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1. Introduction

In order to generate the 46.9 nm laser pumped by the fast capil-
lary discharge, it is necessary to use a pre-pulse current with an
amplitude of tens of amperes to pre-ionize the Ar gas in the
capillary into an initial plasma. After a specific delay time, the
initial plasma is pinched by the main pulse current to generate
the plasma column with a high electron density and a high elec-
tron temperature and an output of Ne-like Ar 46.9 nm laser. In
1994, Rocca et al. achieved the first 46.9 nm laser output by a fast
capillary discharge device!'!. The delay time between the pre-
pulse and the main pulse in this experiment was about 2 ps.
After that, the researchers carried out a detailed study on the
effect of the pre-pulse current on the 46.9 nm laser. In 2007,
Tan et al. studied the effect of delay time between the pre-pulse
and the main pulse on the 46.9 nm laser'). It was found that the
laser intensity increased significantly in the range of 2 ps to 4 ps,
the laser intensity was less affected by the delay time in the
range of 4 ps to 30 ps, and the laser intensity decreased rapidly
with the increase of the delay time when the delay time
exceeded 30 ps.

In 2012, our group carried out a corresponding study on the
influence of the delay time on the output laser intensity in the
range of 2-130 ps'). It was found that the laser intensity reached
the maximum when the delay time was 12 ps, and the laser
intensity changed slowly when the delay time was longer than
40 ps. The above results show the effect of the delay time on
the temporal characteristics of the 46.9 nm laser. However, there
is little research on the relationship between the spatial
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In this paper, the influence of the delay time between the pre-pulse and the main pulse on the double-pass amplified 46.9 nm
laser was studied for the first time, to the best of our knowledge, by using a high-precision polished SiC slice as a rear
mirror. The temporal and spatial characteristics of the output laser were measured separately to investigate the effect of
the delay time on the laser characteristics. The energy of the double-pass amplified laser was between 510 1) and 890 ). In
addition, a theoretical model of double-pass amplification was established to analyze the effect of the delay time on the
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characteristics of the 46.9 nm laser and the delay time, and all
the above experiments are based on the single-pass amplified
laser experiments without a cavity. Rocca et al. carried out
the first double-pass amplified 46.9 nm laser experiment in
the world with an Ir mirror in 1996!*. However, the Ir mirror
would be damaged by the plasma column after 1-3 discharge
shots. Therefore, their team did not provide the experimental
results of the temporal and spatial characteristics of the double-
pass amplified 46.9 nm laser. In 2021, our group obtained the
double-pass amplified 46.9 nm laser with a SiC mirror'™), but
we only provided the experimental results corresponding to
one kind of spatial distribution. According to our theoretical
results, the spatial distribution will affect the double-pass ampli-
fication of the 46.9 nm laser. Therefore, it is necessary to change
the laser spatial distribution in the double-pass amplification
experiments. In previous experiments, we found that the delay
time between the pre-pulse and the main pulse can change the
spatial distribution of the laser.

In this paper, to the best of our knowledge, the relationship
between the double-pass amplified 46.9 nm laser and the delay
time was studied for the first time. In order to study the effect of
the delay time on the spatial characteristics of the 46.9 nm laser
in detail, we used a theoretical model to simulate the spatial dis-
tribution of the single-pass and double-pass amplified 46.9 nm
lasers. In previous reports, many groups have used the ray-
tracing code to simulate the spatial distribution of the X-ray
laser®]. However, to the best of our knowledge, there is no
report on the theoretical model of the double-pass amplified
46.9 nm laser.
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In the experiment, the characteristics of the single-pass and  the laser spot shows a single annular-shaped distribution, and
double-pass amplified 46.9 nm lasers with different delay times  the peak-to-peak divergence is 2.6 mrad. The single annular-
were measured. In theory, a theoretical model was built to study ~ shaped distribution is formed by the refraction of the X-rays
the laser spatial distributions of the single-pass and double-pass  in the plasma column. The refraction effect is related to the elec-
amplified 46.9 nm laser. This theoretical model constructed by ~ tron density gradient in the radial direction. When the delay
the ray-tracing code was used to simulate the spatial distribu-  time is 60 ps, the laser spot shows a double annular-shaped dis-
tions of the 46.9 nm laser with different electron density distri-  tribution, and the peak-to-peak divergence of the outer annulus
butions and gain coefficient distributions. The experimental  is 3.1 mrad. When the delay time is 75 ps, the laser spot also
results about the double-pass amplified 46.9 nm laser will help ~ shows a double annular-shaped distribution, and the peak-to-
to improve the laser performance and to expand the application ~ peak divergence of the outer annulus is 2.6 mrad. The possible
range of the 46.9 nm laser. formation reason for the double annular-shaped distribution is

that some X-rays in the small density gradient region will propa-

gate in the plasma column at a small angle and be concentrated
2. Experimental Setup near the axis, which has been introduced in the previous
paper!®),

