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We have used five-frame photography to investigate plasma-jet formation and its evolution in

line-focused laser-produced plasmas. Small-scale plasma jets have been observed in low-Z and
high-Z plasmas. We have also observed relatively large-scale plasma jets, which are similar in ap-
pearance to "tips of oxhorns" and always appear at the boundaries between hot plasma and cold
target material or between two different-Z (e.g., high-Z and low-Z) plasmas. It is also shown that
the plasma-jet structure is more pronounced for the short-wavelength-laser —irradiated targets. The
causes of plasma jets and their influence on x-ray —laser schemes using a line-focused laser-produced
plasma as a gain medium are discussed.

I. INTRODUCTION

In recent years, the approach of achieving extreme-
ultraviolet (xuv) or x-ray lasing by using high-power
lasers to produce and heat high-density plasmas has be-
come very promising. ' In this approach, a cylindrical
lens is usually used in order to form a line-shaped plasma,
which is necessary to obtain sufhcient amplification of x-

ray radiation along the focal line. The coupling charac-
teristics of a line-focused laser with a plasma have a
direct influence on the operating conditions for the plas-
ma as a gain medium. However, nonuniformities such as
plasma jets will be a serious problem for laser-pumped x-

ray lasing research as they have been in laser fusion
study. In the earlier experiment reported in Ref. 5,
laser-produced plasmas at an irradiance on the target of
10' W/cm for a spot focus and 5 X 10" W/cm for a
line focus were studied, but no plasma jets were observed.
This was likely due to lower irradiances. Since then,
plasma-jet structures have already been observed and
were widely investigated in spot-focu'sed laser-produced
plasmas, but relatively less in line-focused laser-
produced plasmas. In this paper, we report a detailed
investigation of plasma-jet structures in experiments on
line-focused lasers irradiating a variety of planar targets.

In previous experiments, ' we have observed a line-
focused laser beam break up into filaments. After the
laser ceased to irradiate the target, we and others have
also observed small-scale plasma-jet-like structures in the
underdense plasma. In recent experiments carried out at
Shanghai Institute of Optics and Fine Mechanics (SIOM),
we further investigated the coupling characteristics of a
line-focused laser with plasmas. In these experiments, a
five-frame optical-probing diagnostic system was used,
which allows us to trace the evolution of the jet-like
structures appearing in plasmas. We have observed not

only the small-scale plasma jets and their evolution, but
also relatively large-scale jet-like structures, which are
similar in appearance to "tips of oxhorns" and always ap-
pear at the boundaries between hot plasma and cold tar-
get material or between two plasmas with different-Z ma-
terials (e.g. , high Z and low Z). We have also used
frequency-doubled laser light (530 nm) to irradiate tar-
gets. The results show that the plasma jets are more seri-
ous than those occurring in 1.06 pm laser-irradiated tar-
get experiments. The plasma jets could result in strong
nonuniformities in the line-focused laser-produced plas-
mas and could eventually lead to gain spoiling in the
operation of an x-ray laser using plasma as a gain medi-
um.

II. EXPERIMENTAL SETUP

Figure 1 shows the layout of the experimental arrange-
ment. In our experiments, two beams of the six-beam
Nd-glass Laser Facility at SIOM (Ref. 11) are combined
into one which is line focused on the targets. The focus-
ing system consists of a cylindrical lens (planoconcave,
with a 800—3000-mm radius of curvature) and an aspher-
ic lens (fl2 with a 120-mm focal length). The resulting
size of the focal line has a length of 1 —4 mm and a width
of 60—140 pm [full width at half maximum (FWHM)].
Sometimes, a large-size transverse width of the line focus
is also used. The spatial uniformity of the line focus is
acceptable in the axial direction, having at most local
large-scale nonuniformities and an approximately Gauss-
ian distribution in the transverse direction. The pulse
width of the 1.06-pm laser is available from 200 to 800 ps
(FWHM) and the energy of the prepulse is less than 10
of the main pulse. The output energy is in the range of
1 —20 J, with corresponding average irradiance on the tar-
gets from 10' to 10' W/cm . Planar targets of different
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FIG. 1. Scheme of experimental arrangement. C, cameras;
F, interference filters; KDP, frequency-doubling crystal; L ~, cy-
lindrical lens; L& and L3, aspheric lenses; L4-L6, convex lenses;
M, five-beam splitting and optical delay; M~ —M io, mirrors; P,
polarizing plate; QPl and QP2, quinque prisms; SC, streak cam-
era; SG, spectrograph; T, target. Note that the x-ray detectors
are not included in the diagram.

