the second-order moments 2

,x yW  at the beam waist and the 
Rayleigh range ,x yZ : 
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π

λ
= . (4.18) 

Now, let us calculate the beam quality factor by calculating the beam radii at different 
positions near the focal plane and the Rayleigh range from the beam radii. In calculating the 
beam radius, we employ the Fourier transform approach to obtain the intensity distribution, 
and from the calculated intensity distribution we can calculate the second-order moment as 
the beam radius. A Gaussian laser beam TEM00 is considered first. In this case, the Gaussian 
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Fig. 18. Calculation of beam radius and the Rayleigh range for Gaussian and higher-order 
Laguerre-Gaussian (10 and 20) laser beam modes. 

width 1w  of the input laser beam was assumed to be 10.337 mm. We also assume that a 
laser beam having no wavefront aberration is focused by an ideal focusing optic having a 
focal length of 238 mm, and that the size of the clear aperture of the focusing optic is 70 mm. 
The large aperture size ensures the extent of the laser beam to be enclosed in the focusing 
optic. However, the choice of focal length is not important in determining the beam quality 
factor. The theoretical Gaussian width of the focal spot was about 5.87 μm (calculated from 
equations (3.10) or (3.39)) at a wavelength of 0.8 μm. In the Fourier transform calculation, the 
Gaussian width of the focal spot was about 5.82 μm, which is very close to the theoretical 
width. The calculated second-order moment at the beam waist 2W  and the Rayleigh range 

0Z  were about 33.88 μm2 and 130.15 μm, respectively. As expected, the second-order 
moment for the Gaussian beam was given by the square of the Gaussian width. Figure 18 
shows the calculated second-order moment for the Gaussian and Laguerre-Gaussian laser 
beam modes. From the calculated second-order moment and the Rayleigh range, the beam 
quality factor for a Gaussian beam having no wavefront aberration was calculated as 1.02 
using equation (4.18), which is very close to the expected value of 1.00. Subsequent 
calculations with higher-order Gauss-Laguerre modes showed that the beam quality factors 
for TEM10 and TEM20 were 3.04 and 5.08, respectively. The calculated beam quality factors 
for higher modes were also very close to ( 2 1p l+ + ), as obtained from the analytical 
approach. It is thought that the small 1 to 2% error in the beam quality factor comes from 
calculating the second-order moment.  
The beam quality factor for a super-Gaussian beam profile was also investigated because the 
super-Gaussian beam profile represents the flat-top profile of a real laser beam. Figure 19 
shows the normalized intensity profiles and the calculated beam quality factors for Gaussian 
and super-Gaussian laser beams.  
The super-Gaussian orders are 2, 4, 6, 8, 10, 15, 20, 30, and 40 in the calculation. As shown in 
Fig. 19, the beam quality factor increases with the super-Gaussian order; the beam quality 
factors for the 30th- and 40th-order super-Gaussian beam profiles are 3.94 and 4.55, 
respectively. The increase in the beam quality factor with the super-Gaussian order is due to 
the energy or intensity spread in the focal plane, caused by Airy rings.  
With the super-Gaussian intensity profile and a serious wavefront aberration, the intensity 
distributions at positions -128, -64, 0, 64, and 128 µm from the focal plane are calculated as 
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Fig. 19. Intensity profiles of super-Gaussian laser beam modes and the calculated beam 
quality factors for various super-Gaussian orders. 

shown in Fig. 20. The intensity distributions show multiple spikes, and the energy is not 
well concentrated in a tiny spot because of the wavefront aberration. For these intensity 
distributions, calculating the second-order moment makes it possible to define the radius of 
the intensity distribution. In the figure, the blue diamonds and pink squares are the 
calculated second-order moments ( )2

xW z  and ( )2
yW z  in the horizontal and vertical 

directions, respectively. The use of an ideal focusing optic having a focal length of 0.238 m is 
assumed in this calculation. Again, the dashed line is the second-order polynomial curve fit. 
The calculated second-order moments for the aberrated laser beam fit the second-order 
polynomial function well, with the difference between the sagittal and tangential focuses 
( x yz z− ) being due to astigmatism in the laser pulse. The calculated beam quality factors 
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Fig. 20. Calculated intensity distributions and beam radii calculated from the second-order 
moment. The beam quality factor is then calculated from the beam radii through the second-
order polynomial fit. 



 Laser Pulse Phenomena and Applications 

 

236 

0

25

50

75

100

-200 -150 -100 -50 0 50 100 150 200
0

100

200

300

400

500

-200 -150 -100 -50 0 50 100 150 200

Distance (um)

Se
co

nd
-o

rd
er

 m
om

en
t (

um
2 )

Distance (um)

Gaussian (TEM00) Laguerre-Gaussians (TEM10 and TEM20)

0

25

50

75

100

-200 -150 -100 -50 0 50 100 150 200
0

100

200

300

400

500

-200 -150 -100 -50 0 50 100 150 200

Distance (um)

Se
co

nd
-o

rd
er

 m
om

en
t (

um
2 )

Distance (um)

0

25

50

75

100

-200 -150 -100 -50 0 50 100 150 200
0

100

200

300

400

500

-200 -150 -100 -50 0 50 100 150 200

Distance (um)

Se
co

nd
-o

rd
er

 m
om

en
t (

um
2 )

Distance (um)

Gaussian (TEM00) Laguerre-Gaussians (TEM10 and TEM20)

 
Fig. 18. Calculation of beam radius and the Rayleigh range for Gaussian and higher-order 
Laguerre-Gaussian (10 and 20) laser beam modes. 

width 1w  of the input laser beam was assumed to be 10.337 mm. We also assume that a 
laser beam having no wavefront aberration is focused by an ideal focusing optic having a 
focal length of 238 mm, and that the size of the clear aperture of the focusing optic is 70 mm. 
The large aperture size ensures the extent of the laser beam to be enclosed in the focusing 
optic. However, the choice of focal length is not important in determining the beam quality 
factor. The theoretical Gaussian width of the focal spot was about 5.87 μm (calculated from 
equations (3.10) or (3.39)) at a wavelength of 0.8 μm. In the Fourier transform calculation, the 
Gaussian width of the focal spot was about 5.82 μm, which is very close to the theoretical 
width. The calculated second-order moment at the beam waist 2W  and the Rayleigh range 

0Z  were about 33.88 μm2 and 130.15 μm, respectively. As expected, the second-order 
moment for the Gaussian beam was given by the square of the Gaussian width. Figure 18 
shows the calculated second-order moment for the Gaussian and Laguerre-Gaussian laser 
beam modes. From the calculated second-order moment and the Rayleigh range, the beam 
quality factor for a Gaussian beam having no wavefront aberration was calculated as 1.02 
using equation (4.18), which is very close to the expected value of 1.00. Subsequent 
calculations with higher-order Gauss-Laguerre modes showed that the beam quality factors 
for TEM10 and TEM20 were 3.04 and 5.08, respectively. The calculated beam quality factors 
for higher modes were also very close to ( 2 1p l+ + ), as obtained from the analytical 
approach. It is thought that the small 1 to 2% error in the beam quality factor comes from 
calculating the second-order moment.  
The beam quality factor for a super-Gaussian beam profile was also investigated because the 
super-Gaussian beam profile represents the flat-top profile of a real laser beam. Figure 19 
shows the normalized intensity profiles and the calculated beam quality factors for Gaussian 
and super-Gaussian laser beams.  
The super-Gaussian orders are 2, 4, 6, 8, 10, 15, 20, 30, and 40 in the calculation. As shown in 
Fig. 19, the beam quality factor increases with the super-Gaussian order; the beam quality 
factors for the 30th- and 40th-order super-Gaussian beam profiles are 3.94 and 4.55, 
respectively. The increase in the beam quality factor with the super-Gaussian order is due to 
the energy or intensity spread in the focal plane, caused by Airy rings.  
With the super-Gaussian intensity profile and a serious wavefront aberration, the intensity 
distributions at positions -128, -64, 0, 64, and 128 µm from the focal plane are calculated as 
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Fig. 19. Intensity profiles of super-Gaussian laser beam modes and the calculated beam 
quality factors for various super-Gaussian orders. 

shown in Fig. 20. The intensity distributions show multiple spikes, and the energy is not 
well concentrated in a tiny spot because of the wavefront aberration. For these intensity 
distributions, calculating the second-order moment makes it possible to define the radius of 
the intensity distribution. In the figure, the blue diamonds and pink squares are the 
calculated second-order moments ( )2

xW z  and ( )2
yW z  in the horizontal and vertical 

directions, respectively. The use of an ideal focusing optic having a focal length of 0.238 m is 
assumed in this calculation. Again, the dashed line is the second-order polynomial curve fit. 
The calculated second-order moments for the aberrated laser beam fit the second-order 
polynomial function well, with the difference between the sagittal and tangential focuses 
( x yz z− ) being due to astigmatism in the laser pulse. The calculated beam quality factors 
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Fig. 20. Calculated intensity distributions and beam radii calculated from the second-order 
moment. The beam quality factor is then calculated from the beam radii through the second-
order polynomial fit. 







































































10 Laser Pulses

P1 P2 P3 P4 P5 P6

ωr 0.016253 0.015480 0.014707 0.013934 0.013161 0.012388
OH n 1.002 2.004 3.005 4.008 5.003 5.984

ωn 0.016221 0.015835 0.015453 0.015063 0.014698 0.014359
|ωn − ωr| 0.000032 0.000355 0.000746 0.001129 0.001537 0.001971

ωr 0.011999 0.011598 0.011197 0.010796 0.010395 0.009994
OD n 1.003 2.014 3.011 3.973 5.002 6.020

ωn 0.011963 0.011716 0.011556 0.011474 0.011192 0.010959
|ωn − ωr| 0.000036 0.000118 0.000359 0.000678 0.000797 0.000965

*All parameters are atomic units except n.

Table 1. Multiphoton vibrational transitions of OH and OD

ωn is becoming larger. This deviation denotes the non-resonant transition appears when the
vibrational state goes up.
From Fig. 1, we can also see that the resonance frequencies ωr are little shifting when the
system reaches the different finial states. Namely, the resonant transition frequency decreases
with the final energy level going up. And because of the higher dissociation energy in
deuterated case the transition probabilities of OD are all smaller than those of OH at the same
laser intensity. The value of the interval between the transition peaks in left panel of Fig. 1
(for OH) is about 0.000773a.u., and the value in right of Fig. 1 (for OD) is about 0.000401a.u..
However, the interval of the transition peaks of OH is larger than that of OD. We attribute it to
the difference of anharmonicity parameter of OH and OD, i.e., the anharmonic parameters of
OH is larger than that of OD. The ratio of the anharmonicity parameters of OH and OD is 1.4
which is comparable to the ratio of 0.000773 to 0.000401 (≈ 1.9). Furthermore, we can see the
deviations (ωr − ωn) of OH are also larger than those of OD in Tab. 1. These results show the
anharmonicity of molecular vibrations has an important influence on the resonant transition
frequency.

