Chin. Phys. B Vol. 26, No. 5 (2017) 054206

Application of multi-pulse optical imaging to measure evolution of
laser-produced counter-streaming flows*
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A counter-streaming flow system is a test-bed to investigate the astrophysical collisionless shock (CS) formation
in the laboratory. Electrostatic/electromagnetic instabilities, competitively growing in the system and exciting the CS
formation, are sensitive to the flows parameters. One of the most important parameters is the velocity, determining what
kind of instability contributes to the shock formation. Here we successfully measure the evolution of the counter-streaming
flows within one shot using a multi-pulses imaging diagnostic technique. With the technique, the average velocity of the
high-density-part (n, > 8-9 x 10!° cm~3) of the flow is directly measured to be of ~ 10° cm/s between 7 ns and 17 ns.
Meanwhile, the average velocity of the low-density-part (ne < 2 x 10! cm™3) can be estimated as ~ 107 cm/s. The
experimental results show that a collisionless shock is formed during the low-density-part of the flow interacting with each

other.
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1. Introduction

Astrophysical collisionless shock (CS) is common
in many universal systems, such as supernova remnants
(SNRs),[12] gamma-ray bursts (GRBs),34 and protostel-
lar jets.  The counter-streaming flows system in ab-
sence of an external magnetic field is a well-scaled-down
test-bed to investigate the CS formation in the labora-
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tory. Recently, a series of simulation®~'!! and experiment

[12-18] have demonstrated that the self-generated elec-

results
trostatic field/electromagnetic field growing in such an unmag-
netized system can excite the CS generation. It is also found
that the parameters of the plasma flow are crucial to these
instabilities. For example, both flows with different proper-
ties (density, temperature) can enhance the shock formation
process.!”! High density (N, > 10'® cm~3) will easily gener-

ate shock because of the short ion inertia length (c/@p;).['¥)
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High electron and ion temperature (7 > 1 keV) will effec-
tively reduce the field dissipation and the collision in the intra-
stream. '8] High flow velocity (V) determines not only the col-
lisionless mechanism of CS, but also the growth rate (y) of the
instabilities. For the Weibel instability, the growth rate can be
expressed as!!%!71 y ~ (0.2-0.5)V /A, where V is the flow ve-
locity and A is the ion inertia length. Only when the velocity is
high enough to satisfy the condition of the growth rate being
much larger than the dissipation rate, can the magnetic field
grow up and excite shock formation.

Here we focus on the measurement of the flow velocity.
Traditionally, the flow velocity can be obtained by the follow-
ing methods. One is utilizing the streaked interferogram and
self-emission optical pyrometry (SOP) taken in the same shot.
Using this method, we can only measure the velocity at the
specific position of the target, which is determined by the slit
at the front of the streak camera. The other one is measuring
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the velocity over different separate shots by changing the delay
time between the probe beam and the driven beam.[12:13:15-19]
Although we can obtain the lateral distribution of the flow ve-
locity, the error is uncertain; it is because the laser conditions
cannot be perfectly repeated.

In this paper, a multi-pulse imaging method is applied to
measure the flow velocity in a single shot. The experimen-
tal data show that the velocity of the high-density-part of the
flow before interaction can be directly measured using our new
technique. The velocity of the low-density-part of the flow
can be estimated under the quasi-isothermal free expansion
assumption. In addition, the data also demonstrate that an iso-
lated shock excited by the low-density-part interacting with
each other is observed, which is similar to that observed in
our previous experiment.[!>!°1 The paper is organized as fol-
lows. In Section 2, the experimental setup is described and the
probe beam working models are given. Section 3 presents the
experimental results and the corresponding discussion. The
conclusion is presented in Section 4.

2. Experimental setup

The experiment was performed at the Shenguang II (SG-
IT) laser facility, which can output a 1 ns laser pulse of total
energy 2 kJ at the wavelength of 351 nm. The eight driven
laser beams were divided into two bunches and each bunch
then consisted of four beams. Figure 1 shows a schematic di-
agram of the experimental setup, which is similar to that in
our previous work.[!319-241' A pair of opposing copper (Cu)
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foils were separated by 4.5 mm. One bunch was focused on
the left-foil (in the end view) with a spot diameter of 150 pm.
While the other one was defocused on the right-foil (in the
end view) with a larger diameter of 300 um. The counter-
streaming flows were generated under such asymmetric abla-
tion conditions.

The interaction between the counter-streaming flows was
measured by the optical diagnostics, including Nomarski in-
terferometry and shadowgraphy. A laser beam with a wave-
length of 527 nm, transverse to the propagation of the flows,
was used as a probe. The magnification of the imaging sys-
tem was about 2.6-2.7, which was achieved by a two-stage
imaging system. In order to obtain the same magnification
for different optical paths, both imaging lenses were placed in
front of the beam splitter (BS),!>’! as shown in the top view of
Fig. 1. Two charge coupled devices (CCD) recorded the same
magnification images from both paths. In addition, the gate
width of the CCD was set at 2 ms to keep data acquisition at
the same conditions.