After measuring the laser spatial distributions of the single-
pass amplified laser and selecting three typical laser spots, the
laser pulses corresponding to the three delay times were mea-
sured by XRD, as shown in Fig. 2. When the delay time is
10 ps, the laser signal amplitude is 6.8 V, the laser energy is about
290 pJ, and the laser pulse width is 1.2 ns. When the delay time is
60 ps, the laser signal amplitude is 5.4 V, the laser energy is about
240 pJ, and the laser pulse width is 1.1 ns. When the delay time is
75 ps, the laser signal amplitude is 5.4 V, the laser energy is about
260 pJ, and the laser pulse width is 1.2 ns. In Ref. [3], it was found
that the laser intensity reached the highest at about 12 ps and

The capillary discharge device used in this study has been intro-
duced in the previous paper!'®!. The capillary used in this experi-
ment was an Al,O; capillary with a length of 35 cm and an inner
diameter of 3.2 mm. 20 Pa of Ar was filled into it and ionized into
an initial plasma column by a 20 A pre-pulse current. After a
delay time of 10-75 ps, the main pulse current was generated
by the Marx generator and by a Blumlein transmission line with
a current amplitude of 13 kA. The main pulse current flowed
through the initial plasma and encompassed the initial plasma
into the suitable state for laser generation by the Z-pinch effect.
First, we carried out the single-pass amplification experiment
without the resonator. After measuring the single-pass amplified
laser characteristics, a SiC slice was placed 2.5 cm away from the
end of the capillary to provide a feedback laser, which could re-
enter the plasma column to generate the double-pass amplified
laser. In this experiment, an X-ray diode (XRD) with a gold-
coated cathode and metal mesh anode was used to measure
the laser pulse. An X-ray CCD (charged-coupler device,
Andor DO934P-BN) with a resolution of 1024 X 1024 was used

o ]
to measure the laser spot to study the laser spatial characteristics. E

2P
3. Experimental Results and Discussions
Firstly, the spatial characteristics of the single-pass amplified ol _
laser corresponding to different delay times between the pre- . . 5 s ; . .
pulse and the main pulse were measured. Here, we selected three Time (ns)

typical laser spots, which correspond to the delay times of 10 ps,
60 ps, and 75 ps, as shown in Fig. 1. When the delay time is 10 ps, Fig. 2. The laser pulse signals corresponding to different delay times.
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Fig. 1. Laser spatial distributions corresponding to delay times between pre-pulse and main pulse of (a) 10 ps, (b) 60 ps, and (c) 75 ps.
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changed little after 40 ps. The results in this paper are consistent ~ amplified laser. When the delay time is 75 ps, for the single-pass
with Ref. [3]. Therefore, it can be seen that the delay time can ~ amplified laser, the peak amplitude of the inner annulus is nearly
influence the laser energy and the spatial distribution of the  twice as large as that of the outer annulus. However, for the dou-
single-pass amplified 46.9 nm laser. ble-pass amplified laser, the peak amplitude of the outer annulus
Next, a high-precision polished SiC mirror was placed at the = increases more than that of the inner annulus, and the peak-to-
end of the capillary to realize the double-pass amplification  peak divergence of the outer annulus is about 2.6 mrad, which is
experiment. Figure 3 shows the double-pass amplified laser =~ nearly equal to that of the single-pass amplified laser.
spots. Comparing the single-pass amplified laser spots in Finally, the temporal characteristic of the double-pass ampli-
Fig. 1 with the double-pass amplified laser spots in Fig. 3,it can  fied 46.9 nm laser was measured by XRD. As shown in Fig. 4, the
be found that the spatial distributions are quite different. When  delay time affected the amplitude and width (full-width at half-
the delay time is 10 ps, it changes from the single annular-shaped =~ maximum) of the double-pass amplified laser pulse. When the
distribution to the double annular-shaped distribution. The  delay time is 10 ps, the laser signal amplitude is 10.0 V, the laser
peak-to-peak divergence of the outer annulus of the double-pass ~ energy is about 560 pJ, and the laser pulse width is 1.8 ns. When
amplified laser is about 3.2 mrad, 0.6 mrad more than that of the the delay time is 60 ps, the laser signal amplitude is 13.0 V, the
single-pass amplified laser. When the delay time is 60 ps, for the ~ laser energy is about 890 pJ, and the laser pulse width is 2.0 ns.
single-pass amplified laser, the peak amplitudes of the inner =~ When the delay time is 75 ps, the laser signal amplitude is 8.0 V,
annulus and the outer annulus are nearly equal. However, for the laser energy is about 510 pJ, and the laser pulse width is
the double-pass amplified laser, the peak amplitude of the outer 1.7 ns. The reason why only one peak can be seen in Fig. 4 is the