3.1.2 The multiphoton selective vibrational transition of OH
Sugimori et al. investigated the multiphoton absorption of OH using numerical simulation
(Sugimori et al., 2005). For the comparison, we here take the same molecular parameters as in
Ref. (Sugimori et al., 2005). We make compare all the calculations for the 1-photon, 2-photon,
3-photon and 4-photon absorption in Ref. (Sugimori et al., 2005) with our analytical results. In
this comparison, the laser field is employed with the same with Ref. (Sugimori et al., 2005)

E(t) = E0g(t)sin(ωLt), (51)

g(t) = exp[−(t − T0)2/σ2],

where T0 = 100ps, σ = 30ps and the laser frequency ωL is calculated using Eq.(49). In
Tab. 2 a comparison is made between numerical results in Ref. (Sugimori et al., 2005) and our
analytical results. A good agreement is found, indicating that our algebraic model is excellent
approximation.
Since there exist a little deviation of the resonant transition frequency for the different
transition(see details in Tab. 1), we then take the calculated frequency as the laser frequency
and study the multiphoton selective vibrational transition of OH. We find the selectivity of
the vibrational transition will decrease as the value of the laser frequency has a little change
(about 0.000001a.u. ≈ 6.6 × 103MHz). The little changes on the laser frequency may cause
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Fig. 2. Time dependence of the laser field and population: (a)1-photon transition between |0�

and |1�, (b)2-photon transition between |0� and |2�, by changing the laser intensity with the
fixed pulse duration at the non-chirped laser pulse. The laser parameters are given in
sec.3.1.3.

OH∗ OH
Imax Ratio(%) Imax Ratio(%)

1-photon 4.74 × 106 100.00 4.68 × 106 99.99

2-photon 5.68 × 108 99.98 5.57 × 108 99.49
3-photon 5.58 × 109 99.88 5.42 × 109 99.23

4-photon 2.36 × 1010 94.51 2.27 × 1010 95.31

* Numerical solution from Ref. (Sugimori et al., 2005).

Table 2. The comparison of maximum laser intensity Imax(W/cm2) and the ratio of the target
state population

the less selectivity and the stronger laser intensity. This denotes the selectivity of vibrational
transition is sensitive to the laser frequency.

3.1.3 Control of vibrational excitation of OH and OD molecules
We have obtained the resonant transition frequencies of OH and OD from the ground state to
some excited states in previous section. In this section, we use these resonant frequencies to
study the selective vibrational transition of OH and OD. The laser field is

E(t) = E0 f (t)cosΦ(t), (52)

f (t) = exp[−(t − τ/2)2/(τ/4)2],

where the Gaussian pulse envelop f (t) is employed since it is extensively employed in
experiment (Zou et al., 2006). The frequency of the field is chosen constant for non-chirped
laser pulses(ωr), or time-dependent for chirped ones, namely, the phase of the laser field pulse
is chosen as

Φ(t) =

{
ωrt, (non-chirped pulse)

Φ0 +
∫ t

0

[
�ω1 + �ω2e−(t�/τ)2

]
dt� (chirped pulse)
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12 Laser Pulses

Fig. 3. Comparison of populations between the chirped by changing the laser intensity with
the fixed pulse duration for OH molecule. (a)1-photon transition between |0� and |1�, the
value of the laser field strength from the lowest curve to the highest one in the non-chirped
pulse is from E0 = 0.000001a.u. to E0 = 0.000011a.u.(≈ 4.25 × 106W/cm2), and in the chirped
pulse is from E0 = 0.0000017a.u. to E0 = 0.0000102a.u.(≈ 3.59 × 106W/cm2). (b)2-photon
transition between |0� and |2�, the value of the laser field strength from the lowest curve to
the highest one in the non-chirped pulse is from E0 = 0.00004a.u. to
E0 = 0.00012a.u.(≈ 5.05 × 108W/cm2), and in the chirped pulse is form E0 = 0.00003a.u. to
E0 = 0.00011a.u.(≈ 4.29 × 108W/cm2).

That is, the two types of the laser pulse are used to study the selective vibrational transition:
the non-chirped laser pulse and the chirped laser pulse.
The selective excitations of 1-photon and 2-photon of OH are studied by the non-chirped
laser pulse. The pulsewidth is set to be τ = 60000a.u.(≈ 1.4ps) as in Refs. (Just et al., 1992;
Korolkov et al., 1996). We adjust the laser intensity to get maximum populations from E0 =
0.000055a.u. to E0 = 0.00033a.u.(≈ 0.4 × 1010W/cm2) for 1-photon, and from E0 = 0.00013a.u.
to E0 = 0.00065a.u.(≈ 0.15 × 1011W/cm2) for 2-photon. In Fig. 2 we plot the time dependence
of the laser field and population with different intensity. From Fig. 2 we see that the
oscillations appear in the population with the laser intensity increases under the condition
of the laser pulse duration is relatively small. To avoid the oscillations, we adjust the
laser pulse duration and we find the oscillations disappear completely at the pulsewidth
τ = 18 × 105a.u.(≈ 40ps). This value is consentient to the pulsewidth in Ref. (Sugimori et al.,
2005). Then we study the changes of the transition probabilities when the non-chirped laser
pulse is turned to the chirped one. The transitions from the ground state to the first and the

OH OD
Δω1(a.u.) Δω2(a.u.) Imax(W/cm2) Δω1(a.u.) Δω2(a.u.) Imax(W/cm2)

1-photon 0.016253 0.0000042 3.59 × 106 0.011999 0.0000040 4.80 × 106

2-photon 0.015480 0.0000040 4.29 × 108 0.011598 0.0000033 5.61 × 108

3-photon 0.014707 0.0000038 4.25 × 109 0.011197 0.0000025 5.05 × 109

4-photon 0.013934 0.0000036 1.76 × 1010 0.010796 0.0000018 1.91 × 1010

Table 3. The optimal laser parameters of multiphoton selective vibrational excitation of OH
and OD
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second excited states at the different laser intensity are given in Fig. 3. The laser intensity begin
to increase from a relative small value till the populations get the maximum values at the end
of the non-chirped or chirped pulse (see Fig. 3 caption). For the chirped pulse, we take the
frequency �ω1 as the resonant frequency, namely, we let �ω1 = ωr. The chirped term �ω2

is adjusted to get a good selectivity at a certain laser intensity. From Fig. 3, we can see that
the populations begin to increase and get the maximum earlier by the chirped pulse than the
non-chirped one. It shows the chirped pulse gives a better control of vibrational excitation
of molecules. Finally, we give the selective excitation of 1-photon, 2-photon, 3-photon and
4-photon of OH and OD. We can obtain complete selective vibrational excitation by a Gaussian
shaped and chirped laser pulse. The optimal parameters of the laser pulse are given in Tab. 3.
We find the values of the chirped term of OH are larger than those of OD which could be also
relevant to the anharmonicity of molecular vibrations. In the same laser duration, the laser
frequency of OH decrease faster than that of OD, but the laser intensity of OD is higher than
that of OH.
From the above discussion, we see that the optimal laser frequency must decrease as a function
of time in order to achieve a good selectivity of excitation. Furthermore, the chirping of OH is
faster than that of OD.

3.2 Triatomic molecules
In this section we study the control of triatomic molecules. As for triatomic molecules, there
exist richer information of selective laser excitation, for example, there is the phenomenon of
intramolecular vibrational redistribution (IVR). The IVR can interfere with selective excitation.
Here we investigate the direct resonant excitation of the intramolecular bond for linear
triatomic molecule HCN and DCN.
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Fig. 4. Long-time-averaged energy absorption spectra of DCN at different laser intensities.
(a) E0=0.003a.u. (I≈0.32TW/cm2), (b) E0=0.009a.u. (I≈2.84TW/cm2), (c) E0=0.015a.u.
(I≈7.89TW/cm2).

The Hamiltonian (28) is used to calculate the stretch vibrational levels of HCN and DCN
molecules successfully, and it can reproduce the real situations of the molecules (Feng & Ding,
2007). The molecular parameters of HCN and DCN are given in Table 1 of Ref. (Feng & Ding,
2007).
We investigate the effects of linearly chirped pulses with different shapes on the molecules.
The linear chirped pulses is successfully used to study vibrational excitation and dissociation
of the molecules (Liu et al., 1995; 1999; Lin et al., 1998). Furthermore, a linearly chirped pulse
can be readily be prepared in the laboratory (Witte et al., 2003; Balling et al., 1994). The laser
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Fig. 3. Comparison of populations between the chirped by changing the laser intensity with
the fixed pulse duration for OH molecule. (a)1-photon transition between |0� and |1�, the
value of the laser field strength from the lowest curve to the highest one in the non-chirped
pulse is from E0 = 0.000001a.u. to E0 = 0.000011a.u.(≈ 4.25 × 106W/cm2), and in the chirped
pulse is from E0 = 0.0000017a.u. to E0 = 0.0000102a.u.(≈ 3.59 × 106W/cm2). (b)2-photon
transition between |0� and |2�, the value of the laser field strength from the lowest curve to
the highest one in the non-chirped pulse is from E0 = 0.00004a.u. to
E0 = 0.00012a.u.(≈ 5.05 × 108W/cm2), and in the chirped pulse is form E0 = 0.00003a.u. to
E0 = 0.00011a.u.(≈ 4.29 × 108W/cm2).

That is, the two types of the laser pulse are used to study the selective vibrational transition:
the non-chirped laser pulse and the chirped laser pulse.
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of the laser field and population with different intensity. From Fig. 2 we see that the
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of the laser pulse duration is relatively small. To avoid the oscillations, we adjust the
laser pulse duration and we find the oscillations disappear completely at the pulsewidth
τ = 18 × 105a.u.(≈ 40ps). This value is consentient to the pulsewidth in Ref. (Sugimori et al.,
2005). Then we study the changes of the transition probabilities when the non-chirped laser
pulse is turned to the chirped one. The transitions from the ground state to the first and the

OH OD
Δω1(a.u.) Δω2(a.u.) Imax(W/cm2) Δω1(a.u.) Δω2(a.u.) Imax(W/cm2)

1-photon 0.016253 0.0000042 3.59 × 106 0.011999 0.0000040 4.80 × 106

2-photon 0.015480 0.0000040 4.29 × 108 0.011598 0.0000033 5.61 × 108

3-photon 0.014707 0.0000038 4.25 × 109 0.011197 0.0000025 5.05 × 109

4-photon 0.013934 0.0000036 1.76 × 1010 0.010796 0.0000018 1.91 × 1010

Table 3. The optimal laser parameters of multiphoton selective vibrational excitation of OH
and OD
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second excited states at the different laser intensity are given in Fig. 3. The laser intensity begin
to increase from a relative small value till the populations get the maximum values at the end
of the non-chirped or chirped pulse (see Fig. 3 caption). For the chirped pulse, we take the
frequency �ω1 as the resonant frequency, namely, we let �ω1 = ωr. The chirped term �ω2

is adjusted to get a good selectivity at a certain laser intensity. From Fig. 3, we can see that
the populations begin to increase and get the maximum earlier by the chirped pulse than the
non-chirped one. It shows the chirped pulse gives a better control of vibrational excitation
of molecules. Finally, we give the selective excitation of 1-photon, 2-photon, 3-photon and
4-photon of OH and OD. We can obtain complete selective vibrational excitation by a Gaussian
shaped and chirped laser pulse. The optimal parameters of the laser pulse are given in Tab. 3.
We find the values of the chirped term of OH are larger than those of OD which could be also
relevant to the anharmonicity of molecular vibrations. In the same laser duration, the laser
frequency of OH decrease faster than that of OD, but the laser intensity of OD is higher than
that of OH.
From the above discussion, we see that the optimal laser frequency must decrease as a function
of time in order to achieve a good selectivity of excitation. Furthermore, the chirping of OH is
faster than that of OD.

