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A repeatable and flexible technique for pulse shortening of laser pulses has been applied to trans-
versely excited atmospheric (TEA) CO2 laser pulses. The technique involves focusing the laser out-
put onto a highly reflective metal target so that plasma is formed, which then operates as a shutter
due to strong laser absorption and scattering. Precise control of the focused laser intensity allows for
timing of the shutter so that different temporal portions of the pulse can be reflected from the target
surface before plasma formation occurs. This type of shutter enables one to reduce the pulse dura-
tion down to ∼2 ns and to remove the low power, long duration tails that are present in TEA CO2

pulses. The transmitted energy is reduced as the pulse duration is decreased but the reflected power
is ∼10 MW for all pulse durations. A simple laser heating model verifies that the pulse shortening
depends directly on the plasma formation time, which in turn is dependent on the applied laser in-
tensity. It is envisaged that this plasma shutter will be used as a tool for pulse shaping in the search
for laser pulse conditions to optimize conversion efficiency from laser energy to useable extreme
ultraviolet (EUV) radiation for EUV source development. © 2012 American Institute of Physics.
[http://dx.doi.org/10.1063/1.3690066]

I. INTRODUCTION

High power pulsed CO2 lasers are widely used for a
host of industrial processes and research applications. Due to
the available high peak power and electrical efficiency they
are commonly used for laser cutting, machining, and micro-
engineering as well as production of hot plasma for mate-
rials deposition, x-ray emission and ion sources. CO2 lasers
commonly employ the transverse electric atmospheric (TEA)
configuration, which consists of a pulsed electrical discharge
through a gaseous laser medium close to atmospheric pressure
generating a high power laser pulse. The laser gas medium
is usually a combination of CO2, N2, and He and their rela-
tive abundance determines the laser pulse energy and tempo-
ral profile.

CO2 lasers are expected to play a crucial role in the re-
alization of commercially viable extreme ultraviolet (EUV)
emitting sources for semiconductor lithography.1 This is
partly due to the favorable opacity conditions that result in en-
hanced EUV emission when laser produced plasmas (LPPs)
are formed with far infrared laser irradiation compared with
those formed using optical and near infrared lasers.2 LPP
emission in a 2% band centered on 13.5 nm is the leading
candidate as the source for next-generation photolithography
in high-volume manufacturing of computer processors and
memory components.1 To optimize the EUV emission, the
tin LPP should have an electron temperature in the region of
35 eV, where the dominant ions are Sn8+ to Sn10+, resulting
in a narrow band of bright emission at 13.5 nm. Plasma opac-
ity reduces the brightness of this emission when the plasma
electron density exceeds 1019 cm−3. The long wavelength
(10.6 μm) of CO2 laser radiation ensures that the LPP elec-
tron density is below 1019 cm−3 and that the plasma is essen-
tially optically thin to 13.5 nm radiation.

The high electrical efficiency of CO2 lasers also makes
them favorable for integration into semiconductor high

volume manufacturing (HVM). The HVM suitable CO2 lasers
are still under development,3 but TEA CO2 lasers are rou-
tinely used for research studies into the EUV emission of
LPPs. However, a TEA CO2 laser temporal profile is char-
acterized by an initial large peak of 50–100 ns pulse dura-
tion, followed by a low energy, 1–2 μs tail. The presence of
a small amount (10%) of N2 in the gas mix allows for im-
proved excitation of the upper level of the CO2 molecule thus
increasing the energy yield from the lasing process, but N2

also has a longer de-excitation time, resulting in the low en-
ergy tail that follows the initial laser pulse peak. A large por-
tion (30%–50%) of the energy contained in the laser pulse is
in this tail. An example of a TEA CO2 laser pulse profile is
shown in Fig. 1 where the initial peak (1) and the long tail (2)
are marked. The laser pulse temporal profile is problematic for
two reasons. First, it is difficult to assign a meaningful power
density value to the overall pulse. This issue is further com-
pounded by the oscillatory nature of the pulse power during
the laser pulse. Second, the low energy tail is of insufficient
power to sustain the high ion stages required for efficient in
band EUV emission, resulting in poor conversion efficiency
(CE). For these reasons, it is desirable to find a technique to
remove the tail and also to tune the length of the pulse in order
to improve the CE to EUV radiation. The shortened pulses, if
amplified, would also serve to generate plasmas with a higher
electron temperature. Moving to shorter wavelength sources
for lithography beyond 13.5 nm, amplified, short CO2 pulses
could be used to excite plasmas containing gadolinium for
6.76 nm sources.4