annulus is nearly 1.6 times as large as that of the inner annulus,  partial overlap and addition of the first-pass and the second-pass
and the peak-to-peak divergence of the outer annulus is about  laser pulses.
3.2 mrad, which is nearly equal to that of the single-pass Table 1 shows the double-pass amplification compared with

the single-pass amplification corresponding to the different
delay times. As shown in Table 1, the double-pass amplification
of 60 ps has the largest laser signal amplitude, the largest mag-

. e ] nification, and the widest laser pulse width. Therefore, the feed-

. double-pass ] back laser is amplified most obviously at 60 ps among the three
=, delay times rather than at 10 ps. This may be caused by the fact
% 0 z that more X-rays are concentrated near the axis when the delay
§_2 \ y 2 time is 60 ps. The X-ray concentrated near the axis has a small

4 divergence angle, which allows more X-rays to enter the plasma

" / column after the reflection from the SiC mirror. This means that
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Fig. 4. The double-pass amplified laser pulse signals corresponding to differ-
Fig. 3. The double-pass amplified laser spots and their intensity distributions. ent delay times.
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Table 1. The Double-pass Amplification Compared with the Single-pass Amplification Corresponding to Different Delay Times.

Delay Single-pass Double-pass Magnification in Laser Pulse Width of the Laser Pulse Width of the Increase in the
Time Amplified Laser  Amplified Laser the Laser Single-pass Amplification Double-pass Amplification Laser Pulse Width
(us) Energy (u)) Energy (uJ) Energy (ns) (ns) (ns)

10 290 560 193 12 18 0.6

60 240 890 37 11 20 09

75 260 510 1.96 12 17 05

to prove this analysis, a theoretical model based on the ray- . . .

tracing code was used to simulate the spatial distributions of 4 —— 10ps
single-pass and double-pass amplified 46.9 nm lasers. The theo- ool N 60ps| |
retical model of the single-pass amplified 46.9 nm laser is estab- OOE """"""" e
lished according to the theories introduced in Refs. [6,7]. Based o l6f .
on this theoretical model, the feedback laser reflected by the mir- =
ror is considered in the theoretical model during the calculation % 12 i
of the double-pass amplified laser spot. The intensity of the feed- = o8 |
backlaseris Iy = R - I, where R is the reflectivity of the SiC mir- g
ror, and I is the intensity of the single-pass amplified laser. The =R _
position where the feedback laser re-enters into the end of the (a)
plasma column is regarded as the initial position of the second- 00 oo 200 : 0
pass amplified laser. Based on the intensity and the initial posi- Radius (um)
tion of the feedback laser, the intensity of the second-pass . . .
amplified laser can be calculated by the ray-tracing code. With 0.7 — 10ps|
the theoretical model, the laser spatial distribution can be calcu- 0.6 ; 60us
lated by setting the electron density distribution and gain coef- - S
ficient distribution. §03

Many different types of electron density distributions and E 04
gain coefficient distributions have been tried in order to make e
the simulation spot close to the experimental spot. During the g 03
calculation, we found that some different types of curves can £ 02
obtain similar results to the experimental single-pass amplified © o
laser spot or double-pass amplified laser spot. However, it was ' (b)

hard to find curves that fit both the laser spots. Figure 5 shows a
set of curves that are suitable for the experimental single-pass
amplified laser spot and double-pass amplified laser spot. We
considered that these electron density distributions and gain  Fig. 5. The radial distributions of (a) the electron density and (b) the gain
coefficient distributions may be close to the actual distributions. coefficient corresponding to different delay times.