atomic-number materials (from low Z to high Z) and seg-
rnented targets consisted of two materials with different Z
are used. In the experiments, a five-frame optical-
probing diagnostic system is applied and will be described
in Sec. III. The five-frame probing system can give us a
time sequence of interferograms or shadowgrams show-
ing the plasma evolution. In addition, we have also used
other diagnostics in the experiments. These include
T1AP crystal spectrographs for obtaining spatially
resolved and integrated x-ray spectra, as well as an x-ray
pinhole camera for obtaining images of x-ray emission of
targets in the 1-keV range. Figure 2 shows the typical x-
ray pinhole photographs of line-focused laser-produced
plasmas from planar foil targets and segmented planar
targets.

III. FIVE-FRAME OPTICAL PROBING
DIAGNOSTIC SYSTEM

A. Probing pulse generation

(c) horizontal focal line

Au-Al segmented planar target

(d) vertical focal line

Au-Al segmented planar target

FIG. 2. Typical x-ray pinhole photographs of line-focused
laser-produced plasmas. (a) Horizontal focal line, 100-pm-thick
Cu foil; (b) horizontal focal line, 7.3-pm-thick Au foil; (c) hor-
izontal focal line, Au-Al segmented planar target; (d) vertical fo-
cal line, Au-Al segmented planar target.

B. Five-frame probing system

In order to get five plasma shadowgrarns or interfero-
grams at discrete times during the evolution of a laser-
produced plasma, five individual probing pulses are re-

ed into 629.8 nrn by stimulated Raman backscattering
from dimethyl sulfoxide [(CH3)2SO] liquid so that the re-
sulting probing beam does not interfere with the second
harmonic emission from the laser-plasma interaction.
Raman backscattering is used for better pulsewidth nar-
rowing than that of the more generally used Raman for-
ward scattering. In our case the pulsewidth of the prob-
ing pulse is about 50 ps while the corresponding pu1-
sewidth of the 1.06-pm laser is about 250 ps, both are
measured with a streak camera. The probing beam con-
tains more than 200 pJ of light energy which ensures nor-
rnal operation of the five-frame system.

The requirements of a probing beam for a laser-
produced plasma are narrow pulsewidth, accurate sych-
ronization with the main laser pulse, suitable wavelength,
as we11 as no coincidence with self-generated harmonic
emission from laser-produced plasmas. When we use one
beam of the six-beam laser facility as the source to pro-
duce a probing pulse, the requirement of sychronization
can be satisfied for these pulses coming originally from
the same oscillator. The layout of the generation of the
probing pulse is shown schematically in Fig. 3.' The
1.06-pm laser with energy of a few hundreds of a mJ is
frequency doubled into 530 nm by a potassium dihydro-
gen phosphate (KDP) type-I crystal and frequency shift-
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FIG. 3. Probing pulse generation using stimulated Raman
backscattering. KDP, frequency-doubling crystal; L, convex
lens; LA, laser amplifier; M~ and M„dichroic mirrors; RC, Ra-
man cell filled with dimethyl sulfoxide [(CH, )zSO]; SF, spatial
filter; T, inverted telescope.



810 XU, CHEN, LIN, JIANG, ZHANG, AND QIAN 39

2-

0.63 Um

50 ps

QP1
to five cameras

E10~-
8-

z 6-
4-

C
QJ

FIG. 4. Five-frame optical-probing diagnostic system. As a
Wollaston prism and two polaroids are inserted, a five-frame in-
terferometer of the Nomarski type can be set up conveniently.
L, imaging lens; M, five-beam splitting and optical delay; QPl
and QP2, quinque prisms; T, target.

quired. As shown in Figs. 1 and 4, a multiplexer (M) is
used to split the probing pulse into five individual pulses
with approximately equal energy and spacing, as well as
with adjustable optical delays between each other. Then
a quinque prism (QPI) focuses them passing through the
plasma, which is somewhat similar to that of Maaswinkel
et al. ' The orientation of these probing beams is ar-
ranged in a symmetrical form around the central one and
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FIG. 6. On-axis plasma electron density distribution on both
sides of the planar foil target deduced from Fig. 5 by the Abel
inversion technique. Note the error bars are indicated on the
above right. The laser is incident from the left to the right. The
transverse coordinate indicates the distance from the target
center.
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FIG. 5. Typical sequence of interferograms obtained by the five-frame photography showing the plasma evolution. The target is a