3.2 Triatomic molecules
In this section we study the control of triatomic molecules. As for triatomic molecules, there
exist richer information of selective laser excitation, for example, there is the phenomenon of
intramolecular vibrational redistribution (IVR). The IVR can interfere with selective excitation.
Here we investigate the direct resonant excitation of the intramolecular bond for linear
triatomic molecule HCN and DCN.
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Fig. 4. Long-time-averaged energy absorption spectra of DCN at different laser intensities.
(a) E0=0.003a.u. (I≈0.32TW/cm2), (b) E0=0.009a.u. (I≈2.84TW/cm2), (c) E0=0.015a.u.
(I≈7.89TW/cm2).

The Hamiltonian (28) is used to calculate the stretch vibrational levels of HCN and DCN
molecules successfully, and it can reproduce the real situations of the molecules (Feng & Ding,
2007). The molecular parameters of HCN and DCN are given in Table 1 of Ref. (Feng & Ding,
2007).
We investigate the effects of linearly chirped pulses with different shapes on the molecules.
The linear chirped pulses is successfully used to study vibrational excitation and dissociation
of the molecules (Liu et al., 1995; 1999; Lin et al., 1998). Furthermore, a linearly chirped pulse
can be readily be prepared in the laboratory (Witte et al., 2003; Balling et al., 1994). The laser
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Fig. 5. Time-dependent average number of photons absorbed by DCN with E0=0.003a.u.
(I≈0.32TW/cm2). (a) ωL=0.012a.u.(2630cm−1), the single-photon resonance, (b)
ωL=0.01075a.u.(2360cm−1), the seven-photon resonance.

field is as follows

E(t) = E0 f (t)cosΦ(t),

Φ(t) = Ω0t(1 −
αct

2τ
). (53)

In our numerical calculation, Ω0 is taken as the anharmonic frequency of the selected bond,
namely, we let Ω0 = ω01 or ω02. The instantaneous frequency is taken as Ωins(t) = Ω0[1 −

αc(
t
τ )], the amount of chirping is then determined by the parameters αc. The target excitation

state is chosen v = 10 which determines the value of the parameters αc. Researches as in
Ref. (Gong et al., 2005; Dion et al., 1999) show the ionization threshold is estimated to be at
1014W/cm2, the laser intensities chosen in this investigation are all far below this value and
other parameters are similar to Ref. (Brezina & Liu, 2004) and given in figure captions. We
here consider three kinds of laser shapes: rectangular, Gaussian and Sech-shaped.

3.2.1 Resonant excitation probability
The dipole moment of DCN molecule is given by using Eq. (17) with experimental values
(Hyde & Hornig, 1952). We assume the molecule to be in the ground state at t = 0. Fig. 4
gives the long-time-averaged absorption energy spectra of DCN molecule at different laser
intensities. Fig. 5 gives the averaged number of photons absorbed by the molecule.
Based upon Eq. (49), n-photons transition resonant frequencies can be found in the curves
of the long-time-averaged vibrational transition probabilities as a function of external field
frequency. The frequency of the infrared laser field is adjusted to obtain the highest peaks of
the transition probabilities from ωL = 0.007a.u. to ωL = 0.013a.u.
Fig. 4 shows that as the laser intensity increases, both the long-time-averaged absorption
energies and the resonant excitation peaks increase. Calculation of the vibrational transition
probabilities shows that the highest resonance excitation peak at different laser intensities
belongs to different multiphoton resonances, which means an efficient multiphoton resonance
can be achieved only under certain laser intensity. This result is consistent with experiment
(Borsella et al., 1983).
The average number of photons absorbed by the molecule have been studied at E0=0.003a.u.
At ωL=0.012a.u. and ωL=0.01075a.u., the single-photon and the seven-photon resonant
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Fig. 6. The selective excitations of C-H bond and C-N bond for HCN (left column) and C-D
bond and C-N bond for DCN (right column) to the v = 10 level by a resonance linearly
chirped pulse with a rectangular shape. (a)Time-dependence of energy in C-H bond (ECH)
(left) or C-D bond (ECD) (right) and in C-N bond(ECN). The pulse parameters are
I = 0.9 × 1012W/cm2; τ ≈ 2.8ps. αc = 0.38 for HCN and αc = 0.26 for DCN.
(b)Time-dependence of energy in C-H bond (ECH) (left) or C-D bond(ECD) (right) and in C-N
bond (ECN). The pulse parameters are I = 0.5 × 1013W/cm2; τ ≈ 7.2ps. αc = 0.13 for HCN
and αc = 0.11 for DCN.

excitations are found; the corresponding curves of the time-dependent average number of
photons absorbed by the molecule are given in Fig. 5. The curve follows a simple Rabi
oscillation, and the vibrational period is about 150 optical cycles (about 464 a.u. of one optical
cycle) in the single-photon resonance. Within the Rabi cycle, the single-photon curves have
cone-shaped peaks and broad bases. However, the average number of photons absorbed of
the seven-photon resonance has split peaks and a long periodical behavior, the period being
about 430 optical cycles. The multiphoton resonant excitation is a long-time process. This
result also agrees with other relevant research (Walker & Preston, 1977).

Fig. 7. The selective excitation of C-H bond of HCN to the v = 10 level by a resonance
linearly chirped pulse with a Gaussian shape. (a)Time dependence of Gaussian pulse shape
f (t). (b)Time-dependence of energy in C-H bond(—ECH) and in C-N bond(· · ·ECN). (c)The
enlargement of C-N bond(· · ·ECN) energy in panel (b). The pulse parameters are
I = 0.9 × 1012W/cm2; αc = 0.38; τ ≈ 2.8ps. The left column is for f (t) = exp[−(t − τ/2)2/τ2],
the central column is for f (t) = exp[−(t − τ/2)2/(τ/2)2], and the right column is for
f (t) = sech[(t − τ/2)/τ].
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180 mJ/cm2/pulse and pulse number of 27 000. Finally, the samples were annealed at 600°C 
for 20 min. The refractive index distribution was inverted after this annealing step, resulting 
PBG devices in channel cores. Propagation loss of the waveguides increased with the 
annealing time at 600°C. The loss before and after the annealing for 1 hour was 0.4 and 1.4 
dB/cm at 1545 nm wavelength, respectively. 
 

 
 

Fig. 11. Changes of refractive indices of unirradiated and irradiated films.  
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Fig. 12. Fabrication processes for the periodic structures consisting of Ge nanoparticles in 
channels. (a) Laser writing of the gratings, (b) laser irradiation through a Cr mask, and (c) 
thermal annealing at 600ºC for 20 min 

An optical microscope image of the waveguide structures is shown in Figure 13(a). We can 
see that a brown slight line was induced in the film. The line width was approximately 6 
μm, which was consistent with the width of the Cr mask line. In the GeO2-B2O3-SiO2 film 
used in this study, intense absorption bands are induced in ultraviolet-visible wavelength 
regions by annealing at 600°C, which is responsible for the precipitation of Ge nanoparticles. 
The laser irradiation suppresses the nanoparticle precipitation. Therefore, we can consider 
that the nanoparticle concentration of the straight line area became higher than that of the    
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Fig. 13. (a) Optical microscope image of a channel core region and scanning electron 
microscope images of (b) top-view and (c) overall view of a PBG devices consisting of 
nanoparticles. Reprinted with permission from Journal of Physics. Copyright 2009, IOP 
publishing.  

surroundings, and that brown-colored straight line is originated from the absorption 
shoulder of the nanoparticles. Figure 13(b) and (c) shows scanning electron microscope 
images of top view an overall view of the films after HF etching. Although it was difficult to 
recognize individual nanoparticle by this observation because the annealing time was as 
short as 20 min, the periodic structure and the channel core were observable in the film. No 
surface reliefs were detected before the HF etching because of their smooth surfaces. The 
channel width and period of the structures were 7 μm and 530 nm, respectively, which were 
identical with those of the photoimprinted patterns in Figure 12(b). Bright lines in the 
periodic structures are likely to be aligned aggregated nanoparticles. Note that the periodic 
structures at clad areas (outside areas of the cores in the film) were not visible. This erase is 
most likely due to irradiation with higher fluence in Figure 12(b) than that in Figure 12(a). 
By this irradiation, laser-induced refractive index contrast in Figure 12(b) decayed because 
larger refractive index changes can be induced by higher fluence. This confinement of the 
periodic structures in the core can avoid coupling of propagation light to clad and leaky 
modes. From Figure 11, the refractive index difference between core and cladding regions 
for the in-plane direction was approximately 1.2 x 10-3 at 633 nm wavelength. This periodic 
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structures exhibited peaks of 18.0 dB at 1532.7 nm and 18.7 dB at 1533.1 nm for the TE-like 
mode and TM-like mode, respectively, in transmission spectra. These peaks indicate that the 
periodic structures worked as PBG devices inside the channels.These PBG devices exhibited 
high thermal stabilities compared to the conventional laser-induced PBG ones. The 
structural changes of the laser-induced gratings were almost completely erased after 
repeated annealing at 400°C. In contrast, it is notable that no remarkable changes of PBG 
depths and wavelengths were observed for the periodic structures consisting of Ge 
nanoparticles even after heat treatment at 500°C. 