For comparison, the evolution of the counter-streaming
flows was measured by two methods. Figure 2 shows the probe
beam working models, i.e., single-pulse model and multi-
pulse model. For the single-pulse model in Fig. 2(a), there was
only one pulse with the duration of 30 ps. For the multi-pulse
model in Fig. 2(b), there were two main pulses with a constant
time separation of 10 ns. The first pulse duration was 30 ps;
and the second pulse duration was about 1.2 ns, consisting of
4 single-pulses.
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Fig. 1. (color online) Schematic view of experimental setup. Main laser beams divided into two bunches heated on the facing surfaces
of the target to generate counter-streaming flows. The interaction of the two counter-streaming flows was measured by Nomarski
interferometry and shadowgraphy. A 527 nm, 30 ps laser beam passing through the interaction region was used as a probe beam,
which was split into two beams by a beam splitter after passing through the second imaging lens. One was for Nomarski interferomety
to obtain the electron density, and the other was for shadowgraphy, which is sensitive to the second derivative of the electron density.”)
The inset images are the original ones before shooting. Two yellow regions on both sides stand for the initial position of the target.
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Fig. 2. (color online) The laser pulse of the probe beam. (a) The probe
beam working at single-pulse model with duration of 30 ps. (b) The
probe beam working at multi-pulse model. There are two main pulses,
which are separated by 10 ns. The first main pulse duration is 30 ps; the
second main pulse consists of 4 single pulses, whose duration is about
1.2 ns.

3. Experimental results and discussion

Figure 3 shows the counter-streaming flows obtained by
the probe beams working at different models. A static ref-
erence image before shooting is displayed in Fig. 3(a). Two
yellow columns on both sides represent the initial positions of
the target foils. The gray circle represents the field of view,
which is determined by an aperture with a diameter of 4.5 mm
in front of the CCD. Figures 3(b) and 3(c) show the images
obtained by the probe beam working at single-pulse model at

To+7 ns and Tp+17 ns (the corresponding delay times are 7 ns
and 17 ns, as shown in Figs. 3(e) and 3(f)), respectively. Here
T =Ty is the arrival time of the driven laser pulses at the tar-
get surface. At 7 ns, two dark bubble regions appear on both
sides and a bright region in the middle area. The dark bub-
ble represents the high plasma density region and the probe
beam cannot pass through it (high-density-part). The bright
region represents that the forepart of the plasma flow has a
low plasma density and the probe beam can pass through it
(low-density-part). At 17 ns, the dark bubbles on both sides
continue expanding and an isolated dark quasi-plane appears
in the middle area. Figure 3(d) is an overlapped image ob-
tained by the probe beam working at the multi-pulse model
(as shown in Fig. 3(g)). There are two components: one is the
darker bubble region on both sides marked by the white dotted
line, which is similar to that appearing at 7 ns in Fig. 3(b), the
other one is a less dark expansion region on both sides and an
isolated quasi-plane appears in the middle area, which is simi-
lar to that appearing at 17 ns as shown in Fig. 3(c). In order to
accurately identify the difference between Figs. 3(c) and 3(d),
we plot the probe intensity profiles along the target normal di-
rection at the different transverse positions, which are marked
by the different colors lines.

Figure 4 shows the corresponding probe intensity profiles
of Figs. 3(b) and 3(c). The intensity suddenly changes in the
middle area, which indicates that a large density jump exits
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Fig. 3. (color online) The evolution of the counter-streaming flows obtained at different working models of the probe beam.
(a) A static reference image before shooting. (b)—(d) The evolution of the counter-streaming flows obtained by different

methods. (e)—(g) The working models of the probe beam.
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and a shock is formed.!"?! The width of the shock in Fig. 3(b)
is about 200 um and its position is at around 1.640 um
(£0.060 pm), as shown in Figs. 4(a)-4(c). The width of the
shockwave in Fig. 3(c) is about 400 wm and its position is at
around 1.490 pum (£0.090 pum), as shown in Figs. 4(d)—4(f).
Although there are a few differences existing between the two
measurements, their shapes are similar to a quasi-plane (lami-
nar). In addition, the properties of the isolated shock indicate
that the shock results from the low-density-part (foreparts) of
both flows, not from the high-density-part (dark bubble) of the
flows. The ion—ion mean free path (MFP) is an important pa-
rameter to determine whether the shock is collisionless. The
MFP expression is given as ﬂ,ii:mizvr“el / (4ﬂe4Z3NeLnA12),
where m;j=Am;, is the ion mass, e is the electric charge, Z=10
is the average ionization state, n. ~ 10" cm™3 is the elec-
tron density of each flow (discussed below), and LnAj> ~ 10
is the Coulomb logarithm. The relative velocity between the
two flows vy is larger than 2Vgow= 5% 107 cm/s (discussed
below). Taking these values into the above expression, the
MFP is obtained as ~ 11 mm, much larger than the shock
width (~ 200-400 pwm). This indicates that the observed shock
in the experiment is collisionless. Its formation and evolu-
tion are under investigation and will be described in our future

publication. 2]

