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Abstract. The effect of the current on the pinching process of Xe plasma columns pumped by capillary
discharge has been studied theoretically and experimentally. An extreme ultraviolet emission monitor
(E-Mon, 13.5 nm in 2% bandwidth) was applied to record the temporal evolution of the 13.5 nm (2%
bandwidth) emission. According to real current waveforms, the pinching processes were simulated with the
snow-plow model. Both the experimental and the simulation results showed that intensity of the 13.5 nm
emission reached the maximum when the plasma was pinched to the minimum radius. The E-Mon signals
and the simulations indicated that under different amplitudes of the currents the plasma could be pinched
more times and faster with higher discharge current.

1 Introduction

Extreme ultraviolet (EUV) lithography technology, which
uses the 13.5 nm emission in a 2% bandwidth will be used
for high volume semiconductor manufacturing (HVM) un-
der at 16 nm node or even below, has been investigated
comprehensively [1,2]. Here the choice of wavelength of
13.5 nm is mainly due to the peak reflectivity at this
wavelength for molybdenum-silicon (Mo/Si) multilayer
mirrors [3].

In 1998, Klosner and Silfvast reported the first exper-
imental results that demonstrated the capability of the
Xe capillary discharge technology as the EUV source [4].
Since then, many papers have been published on the
prospects of utilizing it as the EUV lithography tool [5,6].
Due to the higher convention efficiency (CE) of the
13.5 nm emission [7–9], Sn based EUV source has replaced
Xe as one of the main sources to achieve HVM. Mean-
while, the medium and low power Xe based EUV sources
for applications such as metrology and test of the optical
elements, the resist, the EUV-mask and so on are stud-
ied as well [10–12]. The typical sources are the Bruker
AIXUV EUV-lamp [10] and the Energetiq EQ-10 [13],
which use the HCT pinch technology and the Electrode-
less Z-pinch technology respectively to achieve high power
13.5 nm (2% bandwidth) emission. The gas discharge prin-
ciple provides long time stability and minimum mainte-
nance [10] by comparison with the laser produced plasma
EUV source or the Sn based EUV source. The capillary
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discharge EUV source reported in this paper, using the
Lorentz force to pinch the plasma and achieve 13.5 nm
emission, is essentially the same as the aforementioned
sources. Hence, the study on pinch processes in capillary
is useful for other types of gas discharged EUV sources.

Until now, a great many key physical and technical
issues for the capillary discharge plasma have been in-
vestigated. The temporal evolution of the 13.5 nm (2%
bandwidth) emission is still one of the important issues.
Mohanty et al. found that the plasma inside the capil-
lary channel had two minimum radii by a pinhole with
higher discharge voltage [14,15], which is different from
other results [4,16]. However, they did not give the theoret-
ical explanation. In Teramoto’s experimental results, there
are more than two peaks for the temporal evolution of
the 13.5 nm emission [17]. According to their hypothesis,
the peaks may be generated from the uniform implosion
or the multiple implosions of the plasma. However, they
did not give a quantitative explanation. In this paper, an
E-Mon (EUV Monitor) is used to record the temporal evo-
lutions of the 13.5 nm (2% bandwidth) emission with dif-
ferent discharge currents, whose structure is similar to the
EUV inband energy monitor (Bruker Advanced Supercon
GmbH, 00M-EM-001) or the reference [18]. And the effect
of the SiN filter in this paper is similar to the Zr filter in
the EUV energy monitor. The experimental results show
that there is one signal peak of the E-Mon signals at a
discharge current of 15 kA. However, as the magnitude of
discharge current increases, more peaks tend to show up
and simultaneously the 13.5 nm emission is boosted [19].
In order to have a better understanding on the physical
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Fig. 1. Cross sectional view of the capillary discharge system.

correlation between the 13.5 nm emission and the pinch-
ing process, a snow-plow model was used to simulate the
dynamic characteristics of the Xe plasma by comparing
with the experimental results.

2 Experimental setup

Figure 1 shows the cross sectional view of the capillary
discharge system used for generating the EUV radiation
in the experiment. It consists of the pulse power supply
system, the discharge system and the detection system.
The pulse power supply system includes the main-pulse
power supply and the pre-pulse power supply. The cap-
illary is pre-discharged by a current pulse of about 10 A
to first produce a uniform pre-ionized Xe gas. The de-
lay time of the main-pulse power supply to the pre-pulse
power supply is 5 μs.