6. Summary 
In this chapter, we presented the fundamentals of pulse laser-induced structural changes of 
SiO2-based glasses and demonstrated the fabrication of PBG devices consisting of crystalline 
Ge nanoparticles using a combined process of direct laser writing and subsequent thermal 
annealing. Large refractive index modulations with high thermal stabilities were induced by 
this combined process. The periodic structures in channel cores exhibited intense PBG 
effects of nearly 40 dB for both polarization modes. And no changes of the PBG effects were 
observed even after repeated heat treatment up to 500°C. Optimization of pulse laser 
irradiation and phase change conditions can realize devices with much larger PBG effects 
using direct laser writing techniques.  
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1. Introduction 
Control of chemical reactions that focuses on the selective cleavage or on the formation of 
chemical bonds in a polyatomic molecule is a long-sought-after goal for chemists. Attempts 
have been made since the early days of lasers (1960) to make this dream come true 
(Rousseau, 1966). In most of the experiments, selectivity is lost because of the rapid 
intramolecular vibrational energy redistribution (IVR) which occurs on picosecond time 
scales. This simply leads to heated molecules. Supersonic molecular beam techniques have 
proven to be an excellent method for producing isolated cold molecules in the gas phase, 
where the molecules are in their lowest rotational and vibrational states and as a result 
several relaxation rates like the collisional and the IVR rates are much slower (Smalley et al., 
1977; Levy, 1981). By combining ultrafast laser technology with supersonic molecular beam 
technique in a novel way, several control schemes known as ‘coherent control’, have been 
proposed that make use of the coherent nature of laser radiation (Zewail, 1980; Bloembergen 
& Zewail, 1984). Furthermore, study of control is typically pursued in molecular beams in 
order to isolate the elementary processes to be studied from surrounding solvent 
perturbations. 
In a chemistry laboratory, however, the conventional control that we generally use in 
increasing the yield of the desired products in the chemical synthesis are macroscopic 
variables, such as, the temperature, pressure, concentration, etc.  Sometimes catalysts are 
also used to control the chemical reactions. But the methods involved in this type of 
conventional cases are based on the incoherent collision between collision and we cannot get 
direct access to the quantum mechanical reaction pathway. On the other hand, in the 
quantum control of chemical reactions, molecular dynamics involved can be altered by 
specifically designed external light fields with different control parameters, namely, the 
intensity, phase, frequency, and polarization, which can vary with time. Using such 
methods, one can reach a user-defined chemical reaction channel more selectively and 
efficiently (Brixner & Gerber, 2003). The short temporal duration of ultrafast laser pulses 
results in a very broad spectrum (Fig.1). The output of our amplified laser system has pulse 
duration around 50 femtosecond and spectral bandwidth of around 18 nm. Possibilities of 
manipulating such an ultrafast coherent broadband laser pulses have brought forth the 
exciting field of ultrafast pulse shaping. Pulse shaping involves the control over amplitude, 
phase, frequency, and or inter-pulse separation (Goswami, 2003). Control of chemical 
reactions by laser can have various applications in diverse industrial and biological or 
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medicinal settings e.g. microelectronic lithography, the fabrication of gene chips, and 
photodynamic therapy (Levis et al., 2001). Even in quantum information processing, 
controllability of the quantum system is the key issue (Ahn et al., 2000; Vivie-Riedle & 
Troppmann, 2007). All these probable applications of coherent control have made this a very 
‘hot’ research area in chemistry and physics. 
 

 
Fig. 1. An ultrafast laser pulse in time and frequency. 
To begin with coherent control studies, it is essential to choose a simple atomic or molecular 
system, whose characteristics are fully known and can be understood very simply, such that 
we can easily analyze our results. We also need to have an easy detection system. Thus, the 
first and foremost objective is to design and build, for instance, a supersonic molecular beam 
chamber with linear time of flight mass spectrometer to produce an isolated cold molecular 
beam whose mass spectra can be detected.  
Coincidentally, this year 2010 is considered as the hundred years of invention of molecular 
beam technique (Herschbach, 1987). Molecular beam is a large number of molecules in 
laminar flow, i.e., moving in straight and almost parallel trajectories in a practically collision 
free environment in a highly evacuated space. One of the essential elements in producing 
the molecular beam is the high vacuum pump. High vacuum pump was invented almost 
hundred years ago in the year 1910. Molecular beam study was started just after the 
invention of the high vacuum pump. 
The control over the fragmentation and chemical reactions using shaped ultrafast laser 
pulses was demonstrated by different schemes of experiments by various groups of 
scientists (Assion et al., 1998; Levis et al., 2001; Daniel et al., 2001; Levis et al., 2002; Brixner 
et al., 2003; Daniel et al., 2003). All of their experiments are based on the closed loop 
approach using learning algorithms to control the laser field with feedback from the 
experimental signal. The resultant pulse shapes obtained by an adaptive approach were not 
always found to be a globally optimized solution (Assion et al., 1998; Levis et al., 2001; 
Weinacht et al., 1999; Itakura et al., 2003). Furthermore, the physical significance of such 
complex shaped pulses to the actual processes leading to discrimination among the 
fragmentation channels and their mechanisms are often too difficult to apprehend limiting 
the generalization of such feedback schemes. A continued effort, therefore, exists on the 
control of such fragmentation process from simpler pulse modulation concepts. 
One of the easiest pulse modulation schemes is frequency chirping. Chirping essentially 
refers to the process of arranging the frequency components in a laser pulse with certain 
phase ordering. Linear ordering can be easily achieved by dispersing the ultrafast pulses 
through a pair of gratings. This ordering of frequency components results in the lengthening 
of an otherwise bandwidth limited ultrafast laser pulse. For positively chirped pulse leading 
edge of the pulse is red shifted and the trailing edge is blue shifted with respect to the 
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central frequency of the pulse. Negative chirp corresponds to the opposite effect. The first 
experimental demonstration of control using simple linear chirped laser pulses was by 
Warren and co-workers in the early 1990s (Melinger et al., 1992). Subsequently, several 
experimental and theoretical developments have made linear chirped pulse control a very 
attractive field of research (Krause et al., 1993; Cerullo et al., 1996; Pestrik et al., 1998; 
Yakovlev et al., 1998; Cao et al., 1998). Control of fragmentation with simple linear chirped 
pulses as a control scheme has also become an active field of research in recent years. 
In this chapter on ‘hot’ chemistry with ‘cold’ molecules, we first present our experimental 
scheme of producing the ‘cold’ molecules in the supersonic beam chamber followed by the 
laser schemes to induce ‘hot’ chemistry. The resulting chemistry ensuing from such 
technological developments are discussed in the subsequent sections. 

2. Experimental  
Design of our molecular beam setup: 
An engineering drawing of the system was prepared using AUTOCAD software (Fig.2). The 
design of our molecular beam setup (Fig.2) consists of three chambers with differentially 
pumping by turbo pumps. The three chambers were designed to attain a supersonic 
molecular beam region (source chamber), a laser interaction region (Fig.3) and a mass 
detection region. Each of the chambers is connected to turbo molecular pumps which are in 
 

 
Fig. 2. Diagram of our Molecular beam chamber setup. 
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Fig. 3. Autocad diagram of the source and part of the interaction chamber. The flanges are 
also marked with their sizes. Diagram on top is the top view of the chamber what was 
designed and fabricated. Diagram in the bottom is the side view of the chamber with all 
viewports. CF- conflate flat copper gasket flange. 

turn connected to dry scroll pump. Vacuum chambers were fabricated based on our design 
and requirements for complete oil free systems using SS-304 stainless steel and conflate 
connections. Design of our particular single beam experiments depends mainly on the 
considerations of signal-to-background noise ratio. The size and geometry was chosen to 
match the pulse duration of the source and the detector geometry. The chamber geometry 
suggests that a cylinder or cube with height and width approximately equal and with the 
beam source located so that the nozzle is about equal distance from the walls ahead and the 
sides of the beam.  
It is sometimes advantageous in pumping speed requirement when the molecular beam 
source is kept directly into the throat of the vacuum pump. Because most high speed pumps 
are designed for mounting at the bottom of the chamber, this configuration implies 
mounting the molecular beam source directly above the pump. The source chamber or the 
supersonic molecular beam region is larger and it has the dimension of 10.19 inch (259 mm) 
height and 9.6 inch (244 mm) diameter. Source chamber is pumped by a turbo molecular 
pump (Varian Turbo V2K-G) which has a 2000 l/s pumping speed. The 2000 l/s turbo 
pump is connected to the source chamber with ISO250 F flange. This turbo pump is 
connected to the Dry scroll pump (Varian DS600) via stainless steel hose with a KF40 flange. 
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The source chamber contains a pulsed valve with 0.5 mm nozzle attached (Series 9 General 
valve) and a 1mm skimmer which is the only opening into the interaction chamber and it 
allows only the central portion of the expanded molecular beam. The pulsed valve is 
mounted on a compact X-Y-Z translation stage from MDC Inc. The Series 9 pulsed valve 
(General Valve, Inc.) provides a versatile way of introducing high backing pressures of gas 
into vacuum. The series 9 valve comes with its own Iota One pulser, which can be triggered 
either internally or externally (used in the experiments described in this chapter) and then 
be pulsed for a defined width. The valve consists of a magnetically actuated poppet and 
spring mechanism which requires sufficient rise time for opening and closing (250 µs each 
half cycle, which limits its maximum repetition rate to 35 Hz).  We keep the repetition rate of 
the pulsed valve at 10 Hz and the pulse duration at 100 µs for the experiments described 
here. A poppet of tip size matched with the orifice (diameter 0.5 mm) of the nozzle is fitted 
inside the armature by a compressed stainless steel spring to close the orifice. The Iota One 
pulser generates a brief high voltage of 275-295 V  and it pulls the armature with the tip to 
open the orifice and then the voltage drops to a 28 V holding voltage for the remainder of 
the pulse. To get the full benefit of a pulsed molecular beam, it is essential to have a leak 
tight pulsed valve. We used a PEEK (polyether-ketone resin) poppet material which can 
deform within few hours of use and needed to be replaced regularly. A leaking poppet will 
increase the foreline pressure on the roughing pump thermocouple gauge and a strong 
degradation of any type of collected ion signal and often large fluctuations in the ion gauge 
readings of source chamber pressure. For the electrical connection to the pulsed valve there 
is CF40 electrical feed through flange in the source chamber.  
Our sample chamber is kept outside the vacuum chamber and is connected to the pulsed 
valve with a 0.5 inch diameter and 12 inch long stainless steel tube. The tube passes through 
the back flange of the source chamber with a conflate connection and is connected to the He 
gas supply cylinder.  
The nickel skimmer of 1 mm diameter is used to separate the source chamber from the 
interaction chamber and it allows only the cold core of the supersonic molecular beam. The 
skimmer is a cone with a base diameter of 27.9 mm, an orifice diameter of 1mm and a length 
of 25.4 mm.  It has a 2.5 mm clamping edge. Skimmers have ultra-thin walls and ultra-sharp 
orifice edges to minimize the skimmer interference with molecular beam.  
The interaction chamber is pumped by a 500 l/s turbo molecular pump (TurboV-550). Turbo 
V-550 pump is connected to the chamber with CF100 conflat flange. It contains two sapphire 
view port (CF40) to pass the laser beam through the interaction region where the electric 
plates for the time of flight mass spectrometer is situated. 
Fragment ion detection chamber with flight tube is pumped by a 300 l/s turbo pump 
(TurboV-300) and the pump is kept near the 18 mm dual MCP detector. The MCP detector is 
separated by a gate valve, when the experiment is not in operation, such that we can always 
maintain low pressure in the detection chamber. Other element in the detection chamber is 
the time of flight mass spectrometer, which will be described below. 
Vacuum pressure is monitored in both source and detection chamber by Bayard-Alpert 
ionization gauge detector and convector gauge. After baking the vacuum chambers, we are 
able to obtain base pressure of around 10-8torr and 10-9torr in the source and interaction 
chamber respectively. The pumping speed of our turbo pumps are sufficient enough to 
maintain a chamber pressure of 10-6torr and 10-7torr, respectively, in the source and the 
interaction chamber, when the nozzle is in operation at 10 Hz repetition rate for a backing 
pressure of 2-3 atmosphere of He. 
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Our time of flight mass spectrometer: 
Our time of flight tube (Fig. 4) was manufactured by R. M. Jordan Co. (C-677 lens stack 
assembly) according to our particular requirements. A skimmed (0.040 inch dia.) supersonic 
molecular beam is directed through the space (1 cm) between two plates and is ionized by a 
laser beam which intersects it at right angles. The ions thus created are repelled by the 
repeller plate (VA1 =+4100 Volts) and drawn through the extraction Grid (VA2 = 
+3500Volts). They are then accelerated through the Ground Grid (VA3) into the Flight tube. 
Total length of the drift tube is 56 inch from laser centerline to the detector. 
 