Figure 5 shows the lateral average velocity distribution
of the dark bubble obtained by the muti-pulse method. From
the measurement, the velocity of the high-density-part is on
the order of ~ (5-8) x 10% cm/s, which is directly obtained
by the different positions of the sharp edge at different delay
times. Obviously, the velocity on both sides is larger than that
in the central region; it is probably caused by the thermal en-
ergy transverse transmission (temperature gradient) along the
foil surface after the laser. As for the low-density-part of the
flow, the velocity can be estimated under the assumption that
the flow can be regard as a quasi-isothermal free expansion

e.?”] The evolution of each flow is predicated

in the later tim
to have density n & ny, exp(—ax/Cst) + AN and flow velocity
V & Cs +x/t. Here C; is the sound speed, x measures the dis-
tance from the target, and ¢ is time. The ablation density 7,y is
on the order of the critical density, and « is a factor of order 1.

Figure 6(a) shows the distributions of the electron density
and the flow velocity along the target normal direction (Y) at
the central axis (labeled by the white dotted-line in Fig. 5).
The electron density n. along the Y direction is obtained by

the Abel inversion of the interferograms. One can find that
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Fig. 4. (color online) The average intensity profiles corresponding to (a)—(c) Fig. 3(b) and (d)—(f) Fig. 3(c). The colors of the different

curves correspond to the different positions in Fig. 3.
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Fig. 5. (color online) The velocity distribution along the target surface on both sides obtained by the novel method.
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the electron density of the high-density-part is above (8-9) x
10" cm™3, and the electron density of the low-density-part is
below 2 x 10'° ¢cm—3. Using the above formula, the flow ve-
locity of the low-density-part is estimated to be on order of
~ 107 cm/s, which is increasing with the dropping electron
density.
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Fig. 6. (color online) The distributions of electron density and flow velocity
at the central axis between 7 ns and 17 ns.

For application of the novel multi-pulse imaging diagnos-
tic technique, two factors should be considered. (i) In order
to distinguish the changes of the propagation distance of the
flow at the different delay time, the distance change within
10 ns should be larger than the space resolution of the diag-
nostics, that is, Vgow X 10 ns > 50 um (here the resolution
is determined by CCD and the imaging system). Typically,
the flow velocity generated at the large-energy (kJ-level) and
long-duration (ns-level) laser facility, such as SG-II, Gekko-
XII, OMEGA, etc. is on the order of ~ 107=108 cm/s. The
propagation distance can be estimated as Vo X 10 ns =
103—10* pm, much larger than the resolution limit. There-
fore, the technique can be applied in such laser-plasma ex-
periments. If the flow velocity is below 10® cm/s, the tech-
nique can also be applied by shortening the time separation
between the pulses or improving the resolution of the diagnos-
tic. (ii) The second pulse of the probe beam consists of 4 in-
dividual pulses (the whole duration is about 1.2 ns). Within
the second pulse, the distance changes can be estimated as
(5-8) x10° cm/s x 1.2 ns = (60-100) um, which is compa-
rable to the resolution (50 wm). It means that the system can-
not resolve the changes within the second pulses. Therefore,
it is reasonable to ignore the effect on the quality of imaging.
The probe can be approximately regarded as only containing
two pulses, i.e., the first pulse with a duration of 30 ps and the
second pulse with a duration of 1.2 ns.

4. Conclusion

We apply a multi-pulse method to measure the evolu-
tion of the counter-streaming flows. The average velocity of
the denser part of the flow is directly measured to be ~ (5-
9) x 10° cm/s within 7—17 ns, whose value depends on the

transverse position. The low dense part of the flow is esti-
mated to have a velocity on the order of 107 cm/s under the
quasi-isothermal free expansion assumption. By comparing
our new method with the traditional method, one can see that
the experimental results can be well repeated. It indicates that
using the new method can enhance the credibility of the ex-
periment data. Additionally, this new method is flexible and
can be widely applied in the laser-plasma experiment by op-
timizing the technical parameters, such as the time separation
between the pulses and the resolution of the diagnostic.
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