Figures 6-8 show the single-pass amplified and double-pass
amplified laser spatial distributions and the intensity distribu-
tions in the vertical direction calculated by using the theoretical ~ distribution, results in the variation of the laser energy and spa-
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model. In order to compare with experimental results, the inten-  tial distribution.
sity distributions corresponding to the laser spot in Figs. 1 and 3 Based on the theoretical simulation results in Figs. 5-8, we can
are also shown in Figs. 6-8. As shown in Figs. 6-8, the simula- explain that the best delay time for double-pass amplification is

tion spatial distributions are close to the experimental spatial 60 ps rather than 10 ps. The refraction effect is one of the main
distributions. The divergences of the simulation laser spots  factors affecting the 46.9 nm laser intensity, especially in the
are nearly equal to that of the experimental laser spots. The sim- ~ process of double-pass amplification. The refraction effect
ulation ratios between the inner annulus’ peak amplitudes and ~ may cause the feedback laser to emit from the edge of the plasma
the outer annulus’ peak amplitudes are also nearly equal to the ~ column very early. Therefore, the second-pass amplified laser
experimental ratios. Therefore, we consider that the variation of =~ may only have a small gain length product. As shown in
the plasma column state at the time of maximum laser intensity, ~ Fig. 5, the laser output from the plasma column at 60 ps has
including the electron density fraction and gain coefficient  a smaller electron density gradient compared to that at 10 ps.
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Fig. 6. The simulation spot and the intensity distribution in the vertical direc-
tion of (a), (b) the single-pass amplified laser and (c), (d) the double-pass
amplified laser at 10 ps.

The feedback laser is less affected by the refraction effect when
propagating in the plasma column. This results in a larger gain
length product for the second-pass amplified laser. Compared to
10 ps, the double-pass amplification of 60 ps has a larger feed-
back laser intensity and a larger gain length product for the
second-pass amplified laser. Therefore, 60 ps is more suitable
than 10 ps for double-pass amplification. We attribute the varia-
tion of the plasma column state with the delay time to the radial
inhomogeneity of the initial plasma column introduced in
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Fig. 7. The simulation spot and the intensity distribution in the vertical direc-
tion of (a), (b) the single-pass amplified laser and (c), (d) the double-pass
amplified laser at 60 ps.
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Fig. 8. The simulation spot and the intensity distribution in the vertical direc-
tion of (a), (b) the single-pass amplified laser and (c), (d) the double-pass
amplified laser at 75 ps.

Ref. [11]. In Ref. [11], it is found that the initial plasma generated
by the pre-pulse is radially inhomogeneous and changes with
time. Therefore, when the main pulse flows through the initial
plasma at different delay times, the state of the plasma column
generated by the main pulse will be different. As a result, the
laser energy, spatial distribution, and double-pass amplification
effect corresponding to different delay times are different.

4. Conclusion

In this paper, a series of single-pass and double-pass amplified
46.9 nm laser experiments are carried out by changing the delay
time between the pre-pulse and the main pulse. To the best of
our knowledge, this is the first regular experiment with the dou-
ble-pass amplified 46.9 nm laser in the world. For the single-pass
amplification, in terms of the temporal characteristics, the laser
energy at 10 ps is the largest, the laser energy at 60 ps is larger
than that at 75 ps, and their pulse widths are nearly equal. In
terms of the spatial characteristics, the laser spot at 10 ps shows
a single annular-shaped distribution, the laser spots at 60 ps and
75 ps show double annular-shaped distributions, and the peak-
to-peak divergence decreases gradually with the increase of the
delay time. For the double-pass amplification, in terms of tem-
poral characteristics, the double-pass amplified laser at 60 ps has
the highest laser signal energy and the widest laser signal width.
Compared with the single-pass amplified laser signal, the energy
enhancement of the double-pass amplified laser pulse was about
3.6X, and the full-width at half-maximum of the double-pass
amplified pulse broadened by about 0.9 ns. The double-pass
amplified laser energy magnification and increased width at
10 ps are 1.9% and 0.6 ns, respectively. The double-pass ampli-
fied laser energy magnification and increased width at 75 ps are
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