300 l/s
Turbo 
Pump 

 
Fig. 4. Design of our Time of Flight tube with a manual Gate valve, 1. Repeller plate VA1. 2. 
Extraction grid VA2. 3. Acceleration grid GND. 4. X steering plates VX1, VX2. 5. Y steering 
plates VY1, VY2. 6. Mounting ring. 8. Flight tube 2.875” diam. 9. Side-port Tee. 10. C 16MM 
dual MCP detector. All measurements are shown in inches. 

During this transit the ions pass through the Einsel lenses (no power supply is provided) 
and between the deflection plates VX1=+157 Volts, VX2=+176 Volts, VY1= -45 Volts, VY2= -
21Volts. These plates steer the beam on to the repeller and Detector Grid and compensate 
for the transverse displacement due to any initial molecular beam velocity vector. 
When each of these ions arrives at the detector it will impact the first microchannel plate 
(VD1= -2200 Volts) with about 6000 volts of energy. This impact will deliver approximately 
104 electrons onto the face of the second microchannel plate (VD2=-1200 Volts). Each of 
these secondary electrons will generate another 104 electrons in the second plate. These 
electrons exit the bottom of the plate (VD3= -200Volts) and accelerate the final 200 Volts to 
the 50 Ohm anode which is at ground potential. 
The MCP plates (Burle Electro-optics) are discs of lead glass ~0.75 mm thick and 5.2 cm2 in 
diameter. (Fig. 5) It consists of around 106 cylindrical channels with a diameter of 10µm and 
an inter-channel separation of 12µm. Electrons emitted from the channel walls by ion impact 
are accelerated toward the other side of the plate by a differential electric field. Secondary 
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ion emission from the channel walls initiates an electron avalanche which is collected by an 
anode and then output through a 50 Ohm termination circuit to an oscilloscope for 
observation. To increase MCP gain, additional MCPs can be placed in series. We used a 2 
plate MCP stack with a total gain of 106 and a sub-nanosecond rise time. A grid on front of 
the MCP stack is held at ground potential to allow a field free drift region for ions in the 
flight tube.  The cylindrical symmetric flight tube can be biased to a few hundred volts but it 
is usually held at ground. In order to protect the MCP against sparks causing short circuit, 
the pressure has always been kept below 10-5 torr. The minimal pressures in the TOF and 
source chamber were kept about 10-7 and 10-6 torr. 
 

 
Fig. 5. Design of our microchannel plate detector on a conflate flange: 1- Input grid, 2-spring 
cap, 3-spring, 4-microchannel plate stack assembly, 5- base plate, 6- anode shield, 7- detector 
flange assembly, 9- 50  feedthrough. 

 

 
Fig. 6. Alignment of nozzle, skimmer and centre of the repeller and extraction plate. 
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Our time of flight mass spectrometer: 
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Fig. 4. Design of our Time of Flight tube with a manual Gate valve, 1. Repeller plate VA1. 2. 
Extraction grid VA2. 3. Acceleration grid GND. 4. X steering plates VX1, VX2. 5. Y steering 
plates VY1, VY2. 6. Mounting ring. 8. Flight tube 2.875” diam. 9. Side-port Tee. 10. C 16MM 
dual MCP detector. All measurements are shown in inches. 
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The relative yield of C7H7+ decreased in both the directions of the chirp and is at its 
maximum when the pulse is transform limited, indicating that the fragment yield only 
depends on the laser peak intensity as dictated by its pulse width. We have also seen that 
the integrated SHG intensity at different chirp is symmetrically decaying around 0 fs2 (Fig. 
18), which confirms that there is nothing systematic in the laser pulse causing the 
enhancements in the fragmentation process. 

4. Conclusions 
We have built a molecular beam chamber with linear time of flight mass spectrometer, 
which can be combined with femtosecond laser in a novel way to study the femtosecond 
coherent control of supersonically cooled molecules. Our system is constructed with 
dryscroll pumps and turbo-pumps and is completely free from oil, which is very necessary 
for any femtosecond laser laboratory. In fact, this oil-free capability ensures that the 
obtained mass spectra is free from extraneous hydrocarbon peaks, which, in turn, makes our 
system better sensitive in studying coherent control of organic samples as reported in this 
book chapter. 
We have demonstrated that the phase characteristics of the femtosecond laser pulse play a 
very important role in the laser induced fragmentation of polyatomic molecules like n-
propyl benzene. The use of chirped pulse leads to sufficient differences in the fragmentation 
pattern of n-propyl benzene, so that it is possible to control a particular fragmentation 
channel with chirped pulses. Overall, as compared to the transform-limited pulse, 
negatively chirped pulses enhance the relative yield of C3H3+, C5H5+, while the relative yield 
of C6H5+ increases in case of positively chirped pulse. In fact, for the C3H3+ fragment, the 
enhancement is almost 6 times for the negatively chirped pulse (β = -8064 fs2) as compared 
to that of the transform-limited pulse. 
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1. Introduction    
Current methods for the analysis of drinking water and many other liquids often call for the 
use of reagents and may require extensive sample preparation (American Public Health 
Association, 1989). For the case of water supplies and water treatment plants, this analysis is 
usually carried out once every few days or weeks (Killinger & Sivaprakasam, 2006). Most of 
the analysis is usually conducted using classical analytical chemical techniques, such as 
mass spectrometry, liquid chromatography, or fluorescence based or tagged reagents 
(Crompton, 2000). These analytical techniques are sensitive and provide accurate assessment 
of the chemistry related to the quality of the liquids. However, they often take considerable 
time and are usually not performed in real-time, especially for the case of a flowing process 
line. On the other hand, previous fluorescence spectroscopic measurements of ocean water 
by Coble showed that deep-UV excitation of naturally occurring organic compounds in 
water can yield significant and unique fluorescence signals in the near UV to visible 
wavelength range without the need to use additional reagents or sample preparation (Coble, 
1996; Coble, 2007).   As a result, we have been studying deep-UV laser-induced-fluorescence 
techniques for the detection of trace species in water and other liquids with the goal of using 
the natural fluorescence of trace species in the water or liquid samples and being able to 
provide readings within the time span of a few seconds. 
Toward this goal, we have developed a reagentless deep-UV laser and UV-LED induced 
fluorescence (LIF) system to detect and continuously observe in real time trace levels of 
colored dissolved organic matter (CDOM) or Dissolved Organic Compounds (DOCs) in water 
and distilled spirits, such as drinking water, and related water/alcohol based liquids with a 
sensitivity exceeding that of commercial spectrofluorometers. Our system has been used to 
detect ppb trace levels of plasicizer Bisphenol-A (BPA) that have leached into drinking water, 
and has detected and monitored trace levels of DOCs within ocean currents (Killinger & 
Sivaprakasam, 2006; Sivaprakasam et al. 2003; Sivaprakasam & Killinger, 2003). Recently, our 
LIF system has been used to measure fluorescence of reverse osmosis processed water and 
different types of drinking water (Sharikova & Killinger, 2007; Sharikova & Killinger, 2010). 
These LED/LIF applications have now been extended to additional water related samples, 
including humic acid samples, tannic acid and chlorinated water samples, juices, coffee, and 
several wines and distilled spirits; these recent results are presented in this paper.  
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Our compact LIF system used either frequency tripled or forth harmonic diode pumped 
Nd:YAG lasers operating at 266 nm and 355 nm,  or deep-UV LEDs (265 nm, 300 nm, 335 nm, 
and 355 nm) as UV excitations sources. The emitted fluorescence was measured over the range 
of 240–680 nm.  Strong emission near 450 nm was observed for the DOCs in water, while 
emission bands near 340 nm were evident from distilled spirits and wine. It is important to 
note that one of the main advantages of using a deep-UV excitation wavelength, such as 266 
nm, is that the emission fluorescence is separated in wavelength from the Raman emission of 
water (near 310 nm for 266 nm excitation), and thus yields greater sensitivity and wavelength 
selectivity than previous systems using lasers operating near 400 to 550 nm. In addition, as a 
point of reference, our laser based LIF system had a detection sensitivity for the fluorescence 
standard solution of quinine sulfate on the order of 0.1 ppb. The average laser power was 
approximately 30 times that of the LED, but differences in the signal intensity due to the 
difference in the laser and LED excitation intensity were consistent with theory.  
Our studies show that deep-UV light emitting diodes (LEDs) are good alternative light 
sources for our LIF system, which would make the apparatus cheaper and more compact.   
It should be noted that the research presented in this paper is directed toward the 
development of  new optical spectroscopic measurement techniques which have the 
potential to offer enhanced capabilities over conventional water monitoring and liquid 
analysis.  However, while its sensitivity has been shown to be in the sub-parts per billion for 
standard fluorescing compounds used in fluorescence research, such as quinine sulfate, it 
needs to be further quantified and evaluated against conventional analytical chemistry 
instruments before it can be used as an on-line analytical instrument for water monitoring.   
Such comparisons are currently being conducted and will be reported later. 