10-pm-thick Co foil and is irradiated by a spot-focused 1.06-pm laser light (from the left to the right). At is the delay time relative to
the peak of the laser pulse. Note that five probing beams traverse the plasma in a direction perpendicular [for (a), (c), and (e)] or near-
ly perpendicular [for (b) and (d)] to the target surface normal.
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with a slight angle to each other. They traverse the plas-
ma in the direction perpendicular or nearly perpendicular
to the heating laser axis, so as to produce five side-view
photographs. The imaging system consist f

&
~and a lens so that it can produce five spatially

separated shadowgrams, or interferograms when an inter-
ferometer of the Nomarski type' is inserted. Time de-
lays between the probing pulses and the heating pulse are
adjustable and can be measured with a streak camera
within an accuracy of 50 ps. The spatial resolution of
t is system is less than 5 pm while the temporal resolu-
tion is determined by the probing pulsewidth.

A set of interferograms showing the evolution of a
spot-focused laser-produced plasma, obtained by using
the five-frame system, is shown in Fig. 5. The corre-
sponding plasma on-axis density distributions are shown
in Fig. 6, which are obtained by Abel inversion tech-
nique. By comparing these density distributions to the
results of computer calculations, we can get very useful

information such as energy absorption; energy transport

IV. DESCRIPTION OF THE EXPERIMENTAL
INVESTIGATIONS

A. Small-scale plasma jets

In the experiments on observing plasma-jet structure in
line-shaped plasmas, two diFerent pulsewidths (FWHM)
of 250 and 700 ps are used. As described before, the
heating laser is made of two individual laser beams with
200 —400 ps pulsewidth, respectively. The delay time be-
tween them is adjustable so the desired pulsewidth can be
obtained. In our long pulse experiments, a combined
laser pulse of about 700 ps (FWHM) is set.

the
Figure 7 shows the time evolution of the plasma tasma je s in
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When at At =0. 1 ns (i.e., the arrival time of the peak of
the probing pulse on the plasma is 0.1 ns later than that
of the heating laser pulse), plasma jets with a short length
expanding normally to the planar-target surface can be
seen. After the laser ceases to heat the target, as shown
in Figs. 7(b) (At =0.91 ns) and 7(c) (bt =2.4 ns), the plas-
ma jets grow more rapidly with time and the underdense
plasma is broken into a number of jets with an average
expanding velocity of 1.0X10 cm/s, which is about five
times than that of the bulk plasma, and the transverse
spatial scale is 10—30 pm. Then the jets will collapse and
evanesce gradually by some smoothing mechanisms'
(e.g. , thermal-conductive effect), see Fig. 7(d).

In long-pulse (about 700 ps FWHM) experiments, simi-
lar plasma-jet structure and its time evolution are also ob-
served. As shown in Fig. 8 for a Cu foil target irradiated
by a line-focused laser light at an intensity of 9.0X10'
W/cm, we can see that at At =0.2 ns distinct jets have
not appeared in the coronal plasma. However, the plas-
ma jets are pronounced after the end of the heating laser
pulse, e.g. , at At =2.4 ns.

Although various mechanisms may be responsible for
the occurrence of the plasma jets, the characteristics of
their time evolution indicate that the jets are initially
formed during the laser heating pulse which suggests that
they may be due to a combination of filamentation of the
laser beam and certain plasma instabilities. ' ' In this
period, the instabilities may be excited, but they can grow
still rapidly even after the laser ceases to irradiate the tar-
get, which make the coronal plasma break up into a lot of
small-scale jets. Later, some smoothing mechanisms'
will be dominant and make the instabilities saturate.
Eventually the jet structure tends to collapse or evanesce.