The main-pulse voltage ranged from 15 kV to 30 kV,
and the current ranged from 15 kA to 40 kA. The current
was measured by a Rogowski coil and recorded by a digital
oscilloscope (Tektronix, DPO3054). The response time of
the coil is 2 ns. Xe gas was used as a EUV emitter and was
continuously flowing through the capillary. An alumina
capillary with a 7 mm inner diameter and 12 mm length
used. The discharge device was mounted onto a vacuum
pumping assembly that maintained a uniform pressure of
Xe gas within the capillary. The pressure in the capillary
was controlled by a mass-flow controller to adjust the gas
flow rate from 0.4 cm3 min−1 to 2.0 cm3 min−1, with ap-
proximately 0.1 Pa of residual air pressure in the capillary
prior to the admission of Xe.

Figure 2 shows the cross sectional view of the
E-Mon detector. It consists of a Mo/Si multilayer mir-
ror, a SiN filter and a fast-response X-ray photodiode
(AXUV20HS1BNC, 10%–90% rise-time 2 ns). The E-Mon
detector is mounted at the central axis of the capillary to
measure the temporal evolution of the 13.5 nm (2% band-
width) emission.

The size for the entrance of the E-Mon detector is
much smaller than that for the Mo/Si multilayer mir-
ror. Therefore the signals that pass through the SiN fil-
ter should be those that reflected by the Mo/Si multi-
layer mirror. The signal detected by the X-ray photodiode
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Fig. 2. Cross sectional view of the E-Mon detector.

should be only the 13.5 nm emission in 2% bandwidth.
Moreover, caused by the coax, the X-ray photodiode and
the Rogowski coil, the delay time between the E-Mon sys-
tem and the current detection system is 16 ns. In this
paper, all the results have been corrected for the delay
time of the current and the 13.5 nm emission.

3 Results and analysis

The current waveforms (curve A) and the E-Mon signals
(curve B) are shown in Figure 3 at two main currents.
The flow rate of the Xe gas is 0.7 cm3 min−1. Both of
the two different main current pulses have 10%–90% rise-
time of 97 ns. However, the emission signal sustains for
a longer time with higher current. In addition, there are
three peaks of the EUV signal for the current of 28 kA,
which differs that of 15 kA which shows only from one
peak.

Figure 3 also shows that the first peak of the E-Mon
signal appears at 98 ns with the current of 15 kA, and
the three peaks for the current of 28 kA at 92 ns, 127 ns
and 158 ns. These observations appear to indicate that
the higher current leads to the earlier appearance of the
peak of the EUV emission and more peaks of the E-Mon
signals. The values of the first peak at the currents of
15 kA and 28 kA are 2.5 V and 3.2 V respectively. The
integrated E-Mon signal indicates the 13.5 nm (2% band-
width) emission pulse energy. The ratio of the two E-Mon
signals for the two currents shown was calculated be 7:
16. Therefore, the 13.5 nm intensity increases with higher
discharge current.

In order to understand the results, we simulate the
pinching process with a snow-plow model. In this model,
the main equation is as follows [20]:

d

dt

[
πρ0

(
a2 − r2

) dr

dt

]
= −μ0I

2

4πr
+ 2πrP (1)

where ρ0 is the initial gas density in the capillary, a and
r are the inner radius of the capillary and the radius of
the plasma sheet, I is the main current and P is the pres-
sure in the plasma column. In order to use the fourth-
order step Runge-Kutta method to calculate the equation
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Fig. 3. The waveforms of the main discharge current (A) and
the E-Mon signal (B).

numerically, equation (1) is rewritten as two differential
equations [21,22]:

dr1

dt
= −μ0I

2

4πr
+ 2πrP (2)

dr

dt
=

r1

πρ0(a2 − r2)
. (3)

According to snow-plow model [23], the pressure P of the
plasma in equation (1) includes the inner kinetic pressure
pin and outer kinetic pressure pout. According to P . Vrba’s
opinion, “the outer kinetic pressure is usually neglected
pout = 0, as no ablation from the capillary wall is taken
into account”, and the inner kinetic pressure is expressed
as pin = p0(V0/V )5/3 = p0(r1/a)10/3. Here p0 is the initial
gas pressure.