Several methods of producing shortened CO2 laser pulses
have been previously demonstrated,5–14 with varying degrees
of complexity and success. Earlier techniques relied on fo-
cusing the laser pulse in a background gas to form a plasma
shutter.5–7 Plasma formation occurs at a definite time dur-
ing the laser pulse and the remaining part of the pulse is
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FIG. 1. Temporal profile of a TEA CO2 laser pulse showing the two
temporal components; a short intense first peak (1) followed by a second
low energy long duration peak (2). The graph inset shows a close up of the
first peak.

absorbed in the plasma thus modifying the pulse length. Fur-
ther development of this simple technique followed which
saw the addition of an electrical discharge8, 9 or a second laser
pulse10 to aid breakdown in the background gas. These pro-
cedures are limited to low repetition rates due to the back-
ground gas renewal time and control of spatial stability can
be an issue. Q-switched pulse shortening11, 12 has also been
demonstrated, but the output energies need to be small to
avoid damage to optical components. Short pulse produc-
tion by mode locking13 schemes also suffer from this draw-
back. Very recently, an aluminium pinhole target plasma
shutter14 has been demonstrated where plasma is formed
around the periphery of the pinhole. Lateral expansion of the
plasma renders the pinhole opaque to the laser and short-
ens the pulse length of the output laser beam. The mini-
mum reported duration achieved with these techniques, with
the exception of Q-switched and mode locked pulses, is
10 ns.8

In this paper, we present a simple plasma shutter device
that is capable of shortening TEA CO2 pulses down to 2 ns.
The pulse shortening principle is demonstrated and verified
using a simple laser heating model. The technique is free from
both precision timing and alignment requirements.

II. EXPERIMENT

The TEA-CO2 laser used in these experiments is an Op-
tosystems Infralight SP10 gas flow laser system. The operat-
ing wavelength is 10.6 μm and the total energy output can
vary depending on the ratio of the laser gas mix (He:N2:CO2)
used and the discharge voltage, which can vary from 10 to
27 kV. Energies from 0.1 to 1.7 J can be achieved, with vary-
ing temporal profiles. Throughout the experiment presented
here the laser was operated with a standard gas mix of 6:1:3
and 27 kV. This produced output energy of around 1.2 J with
a typical laser pulse temporal profile shown in Fig. 1. Due to
losses at several optical components the on-target laser energy

FIG. 2. (Color online) Experimental setup for production of a plasma shutter
for CO2 laser pulse shortening. A highly reflective target is placed close to
the focus of two collimating lenses. Temporal and energy monitors measure
the laser pulse duration and energy before and after the plasma shutter. The
entire setup is placed in vacuum to avoid air breakdown at or close to the laser
focus.

was ∼1 J. The entire pulse is around 1.5 μs in duration and
the FWHM for the initial peak is estimated to be 50 ns. To
estimate the laser power density, the laser pulse profiles were
smoothed to remove the oscillating structure.

The laser pulse to be shortened entered a collimating lens
configuration where a 500 nm thick gold-coated silicon target
was placed close to the collimator focus. The experimental
setup is shown in Fig. 2 (not drawn to scale). The target was
placed at 45◦ to the incident laser. Motorized stages and actu-
ators were used to move the target within the lens collimator
setup to change the focused laser spot size on the reflective
gold target and thus change the applied power density. A CO2

laser mirror was then used on the same translation stage to di-
rect the beam to the second lens of the fixed optical collima-
tor. ZnSe windows were placed in the beam path before and
after the plasma shutter which acted as 98:2 beam splitters for
in situ measurement of the laser pulse energy and temporal
profile. The beam energy was measured using calibrated en-
ergy monitors and the temporal profiles were recorded using
infrared photon drag detectors with rise-times of ≈1 ns. Error
in timing measurements using these detectors is also ∼1 ns.
The target setup is maintained under vacuum with a chamber
pressure of 5 × 10−6 mbar. The variation of the laser spot size
as a function of target position was measured separately using
a scanning knife edge technique15 for accurate estimation of
the focused laser spot from which the on-target power density
was found.
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III. RESULTS AND DISCUSSION

For dense low temperature plasmas far infrared radiation
is efficiently absorbed by inverse bremsstrahlung due to the
λ3 dependence of this process.16, 17 For high laser power den-
sity (CO2, > 109 W cm−2), a plasma is always produced very
early during the laser pulse. The remainder of the laser pulse
is strongly coupled into this plasma inducing significant heat-
ing and ionization. If the applied power density is lowered to
a value close to the ablation threshold, then plasma formation
does not take place until later in the irradiation process. Be-
fore plasma formation occurs the laser pulse can be efficiently
reflected from the metal surface. Thus, the plasma formation
time can be controlled by adjusting the power density. In the
present work, this was achieved by moving the target very
precisely with respect to the laser focus.