B. Plasma jets like "tips of oxhorns"

In addition to the small-scale plasma jets described
above, we have also observed relatively large-scale
plasma-jet structure, which is similar in appearance to
"tips of oxhorns. "

Figure 9 shows an interferogram and a shadowgram
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FIG. 9. (a) Interferogram and (b) shadowgram showing the
relatively large-scale plasma-jet-like structure are recorded
simultaneously by two-frame photography at At =2.9 ns. The
target is a 100-pm-thick Al foil and is irradiated by a line-
focused laser light (with a horizontal focal line) at an irradiance
of 1.4X 10" W/cm . The probing beam is parallel to the focal
line. Note that the plasma jets shown in the figure are similar in
appearance to "tips of oxhorns. "

which are photographed simultaneously in one shot by a
two-frame photography. The probing beam is parallel to
the focal line and the Al target is irradiated at an irradi-
ance of 1.4X 10' W/cm . The large-scale plasma jets are
symmetrical about the focal line, like a pair of "tips of
oxhorns. " The interferogram indicates that the densities
in the jets are higher than that of the ambient plasma.
These jets always appear at the boundary between the hot
plasma and the cold solid target material. The tips of the
plasma jets tend to the side of the cold target material,
and have an angle of 60' —65' with respect to the target
surface, which hardly changes with the target atomic
number Z and the laser-light irradiance on the target.

In order to clarify whether the refraction effect of the
probing beam passing through the plasma causes the
above-mentioned jet structure, a special laser-irradiating
method is used, as shown in Fig. 10. The laser line focus
lies horizontally on the Cu planar target such that its
upper portion falls into the vacuum. The shadowgrams
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FIG. 10. Shadowgrams showing the plasma jet similar in appearance to "tips of oxhorns, "which appears only at the boundary be-
tween the hot plasma and the cold target material. The target is a 100-pm-thick Cu foil and is irradiated by a line-focused laser (with
a horizontal focal line) at an irradiance of 4X 10' W/cm'. The probing beam is parallel to the focal line. Note that the laser focus is
located such that its upper portion falls into the vacuum (see the sketch on the above left).
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showing the plasma jet and its evolution in this special ir-
radiation case are also shown in Fig. 10, which are
recorded by the five-frame diagnostic system. At
At =2. 1 ns, a plasma jet appears in the lower part of the
target, i.e., at the boundary between the hot plasma and
the cold target material. Then this jet grows with time,
which is similar in appearance to the tip of an oxhorn,
and becomes much more pronounced at ht =4.6 ns, like
those shown in Fig. 9. Nevertheless, this jet does not ap-
pear in the upper part of the target near the vacuum
throughout. It seems that the interaction between the
hot plasma and the cold target material is one of the
causes of the "tips of oxhorns" jet structure.

The "tips of oxhorns" jets appear not only at the
boundary between the hot plasma and the cold solid tar-
get material, but also appear at the boundary between
two diFerent-Z (e.g. , Au-Al) plasmas. As shown in Fig.
11, a segmented target (Au-Al) is irradiated by a line-
focused laser light at an irradiance of 1.0X10' W/cm .
The focal line is orthogonal to the boundary and is locat-
ed such that the upper half irradiates the Al part and the
lower half irradiates the Au part. The shadowgram taken
at At =0.9 ns shows that a jet exists at the boundary be-
tween two different-Z plasmas, whose tip tends to the Al
plasma.

These jets, similar in appearance to "tips of oxhorns"
at the boundaries, appear and grow up with time not only
after the end of the heating laser pulse, but also in the
edge region of the plasma beyond the laser focal region,
which is formed by thermal conduction. The nonunifor-
mities of the incident heating laser beam is less likely to
be the cause for these jet structures. At the boundaries
between the hot plasma and the cold solid target, or be-
tween two plasmas with different-Z numbers, there are
large temperature and density gradients, so the large heat
flow may occur. Therefore, the electronthermal and
magnetothermal instabilities due to the occurrence of the
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FIG. 11. Shadowgram showing plasma jet similar in appear-
ance to "tip of oxhorn, "which appears at the boundary between
two plasmas with different materials (Au, Al). The Au-Al seg-
mented planar target (see the sketch on the above left) is used
and irradiated by a 2-mm-long line-focused laser light at an irra-
diance of 1.0X 10" W/cm'. Note that the line focus is located
such that the upper half irradiates the Al part and the lower
half irradiates the Au part.

heat flows may be excited and grow up, eventually pro-
ducing plasma jet structures. '

C. Plasma jets in the frequency-doubled (0.53-pm)
laser irradiation

We have also carried preliminary experiments on the
frequency-doubled (0.53-p,m) laser-irradiated targets.