2. Experimental setup 
Our Laser and LED induced fluorescence system is similar to that of a conventional 
spectrofluorometer, but has a sensitivity several orders of magnitude better. Commercial 
spectrofluorometers often use UV lamps and wavelength selecting spectrometers for the 
emission source, and single or double monochromators with Photo-multiplier Tubes or CCD 
detecting arrays for fluorescence detection (Albani, 2007).  Often the signal processing is 
conducted using a chopped CW beam and lock-in amplifier signal detection. Our LIF system 
uses a high PRF (pulse-repetition-frequency) laser running at about 8,000 pulses/second as the 
excitation source (or a pulsed LED source running at about 330 pulses/second), and a high-
speed boxcar integrator which detects and stores the fluorescence photon signal for each pulse.   
In addition, our system uses multiple excitation beams and double-pass collection optics to 
increase the fluorescence signal. Our past work has shown that this combination has enhanced 
the sensitivity of our laser-induced-fluorescence system by two to three orders of magnitude 
over conventional spectrofluorometers, depending upon the spectrometer and optical detector 
configuration used (Sivaprakasam & Killinger, 2003). Details of our current LIF system follow. 

2.1 Description of the apparatus 
Our fluorescence measurements were performed using a system shown in Fig. 1. The 
schematic diagram of the apparatus is shown in Fig. 2. The light source was one of the 
following: a microchip laser, 266 nm or 355 nm (JDS Uniphase, Models NU-10110-100 and 
NV-10110), or a LED operating at 265 nm, 300 nm, 335 nm or 355 nm (Sensor Electronic 
Technology, Inc., UVTOP® series). A silicon APD photodetector (New Focus, Model 1621) 
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was used to trigger data acquisition with the laser source; the LEDs were software-triggered.   
The laser beam passed through the optical quartz cell (Spectrocell Inc., Model RF-3010-F) 
several times, for which plane mirrors on the sides of the cell were used. The fluorescence 
signal was collected at a right angle to the excitation beam with a concave mirror 
(Optosigma, Model 035-0130) and a fused silica lens (Optosigma, Model 014-0490). It passed 
through one of the 19 different narrow (10nm) bandpass optical filters ranging from 265 nm 
to 685 nm before being focused onto a PMT (Hamamatsu, Model H6780-03). One of the 
absorption cut-off filters (CVI Laser, Models CG-WG-280-2.00-2 and CG-WG-295-2.00-2) was 
used to block Rayleigh and Raman scattering. All filters were mounted on a stack of 
motorized filter wheels (CVI Laser, Models AB-302 and AB-304). The PMT signal was 
acquired by a gated integrator and boxcar averager unit (Stanford Research System, Model 
SR-250). Data collection and filter wheel control was handled by LabVIEW software through 
a computer interface unit (Stanford Research System, Model SR-245) and serial bus. 

2.2 Laser and LED characteristics 
The Q-switched microchip lasers produced 0.4 ns, 0.3-0.4 μJ pulses at a repetition rate of 8 
kHz. The beam size was on the order of 1 mm.    
The LEDs were operating in a 10 μs, 50 mA drive current regime with a 330 Hz repetition 
rate. The output light pulse energy was approximately 7 nJ (with the exception of 22 nJ for 
the 355 nm LED). It was noted that the LEDs also had an out-of-band emission in the visible 
region. As an example, this can be seen in Fig. 3 that shows the measured output power of 
the 265 nm LED (LED265) as a function of wavelength and of drive current. This is a log plot 
of the intensity and shows that the out-of-band LED emission had a peak value of about 1% 
compared to the peak emission at 265 nm. 
 

  
Fig. 1. Experimental system: optics box (left) and electronics box (right) 
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Fig. 2. Schematic diagram of the experimental apparatus 
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Fig. 3. Emission spectra of LED265 for different CW currents. 
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To block this out-of-band light, a VIS-blocking, UV-passing filter (CVI Model CG-UG-11) 
was used with our LED sources. Figure 4 shows the spectral output power of the LEDs with 
and without the filter using a linear scale for the intensity. The beam size within the sample 
cell was about 5 mm. 
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Fig. 4. LED spectral peak power density in 50 mA, 10 μs pulse regime (lower curves with 
CG-UG-11 filter) 

3. Data and results 
Our LIF system was used to measure a considerable variety of water related liquids 
including tap water, Reverse Osmosis (RO) treated ground water, and other water quality 
related substances. These results are shown in the following. 

3.1 Experimental conditions and settings for liquid samples 
The liquid samples were stored, when necessary, in the dark and cold. Water samples were 
not further processed. Wine samples were diluted to 10 mL per 1 L with distilled water.     
Humic substances (International Humic Substances Society, 1R101N, 1S103H, 1S104H) were 
prepared as 10 mg per 500 mL of distilled water. 
A flow cell with a linear flow rate of 5 cm/s was used to minimize photobleaching. With 
each bandpass filter, 1000 measurements were taken, which lasted a few seconds per filter 
setting including filter switching time. Boxcar averaging setting was 300 samples. The 
sensitivity setting was adjusted for each sample to maximize the signal. The spectra were 
compensated for filter bandwidth and transmission, PMT quantum efficiency and gating 
integrator/boxcar averager sensitivity. 

3.2 Reverse Osmosis processed ground water and drinking (tap) water 
Ground water taken from a shallow well at USF was processed by a Reverse Osmosis unit at 
Prof. Carnahan's lab (Carnahan, 2006). The fluorescence spectra of ground water before and 
after RO treatment using 266 nm laser excitation is shown in Fig. 5. The broad peak 
observed around 470 nm in the untreated water is typical of the organic compounds usually 































 Laser Pulse Phenomena and Applications 

 

406 

 
Fig. 15. Schematic diagram of the CW laboratory bench-top LED-IF / LIF system 

Fluorescence of natural and drinking water samples were recorded using the system shown 
in Fig. 15 to compare the signal-to-noise ratio with the laser and LED excitation, and to 
determine the feasibility of CW LED sources in this compact setup. Lake water with its 
strong CDOM fluorescence was tested first, and then examples of drinking water were 
studied as well. As an example, Fig. 16 shows the fluorescence emission from lake water.   
As can be seen, the emission peak is near 500 nm, and is shifted somewhat from that 
observed for the tap water samples given earlier in Fig. 7. However, while the fluorescence 
signal is weak, the results are encouraging enough that more work is being conducted to 
better optimize the system and optical collection efficiency. 

0

100

200

350 400 450 500 550 600

Wavelength, nm

Fl
uo

re
sc

en
ce

 in
te

ns
ity

, a
rb

. u
ni

ts LED265

LED320

 
Fig. 16. Lake water fluorescence; 265 nm and 320 nm LED excitation; UV-blocking filter. 
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For comparison, a similar LIF spectrum for lake water, but using the 266 nm laser source, is 
shown in Fig. 17. As can be seen, the spectral features are similar, but the SNR is higher. 
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Fig. 17. Lake water fluorescence; 266 nm laser excitation; UV-blocking filter 

5. Conclusion 
The laser- and LED-induced fluorescence system developed in our lab has been used to 
study the spectra of organic contaminants in drinking water and other liquids. Spectra 
obtained using LED and laser excitation at the same wavelength exhibited great similarity, 
while differing in overall intensity. Greater than expected SNR observed with LED 
excitation is a good indication that a compact, less expensive LED based system might be 
used for detection and/or monitoring of trace organics and appropriate species in these 
liquids. Overall, our results are important in that they show that deep-UV LIF spectroscopy 
may offer some advantages for measurements of trace species in water in real time. In some 
cases the fluorescence spectrum is unique, but in many cases similar spectral peaks are 
observed. In the latter case, our LIF system may not be suitable for selective discrimination 
and identification of different trace species in water, but can still be used for real time 
monitoring of a known substance if correctly calibrated. It is anticipated that further work 
will be required to better quantify these techniques, and further cross-comparisons will have 
to be made using convention analytical water quality instrumentation. However, the deep 
UV laser and LED LIF spectroscopic techniques described in this paper offer potentially new 
instruments for such measurements.   
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1. Introduction    
In early 90´s Huang et al., applied the principles of low coherence interferometry to perform 
high resolution tomographic images of biological tissues. The technique became known as 
Optical Coherence Tomography (OCT) and opened new horizons in several areas of 
knowledge, e.g., ophthalmology (Hee, et al., 1995)(Meirelles, et al., 2005) and dermatology. 
In such areas other tomographic techniques does not reach resolutions good enough to 
study the structures of interest, see Fig. 1, in this way a whole new branch of imaging 
science was created. The OCT breakthrough was the capability of obtains high resolution 
histological images in vivo, in real time in non-invasive way and using harmless radiation 
(low power near infrared radiation, usually). 
 

 
Fig. 1. Optical coherence tomography of a hand palm, the letters indentifies the structures: 
A) stratum corneum; B) epidermis; C) dermis and D) Sweat gland. 

Nowadays OCT is routine in ophthalmologic clinic in many countries (approved by FDA in 
USA), and is spreading its applications in odontology (Freitas, et al., 2006)(Melo, et al., 2005) 

dermatology, industrial (Goode, 2008) applications among others. The image, presented in 
Fig. 1, shows an OCT image of the human hand palm. 
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The bibliographic data helps to convince the reader about OCT impact and its potential, a 
brief research was performed in the Web of Science database for the keyword "optical AND 
coherence AND tomography". Firstly, as shown Fig. 2, the record count, between years 1991 
to 2009, has grown consistently since OCT has been proposed and has reached about 1800 
documents only in 2009, and only for the keywords inserted in the search engine, for more 
dramatic comparison, this is 5 documents of OCT per day! 

 
Fig. 2. Record count results for “optical AND coherence AND tomography" keyword in the 
Web of Science in July of 2010 organized by year. 

 
Fig. 3. Regions of actuation of tomographic systems. 

These bibliographic productions are classified as shown in the Fig. 4, where worth to 
mention that patents are the third place in numbers of publications, showing the economic 
potential of OCT. Another highlight which can be done is about the reviews, this is a way to 
measure how consolidate a certain technique is, in other words, the expressive number of 
reviews shows that OCT can be faced as a established imaging tool. 
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Organizing this data by areas of knowledge and looking only for the most expressive ones, 
Fig. 5, it is possible to see the impact of OCT in ophthalmology, and also in cardiology, caused 
by OCT. That is because of the vacancy of technologies capable to perform images with 
resolution good enough to differ between structures, some of them with few microns sized.  

 
Fig. 4. Record count results for “optical AND coherence AND tomography" keyword in the 
Web of Science in July of 2010 organized by document type. 