An example of the reflected CO2 laser pulses obtained
are presented in Fig. 3, showing four reflected pulses, as well
as the laser pulse measured before shortening, for increasing
power density. In Fig. 3(a), the applied power density is be-
low the ablation threshold and the metal film acts as a mir-
ror. As the power density is increased plasma is formed and
efficiently absorbs the remaining part of the laser pulse, in-
cluding the low energy long duration tail. This can be seen
in Fig. 3(b). Increasing the power density still further results
in earlier plasma formation and therefore a shorter duration
reflected pulse as shown in Fig. 3(c). Eventually, the power
density becomes so high that very little of the incident pulse
is reflected (Fig. 3(d)). A scan of the variation of pulse du-
ration with incident power density was performed by moving
the target position relative to the focus of the beam collima-
tor. Close to the laser focus a short pulse length is observed
which increases in length the further from the focus that the
target is located. The variation of pulse duration with power
density is shown in Fig. 4. For a power density below 2.5
× 107 W cm−2 there is no pulse shortening, indicating that

FIG. 3. (Color online) Temporal profile of the reflected pulses during laser
irradiation of Au for different laser power densities (a) 2.5 × 107 W cm−2

(b) 3.4 × 107 W cm−2 (c) 8.1 × 107 W cm−2 (d) 3.4 × 108 W cm−2. The
incident pulse profile is shown on top in black, in each panel and the corre-
sponding reflected pulse is shown below it in red (grey).

FIG. 4. Variation of reflected pulse duration as a function of applied laser
power density.

this value is close to the plasma formation threshold. In the
power density range 2.5 × 107–1.0 × 108 W cm−2, the laser
pulse is shortened from 50 to 10 ns. Increasing the power den-
sity beyond this value shortens the pulse further down to a
minimum value of ≈2 ns at 1.8 × 108 W cm−2.

The variation of total reflected energy corresponding to
the pulse durations given in Fig. 4 was also measured and
is shown in Fig. 5. For incident power densities below the
plasma formation threshold almost all of the incident energy
is reflected. As the power density is increased, the reflected
energy is reduced by plasma absorption. For a power den-
sity of 3.4 × 107 W cm−2 (Fig. 3(b)), 270 mJ is reflected in
a pulse of duration 22 ns. At 8.1 × 107 W cm−2 (Fig. 3(c)),
63 mJ is reflected in 10 ns, while at the minimum pulse du-
ration measured of 2.5 ns the energy reflected from the target
was measured to be 35 mJ. For fixed conditions the short-
ened pulse duration and energy varies on a shot to shot basis
but this is due to the variation of the initial input pulse from
the TEA CO2 laser. The variation is ∼±10% for longer pulse
durations (≈10–50 ns) and less than ±20% for shorter pulse
durations (<10 ns). Of interest for experiments investigating
EUV and x-ray emission in LPPs is the instantaneous power
and the ability to focus to power densities >109 W cm−2. For
λ = 10.6 μm and short focal length optics (e.g., f = 5 cm) typ-
ical focused spot diameters of the Infralight SP10 laser used
in these experiments were around 200 μm. For laser power
densities greater than 109 W cm−2, this requires the instan-
taneous power to be greater than 1 MW. The reflected laser
pulse power as a function of incident power density is also
shown in Fig. 5. For all pulse durations, the reflected power is
larger than 1 MW and in most cases exceeds it by an order of
magnitude, and is sufficient for generation of hot plasma for
EUV emitting sources with the added ability to change the
laser pulse duration to optimize conditions for EUV conver-
sion efficiency.

To explore the mechanisms responsible a simple laser
heating model18 was used to explain the behavior of the
plasma shutter. The model assumes heating of a semi-infinite,
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FIG. 5. Variation of reflected pulse energy and total reflected power as a
function of applied laser power density.

homogeneous, and isotropic metallic sample by a laser pulse
with a rectangular (i.e., top-hat) temporal profile. Solving the
heat conduction equation18, 19 gives an analytic expression for
the temperature distribution during the laser pulse, inside the
metal target, T(z,t) as

T (z, t) =
(

2(1 − R)I0

ρC

)√
t

κ
ierfc

[
z

z(κt)1/2

]
+ Ti . (1)

In the above equation, I0 is the laser intensity, R is the
target reflectivity at the laser wavelength, ρ is the density, C
is the specific heat capacity, and κ = (k/ρC) is the thermal
diffusivity (k being the thermal conductivity). Ti is the initial
temperature. The ierfc function is described in Ref. 19. At the
surface (i.e., z = 0), Eq. (1) reduces to the following:

T (0, t) =
(

2(1 − R)I0

ρC

) √
t

πκ
+ Ti . (2)

The above equation is valid for laser heating when the tar-
get remains in the solid state. When laser heating is sufficient
to induce surface melting, Eq. (2) becomes