Under general conditions, I is a function of time and
is fitted to an analytic function. However, Figure 2 shows
that the current waveforms cannot be fitted to an analytic
function accurately. Consequently, the measured digital
data of the current waveform was used to calculate the
equations directly.

Figure 4 shows the simulation results for the two main
currents in Figure 3. In Figure 4, the solid lines correspond
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Fig. 4. The waveforms of the E-Mon output signals (A) and
the theoretically predicted evolution of the plasma radius (B).
The peak values of the main discharge currents are 15 kA (a)
and 28 kA (b).

to the E-Mon signals, and the dashed lines correspond to
the evolution of plasma radius. To compare the time of
the 13.5 nm with the pinching time, the E-Mon signals
in Figures 3a and 3b are correspondingly redrawn in Fig-
ures 4a and 4b. The simulation results show that there
is only one pinch for the current of 15 kA, compared to
the multiple pinches obtained with the current of 28 kA.
The 13.5 nm emission reaches a maximum value when the
plasma is pinched to the minimum radius. Moreover, the
first pinching time decreases with the increase of current
value as well.

For the current of 15 kA, the plasma is pinched to the
minimum radius when the current attains its maximum
value according to Figure 3a. At this moment, the kinetic
pressure is balanced by the magnetic pressure. Then the
kinetic pressure becomes higher than the magnetic pres-
sure and the plasma radius will consequently increase. Due
to the decrease of the current with time, the magnetic
pressure should be no longer higher than the kinetic pres-
sure. As a result, there is only one pinch for the current
of 15 kA. On the other hand, there are three peaks of the
E-Mon signals with the current of 28 kA. When the plasma
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Fig. 5. The waveforms of the main current (A), the E-Mon
output signal (B) and the theoretically predicted evolution of
the plasma radius (C). The peak value of the main current is
34 kA.

is pinched to the minimum radius for the first time, there
is a balance between the kinetic pressure and the magnetic
pressure, which is similar to the condition at 15 kA. Due
to the decrease of the kinetic pressure and the increase
of the magnetic, the latter of which is generated by the
increase of the current as shown in Figure 3b, the plasma
will be pinched again. The second or third implosion oc-
curs if the current is still high enough to compress the
plasma. The simulation results as depicted in Figure 5b
show that the radius of the plasma reaches its minimum
value more than once also.

In order to further confirm this deduction, the main
current was increased to 34 kA. The flow of Xe is the same
as Figures 3 and 4. The waveform of the main current,
the E-Mon output signal and the simulation result for the
evolution of the plasma radius are showed in Figure 5.

As shown in Figure 5, at 34 kA, there are four peaks
occurring during both the rise-time and the fall-time of
the main current of E-Mon signals which again in a well
agreement with the simulation result indicates that the
plasma is pinched to the minimum radius four times
correspondingly. These results demonstrate further that
higher main current makes the plasma pinch more often.

In addition, the first peak of the E-Mon signal ap-
pears at 80 ns, 92 ns and 98ns respectively according to
Figures 4 and 5. Correspondingly, the simulation results
show that the time for the plasma to be firstly pinched
to the minimum radius are 83 ns, 93 ns and 97 ns respec-
tively. Thus, one can concludes that higher current leads
to faster pinching under the same gas pressure.

4 Conclusion

The Xe gas 13.5 nm (2% bandwidth) emission pumped
by capillary discharge was studied theoretically and ex-
perimentally. An E-Mon was used to record the temporal
evolution of the 13.5 nm (2% bandwidth) emission. The
experimental results showed that the 13.5 nm emission ex-
isted almost during the first peak of the current. Changing
the discharge current, we simulated the evolution of the
plasma radius and observed the temporal evolutions of the
13.5 nm (2% bandwidth) emission. By comparing experi-
mental results with the simulation results, we can find that
when the plasma was pinched to the minimum radius, the
13.5 nm emission reached the maximum value. The ra-
dius of the plasma in the simulations and the evolution of
the 13.5 nm emission indicated that the Xe plasma was
pinched faster and more times by higher current. From
the results we deduced that there were multiple pinches
for high enough discharge current. These results should
be useful to better understand the pinching process of the
plasma for capillary discharge system or the EUV source.
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