laser

(a) 100-pm-thick Cu target

laser

&.5 mm

(a) dt's. 91 ns (b) ht=2. 21 ns (c) b,t=3.61 ns (d) at=g. 61 ns

(b) 100-pm-thick A1 target

FIG. 12. Two sequences of shadowgrams showing plasma jets and their time evolution for (a) 100-pm-thick Cu and (b) Al planar
foil targets irradiated with spot-focused, frequency-doubled (0.53-pm) laser lights at an irradiance of 3 X 10' W/cm . Note that here
large focal spots are chosen.
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Figure 12 shows the shadowgrams of Cu [Fig. 12(a)] and
Al [Fig. 12(b)] planar foil targets irradiated by 0.53-pm
spot-focused laser light. At At =0.91 ns, the underdense
plasmas has broken into a number of jets with transverse
dimension in the Cu plasma smaller than that in the Al
plasma. The variation of the on-axis length of the plasma
jets with time, deduced from Fig. 12, is shown in Fig. 13.
Initially, the plasma jets develop rapidly with time in the
Al plasma. But the growth is saturated when At -3 ns.
In contrast with the Al plasma, the jets in the Cu plasma
develop relatively slowly and the growth is not saturated
even for At -4 ns.

The different jet evolution characteristics in the Al and
Cu plasmas suggest that the electron thermal conduction
has great influence on the jet evolution. When the jets
are formed in the plasma, thermal conduction tends to-
wards smoothing these nonuniform structures. Thus, al-
though the plasma jets grow rapidly in a low-Z plasma,
they will also be smoothed faster because of the large
thermal conductivity. In addition, compared with the re-
sults of 1.06-pm laser-irradiated targets, our experimental
results have shown that the growth of the plasma jets is
more pronounced in 0.53-pm laser experiments at the
same irradiance (see Fig. 7). It may be because of the
poor thermal smoothing ability for the 0.53-pm laser-
produced plasmas.

V. DISCUSSION

We have used the five-frame photography to investi-
gate plasma-jet formation and its evolution in line-
focused laser-produced plasmas. Small-scale plasma jets
appearing in low- and high-Z plasmas have been ob-
served. We have also observed relatively large-scale plas-
ma jets, which are similar in appearance to "tips of ox-
horns" and always appear at the boundaries between the
hot plasma and the cold target material, or between two
different-Z plasmas. It is also shown that the plasma-jet
structure is more pronounced for the short-wavelength
laser-irradiated targets.

Laser-beam filamentation and plasma-jet formation
would have detrimental effects on the operation of an x-
ray laser using a line-focused laser-produced plasma as a
gain medium, since the expected uniform plasma state
would be destroyed. The self-focusing and filamentation
of a laser beam originate from the direct interaction be-
tween the laser and plasma, and conversely have great
influence on the characteristics of the interactions and
the state of the resultant plasma. However, plasma jets
caused by certain plasma instabilities can be formed dur-
ing the laser heating pulse, and develop more rapid1y
with time after the end of the heating laser pulse. ' The
plasma jets and the laser-beam filamentation can couple
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FIG. 13. Variation of on-axis length l of plasma jet with the
delay time ht deduced from Fig. 12. Note that there is a dis-
tinct saturated region for an Al target. The typical error bars
are indicated on the above right.
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or affect each other, then strengthen the nonuniformities
in a laser-produced plasma. The effects of plasma jets are
manifold. Firstly, if early enough, plasma jets could pro-
vide an initial density fluctuation to trigger laser filamen-
tation. Secondly, strong nonuniformities in the plasma
result from these jet structures. Finally, these nonunifor-
mities may induce hydrodynamic turbulence and other
unexpected nonlinear effects, which would reduce the x-
ray gain significantly. For example, the expected uniform
plasma state with suitable density and temperature would
not be formed. Griem' has pointed that the hydro-
dynamic turbulence in a plasma would lead to a large
reduction in calculated average gains when the tur-
bulence wavelength is below a critical size. The plasma-
jet formation may be an original source of the plasma tur-
bulence with small wavelength, then result in gain spoil-
ing. It should also be indicated that in the recombination
pumping scheme, significant recombination which results
in x-ray lasing is generally formed after the end of the
laser heating pulse, ' when the plasma jets will become
much more pronounced. Therefore the plasma jets might
become a serious obstacle in achieving optimum x-ray
lasing in the type of experiments using a line-focused
laser-produced plasma as a gain medium. It can be ex-
pected that with the development of x-ray laser research,
people will pay more attention to the formation mecha-
nisms and the suppressing methods of the plasma-jet
structures in line-focused laser-iri adiated targets.
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