T (0, t) =
(

2(1 − R)I0

ρC

) √
t

πκ
+ Ti − Tq , (3)

where Tq = q/C, where q is the latent heat of melting. The op-
eration of plasma shutter induced pulse shortening depends on
the plasma formation time during laser irradiation. If we con-
sider that the plasma formation time is approximately equal
to the time it takes for the surface temperature to reach the
boiling point, then Eq. (3) can be used to predict the plasma
formation time and thus the reflected pulse duration, as a func-
tion of laser power density. Rearranging Eq. (3) gives

tB = πκ

[(
ρC

2(1 − R)I0

)
(TB − (Ti − Tq ))

]2

, (4)

where tB is the time it takes for the surface temperature to
reach the boiling point and TB is the boiling temperature of the
metal. Using Eq. (4) above with the room temperature, bulk
thermal properties of Au,20 tB can be estimated as a function
of power density. This is shown in Fig. 6 and compared to the

FIG. 6. Comparison of the measured reflected pulse durations (square sym-
bols) and the calculated boiling times (dashed line) as a function of laser
power density.

reflected pulse duration measurements. The thermal proper-
ties used in the calculation are shown in Table I.

The calculated boiling times show the same general trend
as observed for the measured pulse durations with increasing
power density. The measured pulse duration and calculated
boiling time both drop from 50 ns to less than 10 ns with
one order of magnitude increase in power density. However,
the power density range where the calculated boiling time is
comparable to the shortened pulse durations is significantly
larger for the calculated values. For the comparison shown
in Fig. 6, the calculated values were shifted to lower power
density to overlap the experimental values. There are sev-
eral reasons that higher calculated power density values are
required to reproduce the experimental trend. Hot spots are
present in the beam and the experimental intensity is averaged
over the fluctuations evident in Fig. 1. Taking these factors to-
gether leads to spatial and temporal instantaneous values of
power density significantly in excess of the average. Second,
the laser heating model assumes a semi-infinite slab, whereas
for this experiment Au thin films of ∼500 nm thickness de-
posited on Si were used as reflective targets. The heat penetra-
tion depth, lth = (κτ p)1/2 for our laser is about 2.5 μm, taking
the pulse duration as 50 ns. This is significantly larger than the
Au layer thickness. As the thermal conductivity of Si is half
that of Au the heat conduction away from the target surface is

TABLE I. Material properties of bulk Au used in the laser heating calcula-
tion. The thermal properties of Au at room temperature (300 K) were used.

Bulk room temperature properties of Au

Specific heat (C) 130 (J kg−1 K−1)
Thermal conductivity (k) 315 (W m−1 K−1)
Thermal diffusivity (κ) 1.28 × 10−4 (m2 s−1)
R @ 10 600 nm 0.9
Latent heat of melting (q) 6.3 × 104 (J kg−1)
Density (ρ) 19 300 (kg m−3)
Melting temperature (Tm) 1337 (K)
Boiling temperature (TB) 3129 (K)
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larger in the model thus underestimating the surface temper-
ature rise. Third, the thermal conductivity of gold at 1400 ◦C
is almost one third of that at room temperature, leading to a
faster temperature rise than predicted by the model. Includ-
ing the temperature dependence of the thermal parameters in
the laser heating model is difficult and numerical solutions are
required. The comparison of this simple laser heating model
was not meant as a rigorous quantitative treatment but rather
to examine the link between the laser heating dynamics and
the reflected pulse duration. From the comparison it can be
clearly seen that the reflected pulse duration is directly depen-
dent on the plasma formation time which can be controlled by
adjusting the applied laser power density.

The major drawback of this technique is that after each
pulse shortening event a new ablation site must be used as
the reflective coating is destroyed at the point of laser inci-
dence. Once the metal coating is removed the target must be
changed. For continuous operation of this shutter a regener-
ating, liquid metal-coated target will be used in place of the
gold-coated silicon target. This technology, developed at our
research group in UCD, is described in Ref. 21 and is being
implemented for realization of a continuous operation plasma
shutter with the characteristics described in this article. In the
near future these shortened pulses will be deployed in stud-
ies to optimize the CE from CO2 irradiated pre-formed laser
plasmas.

IV. CONCLUSION

We have demonstrated a simple plasma shutter for short-
ening the pulse duration of a TEA CO2 laser and for removal
of the long lived, low energy tail. We used a highly reflective
target surface to reflect the pulse and through careful choice of
our laser intensity, a timed plasma shutter was produced that
modified the pulse length. The method produces short pulse
durations in the range 2–50 ns and compares very well with
respect to what has been previously reported by other meth-
ods, including cost of production. By employing a regener-

ative target to reflect the pulse, a reusable pulse shortening
device can be produced.
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