 
Fig. 5. Record count results for “optical AND coherence AND tomography" keyword in the 
Web of Science in July of 2010 organized by subject area. 
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no matter how many times it was repeated. The raw data following each stimulus consisted 
of whether a response occurred (1) or did not occur (0). 
Five behavioral components were recorded and quantified: body movement, head turning, 
withdrawing, flinching, and licking. Body movement was defined as slow body motion, body 
turning, running, or exploration involving translocation of the body. Head turning included 
turning, shaking, or elevating the head. Flinching was recorded whenever a rat made a small 
abrupt jerking movement (< 1 cm) with its body. A withdrawal response was scored when an 
animal receded its body position by ≥ 1 cm away from the stimulus. Licking involved the rat 
retracting the paw by ≥ 1 cm and licking. Other complicated movements, such as tapping, 
that may have occurred together with a withdrawing or licking motion were recorded with 
the major movement that the complicated movement accompanied. 
Twenty laser stimuli were applied during each session, and the maximum number of an 
observed behavioral component was 20 for each rat, even if the rat repeated the same 
behavior. The laser intensity used in the behavioral assessment was 10 W and 30 ms, based 
on our previous study [Fan et al., 1995]. 

2.8 Acute spinal cord preparation for electrophysiological recordings 
Six rats that were not used for behavioral analysis were anesthetized by intraperitoneal 
injection of a mixture of ketamine (30 mg/kg) and rumpon (15 mg/kg). A PE-240 tube was 
inserted into the trachea for artificial respiration, and the left jugular vein was catheterized 
with a PE-50 tube for drug or fluid infusion. Body temperature was maintained at 37 ± 5ºC 
by a homeothermo blanket system. During the recording experiments, animals were 
paralyzed and received artificial respiration. The end tidal CO2 concentration was 
monitored and maintained in a range of 3-4%. Because the surgery and experiments may be 
prolonged, supplementary doses of ketamine (10 mg/kg) were administered intravenously 
to maintain the depth of anesthesia, which was monitored by pinching the tail of the rat. If a 
withdrawal reflex occurred, then anesthesia was not sufficient. Laminectomy was 
performed to expose the lumbar spinal cord (L3-L6). The animal was then placed in a rigid 
spinal unit frame, and the dura mater covering the spinal cord was dissected. The skin flaps 
were used to form a pool that was filled with warm paraffin oil. 
Surface potentials were recorded with bipolar Ag-AgCl ball electrodes with an active lead 
placed on the surface of the dorsal column of the spinal cord and a reference lead placed in 
the nearby connective tissue. The recording was made from the lumbar spinal cord (L4 and 
L5) because this is the area where the maximal evoked potential from stimulation of the 
hindlimb foot pad could occur. Capsaicin was applied acutely to investigate the 
contribution of C-fibers on spinal cord evoked potentials. 

2.9 Acute preparation for cortical recording 
The anesthesia procedure was the same as the spinal cord recording experiment. When the 
paralysis test was required, animals were immobilized with gallamine triethiodide (Flaxedil, 
40 mg/kg, i.v.) and then artificially ventilated. End tidal CO2 concentration was monitored 
and maintained at approximately 3-4%. Heart rate, respiratory rate, and pCO2 were 
monitored throughout the recording session. Six rats were allowed to periodically recover 
from muscle paralysis to assess the arousal level of anesthesia by evaluating the corneal 
reflex or withdrawal reflex of the hindlimb. Supplementary doses of ketamine (10 mg/kg) 
were administered if reflexes were present. 
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2.10 Data analysis 
The amplitudes of the laser-evoked cortical potentials and spinal cord potentials and the 
total frequency of each response over the 20 trials were obtained for each rat. Analysis of 
variance (ANOVA) was used to assess the effects of capsaicin treatment. 

3. Results 
3.1 Effects of capsaicin on spinal cord and cortical potentials evoked by mechanical 
and laser stimulation 
Mechanical stimulation of the hindpaw evoked a short negative potential followed by a 
long-lasting positive potential in the dorsal lumbar column surface. Applying capsaicin to 
the sciatic nerve did not influence this potential (Fig. 2A, left panel). In contrast, a short laser 
pulse (10 W, 30 ms) applied to the hindpaw induced a prominent positive potential in the 
dorsal column of the lumbar spinal cord (L4-L5) (Fig. 2A, lower right panel). The LEP 
amplitude in the spinal cord was significantly lower in the capsaicin group (Fig. 2A, upper 
right panel) compared with the vehicle group, indicating that capsaicin specifically blocked 
the transmission of sensory information from the peripheral nerve to the spinal cord. 

3.2 LEP conduction velocity 
To estimate the conduction velocity of LEP in peripheral transmission, we recorded field 
potentials in the spinal cord evoked by laser pulses applied to two sites, 10 mm apart, on the 
hindpaw (Fig. 2B). To calculate the conduction velocity, the difference in the latency of both 
LEPs produced by stimulating the proximal and distal paw regions was divided by the 
distance (10 mm) between the sites. The LEP conduction velocity was 0.8 ± 0.3 m/s (n = 5), 
which was in the range of C-fiber conduction. The latency for spinal cord evoked potentials 
was in the range of 70 to 90 ms, which was close to the latency of the laser-evoked EMG 
response of the hindlimb. Thus, the EMG response recorded in the hindlimb was likely 
induced by C-fiber activation. The latency of cortical LEPs had a much longer latency than 
both the EMG responses and the spinal cord evoked potentials. Thus, the ascending spinal 
pathway appears to convey such nociceptive information to the supraspinal brain areas. 

3.3 Laser-evoked cortical potentials 
Short-pulse, low-intensity, CO2 laser irradiation of the hindpaw in awake, freely moving 
rats produced distinct evoked cortical potentials in the S1 region. Prominent negative 
potentials were evoked and could be distinguished from background potentials. The peak 
latency of the LEP was 254.2 ± 11.9 ms, and the amplitude was -0.16 ± 0.05 mV. Laser-
evoked potential components could be induced bilaterally, and their amplitudes increased 
as laser intensity increased (Fig. 3A, B). An earlier component was discernible at a latency of 
approximately 60 ms, but because of the variation in amplitudes and nonsignificant 
influence of capsaicin, this early component was not analyzed further.  

3.4 Component profiles of nocifensive behavioral responses 
Consistent with our previous findings [Fan et al., 1995], we found that as stimulus intensity 
increased, animals exhibited a greater variation in responses and a greater frequency of 
component responses (Fig. 3C). When the hindpaw was stimulated with 5 W laser power, 
the rats reacted with few withdrawal, flinch, and body movement responses. At 10 W, their 
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Fig. 2. Spinal cord evoked potentials and conduction velocity measurement. A. Spinal cord 
evoked potentials induced by either mechanical or CO2 laser stimulation. Applying 
capsaicin to the left sciatic nerve in rats affected spinal cord LEPs but not mechanical-evoked 
potentials. No changes were found in vehicle group potentials evoked by either of the 
stimulation methods. B. Conduction velocity of spinal cord potentials evoked by CO2 laser 
stimuli. The recording site was located in the dorsal column of the spinal cord. Laser 
stimulation was applied to the heel and middle regions of the hind paw. The representative 
evoked potential for each stimulated point is shown in the right panel. The difference in the 
response latency for both stimulation points was calculated and divided by the total 
distance from the hindpaw to the spinal cord. 

withdrawal/flinch response frequency increased by more than 50%, with very few body 
movements and licking. Behavioral responses markedly changed when stimulated with 20 
W, with withdrawal/flinch, body movement, and lick responses increasing by 40%, 30%, 
and 70%, respectively. At 25 W, a greater number of lick responses and 20% and 50% more 
withdrawal/flinch and body movement responses, respectively, were evident. 
The of withdrawal/flinch, body movement, and lick response components corresponded to 
the cortical LEP amplitude (Fig. 3D). At 3 W laser power, LEPs were less than 0.1 mV. At 5 
W, the rats reacted with withdrawal/flinch responses which produced ~0.2 mV of cortical 
LEPs. The amplitude increased to ~3-4 mV when body movements and licking were elicited 
by stimulation at the 10 and 20 W stimulus intensities. 
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Fig. 3. Typical examples of cortical field potentials evoked by noxious laser pulses and 
nocifensive behavioral response component profile. A. Laser-evoked potentials were 
bilaterally recorded in the cortex. B. The graphs show the mean amplitude of LEPs recorded 
from the right or left side as a function of laser intensity. C. Average response frequency for 
each behavioral response component at different laser stimulation intensities ranging from 5 
to 25 W. D. The representative evoked potentials corresponded to different behavioral 
elements: no response, withdrawal/flinch, body movement, and licking. 
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3.5 Effect of capsaicin on nocifensive behavioral components 
Capsaicin treatment did not noticeably alter locomotion or the righting response during 
handling or open field exploration. Furthermore, capsaicin and vehicle treatment did not 
produce trophic or morphological changes in the lower extremities. 
Laser stimulation of the footpad in freely moving rats induced several behavioral 
components, such as flinching, withdrawing, licking, moving, and head turning. The 
occurrence of some behavioral components were markedly altered after capsaicin treatment. 
The response frequency for flinching, withdrawing, and licking were significantly reduced 
after stimulation on the capsaicin-treated side, whereas the frequency for moving and head 
turning were not affected. Additionally, the reduced incidence of behavioral components 
after capsaicin treatment did not recover for at least 14 days. 
Rats showed an average of three flinch responses induced by laser stimulation (10 W, 30 ms) 
before capsaicin treatment. After capsaicin treatment, this response decreased to an average 
of less than one time. This observation was confirmed statistically using a post hoc test, in 
which the flinch response significantly decreased compared with the vehicle treatment 
group (F = 4.41, p < 0.05) on days 3, 5, and 14 after treatment. Similarly, withdrawal 

 responses decreased after capsaicin treatment. Before treatment, rats exhibited the 
withdrawal response 5-6 times, but following treatment, the capsaicin-treated group 
responded less compared with the untreated side and vehicle group (F = 13.03, p < 0.001) on 
days 3, 5, and 14 (p < 0.01) after treatment. After the laser pulse stimulation was applied to 
the hindpaws, the frequency of the licking responses was also reduced from 2-4 times before 
capsaicin treatment to approximately 1 time (F = 6.56, p < 0.01) on Days 3, 5, and 14 after 
treatment. In contrast to the above behaviors, rats only moved or turned their heads 1-2 
times before treatment, and this frequency did not change after capsaicin treatment. 
Typical effects of capsaicin and vehicle treatment on LEPs in behaving rats are shown in Fig. 
4. Laser-evoked potentials were markedly diminished after the left sciatic nerve was treated 
with capsaicin but not with vehicle (Fig. 4A, B, and right panel). A prominent fast 
component could be elicited by mechanical stimulation, and this component was unaltered 
after capsaicin treatment. The amplitude of LEPs decreased by an average of 78% in the 
capsaicin group compared with the vehicle group and untreated paws of both groups. These 
observations were confirmed statistically. The amplitude of cortical LEPs produced by 
stimulating the left paw was significantly reduced in the capsaicin-treated group compared 
with the vehicle group (F = 4.95, p < 0.05; Fig. 4C). However, no significant differences were 
found for mechanical-evoked cortical potentials (Fig. 4D). 

4. Discussion 
This study showed that capsaicin, which selectively blocks activity of primary sensory C-
fibers, inhibited specific components of nocifensive behavior. Applying capsaicin to the 
sciatic nerves of rats blocked flinch, withdrawal, and lick responses but did not affect 
movement and head turn responses. These results suggest that C-fibers mediate the 
nocifensive components of flinching, withdrawing, and licking. Interestingly, these 
components were temporally linked to activation of the nocifensive motor system and 
cortical-evoked potentials. 
Nocifensive behaviors elicited by CO2 laser stimulation were linked to LEPs recorded in 
freely moving rats. The average latency of late LEPs was 250 ms, which is in the range of C-  
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Fig. 4. Effect of capsaicin on cortical potentials evoked by mechanical and laser stimulation. 
The sciatic nerve of the left leg of rats was treated with capsaicin or vehicle (n = 6/group), 
whereas the right leg was untreated (Control). A, B. Traces of recorded potentials for the 
control, vehicle, and capsaicin groups. Mechanical and laser stimulation was applied to the 
right (A) and left (B) paws. C, D. Statistical analyses showed that the LEP (C) was 
significantly reduced in the capsaicin group compared with the untreated paw and vehicle 
group, but not with mechanical stimulation (D). **p < 0.01. 

fiber conduction [Bromm & Treede, 1987]. This result is closely related to C-fiber-mediated 
cortical responses evoked by laser pulses in anesthetized [Shaw et al., 2001] and awake, 
freely moving rats [Shaw et al., 1999]. Capsaicin, a neurotoxin known to block C-fiber 
activity [Wall & Fitzgerald, 1981], decreased the frequency of nocifensive responses, the 
amplitude of spinal evoked potentials, and LEPs when applied to the sciatic nerves of rats. 
Altogether, these results suggest that the nocifensive response components, including 
flinching, withdrawing, and licking, were mediated by C-fibers via the spinal cord and then 
linked to neurons in the cortex, which was demonstrated by LEP induction. We recently 
analyzed the current source density of LEPs in the S1 region of the cortex and found that 
intracortical current flows revealed late synaptic activation that initially occurred in layer VI 
and were relayed transsynaptically to both superficial and deep layers [Sun et al., 2006]. 
Evaluating the respective contributions of both Aδ- and C-fibers for a given test of 
nociception is challenging. Capsaicin administration primarily destroys C-fibers in rats and 
sometimes certain Aδ-fibers, albeit to a lesser extent [Lynn, 1990]. To exclude the possibility 
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3.5 Effect of capsaicin on nocifensive behavioral components 
Capsaicin treatment did not noticeably alter locomotion or the righting response during 
handling or open field exploration. Furthermore, capsaicin and vehicle treatment did not 
produce trophic or morphological changes in the lower extremities. 
Laser stimulation of the footpad in freely moving rats induced several behavioral 
components, such as flinching, withdrawing, licking, moving, and head turning. The 
occurrence of some behavioral components were markedly altered after capsaicin treatment. 
The response frequency for flinching, withdrawing, and licking were significantly reduced 
after stimulation on the capsaicin-treated side, whereas the frequency for moving and head 
turning were not affected. Additionally, the reduced incidence of behavioral components 
after capsaicin treatment did not recover for at least 14 days. 
Rats showed an average of three flinch responses induced by laser stimulation (10 W, 30 ms) 
before capsaicin treatment. After capsaicin treatment, this response decreased to an average 
of less than one time. This observation was confirmed statistically using a post hoc test, in 
which the flinch response significantly decreased compared with the vehicle treatment 
group (F = 4.41, p < 0.05) on days 3, 5, and 14 after treatment. Similarly, withdrawal 

 responses decreased after capsaicin treatment. Before treatment, rats exhibited the 
withdrawal response 5-6 times, but following treatment, the capsaicin-treated group 
responded less compared with the untreated side and vehicle group (F = 13.03, p < 0.001) on 
days 3, 5, and 14 (p < 0.01) after treatment. After the laser pulse stimulation was applied to 
the hindpaws, the frequency of the licking responses was also reduced from 2-4 times before 
capsaicin treatment to approximately 1 time (F = 6.56, p < 0.01) on Days 3, 5, and 14 after 
treatment. In contrast to the above behaviors, rats only moved or turned their heads 1-2 
times before treatment, and this frequency did not change after capsaicin treatment. 
Typical effects of capsaicin and vehicle treatment on LEPs in behaving rats are shown in Fig. 
4. Laser-evoked potentials were markedly diminished after the left sciatic nerve was treated 
with capsaicin but not with vehicle (Fig. 4A, B, and right panel). A prominent fast 
component could be elicited by mechanical stimulation, and this component was unaltered 
after capsaicin treatment. The amplitude of LEPs decreased by an average of 78% in the 
capsaicin group compared with the vehicle group and untreated paws of both groups. These 
observations were confirmed statistically. The amplitude of cortical LEPs produced by 
stimulating the left paw was significantly reduced in the capsaicin-treated group compared 
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linked to neurons in the cortex, which was demonstrated by LEP induction. We recently 
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of Aδ-fiber destruction, we applied electrical stimulation on treated and untreated foot 
paws. Subsequently, we found that the animals had evoked spinal and cortical potentials. 
The latency of the evoked potentials was in the range of 60 ms, and their amplitudes were 
significantly higher than that of the capsaicin-treated group. These results demonstrate that 
faster conduction fibers, in the range of Aδ-fibers, were not destroyed. Therefore, we are 
confident that the behavioral components, including flinching, withdrawing, and licking, 
are nocifensive responses mediated by C-, but not Aδ-, fibers. In experiments conducted in 
humans, in which a brief and sufficiently intense single stimulus activates Aδ- and C-fibers, 
the emotional component of the secondary pain is much stronger than the primary pain 
[Handwerker & Kobal, 1993]. In the future, we suggest using an alternative experimental 
design that combines this pain-conditioning model with the current behavioral model to 
distinguish sensory components from affective components [Kung et al., 2003, Shyu et al., 
2003]. 
Ideally, an animal model of behavior related to nociception should possess the following 
characteristics: (i) nociceptive stimulation (“input specificity”), (ii) a distinction between 
nociceptive and non-nociceptive stimuli, (iii) quantifiable responses that are correlated to 
stimulus intensity within a reasonable range (from thresholds for pain to pain tolerance), (iv) 
sensitivity to manipulations (notably pharmacological), which would specifically reduce 
nociceptive behavior, (v) differentiation between nonspecific behavioral changes (e.g., 
motility and attention) from those triggered by the nociceptive stimulus per se, (vi) consistent 
scores between identical or equivalent retests, and (vii) reproducible results. Most, if not all, 
of these characteristics are present in the model used in the present study. The behavioral 
model used here involved the use of a noxious stimulus, CO2 laser, to elicit specific 
nocifensive response components. These nocifensive components (such as flinching, 
withdrawing, and licking) could be quantified, manipulated by capsaicin, and distinguished 
from non-nocifensive behaviors (e.g., head turning and moving). Moreover, these response 
components were consistently elicited when stimulated with CO2 lasers and are 
reproducible because they have been described in reports from other laboratories [Shaw et 
al., 1999]. 
A laser pulse radiates intense and highly focused thermal energy and has been used as 
noxious stimulation in several human studies [Arendt-Nielsen & Bjerring, 1993, Kakigi et al., 
2005]. Carmon et al. reported that an energy density of 1.64 to 1.94 J/cm 2 caused a slight 
burning pain sensation in subjects, and an energy density of 2.49 to 2.54 J/cm2 caused a 
moderate pinprick pain sensation [Carmon et al., 1976]. In the present study, we used the 
same laser stimulus source and found that the energy densities that led to lick and foot 
movement responses were 1.93 and 3.11 J/cm2, respectively. Thus, the range of energy 
density values obtained in the present animal study is comparable to that from human 
studies. In humans, when the stimulus intensity was increased to achieve progressive levels 
of pain, the amplitude of evoked cortical responses also increased, and the correlation 
between cortical responses and weighted subjective responses was significant (r = 0.707) 
[Carmon et al., 1976]. In the present study, we found that various intensities of CO2 laser 
stimulation applied to the same location in anesthetized and freely moving rats induced 
dorsal horn activity and two cortical potentials, one with a latency of approximately 64 ms 
and a second with a latency of 253 ms. The spinal potential and the second cortical potential 
were sensitive to the stimulus intensity and susceptible to modification by capsaicin. These 
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data further suggest that our laser stimuli were indeed noxious and specific to certain 
nocifensive behavioral elements and neuronal activity in rats. 
The three response components of the nocifensive behavior model were most likely 
mediated by C-fibers, and we suggest that the present model is suitable for studying the 
neuronal mechanisms underlying the analgesic effects of morphine. Morphine reduces the 
responses of dorsal horn neurons produced by C-fibers more easily than it affects those 
produced by Aδ-fibers [Jurna & Heinz, 1979]. This observation may explain why 
experimental pain in humans, which is usually produced by Aδ-fibers, is little affected by 
morphine [Becher, 1957]. Some behavioral models using phasic stimulation methods 
predispose human subjects and animals to respond to pain as soon as it occurs (i.e., at the 
moment the first pain is produced by Aδ-fibers). The presence or absence of secondary pain 
will generally have no impact on the measurement. For example, animals withdrew their 
hindpaw after high-intensity electrical stimulation [Evans, 1961]. This test may involve the 
activation of both Aδ- and C-fibers, as well as some non-nociceptive fibers. Stimulation is 
stopped as soon as a response is observed. Yeomans and Proudfit [1996] suggested that 
most common nociceptive tests involving mechanical and thermal stimuli actually 
investigate only responses triggered by Aδ-fibers and thus are not sensitive to morphine, 
with the exception of very high doses. In a pain-induced audible and ultrasonic vocalization 
experiment in rats, a vocal response was clearly triggered by C-fibers and was very sensitive 
to morphine, with an ED50 five-fold less than when it is triggered by Aδ-fibers [Jourdan et 
al., 1998]. We therefore propose that our nocifensive behavioral model is suitable for 
studying the dynamic analgesic effects of morphine. 
In conclusion, the present results suggest that nocifensive behavior has distinct components 
that can be analyzed, and the reaction pattern changes probabilistically, such that the greater 
the noxious stimulation, the more likely additional components will be evoked [Fan et al., 
1995]. The nocifensive motor system may be viewed as a set of hierarchically organized 
responses, and a given subset of responses appear with a specific noxious stimulation, 
dependent on stimulus intensity. The study of the mechanism of pain must consider this 
pain response hierarchy to precisely define the neurological bases of sensory and motor 
aspects of the nociceptive system. 
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