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Supplementary information

SUPPLEMENTARY NOTE 1:
Self-emission radiographic images

Several interesting features in the radiographic images were observed when comparing
the self-emission X-ray in the cases with and without short pulse laser. Supplementary
Figure 1 shows the time-resolved core plasma self-emission X-ray radiographic images from
integrated shots. Here, an 8-image Kirkpatrick-Baez microscope coupled with XFC was used
to record these self-emission radiographic images from the diagnose window at the middle
of cylindrical hohlraum. Supplementary Figure 1(a) shows the self-emission x-ray from the
compressed “tube-shape” pellet, whose image is consistent with the backlighter radiograph
image shown in Fig.4(a). In comparison, in the case with the short pulse laser injection shown
in Supplementary Figure 1(b), some self-emission on either side of the compressed core from
the right-hand-side of the tube-shape pellet can be observed (a clover-like bright area), which
is clearly different from the case without the short pulse laser injection in Supplementary
Figure 1(b). Here, the clover-like profile of the compressed fuel was regarded as the energy

deposition of REB flux generated at the inner tip of cone in the compressed core.

SUPPLEMENTARY NOTE 2:
Hydrodynamic simulations of the compressed “tube-shape” pellet

Two-dimensional radiation hydrodynamic LARED-S [1] simulations have been carried
out to study the imploding shell, which are found to reasonably reproduce experimental
shell shape under implosion conditions of “high-foot” pulse as in the present experiments.
LARED-S is a 2D radiation hydrodynamics code, including laser ray tracing, multi-group
radiation diffusion and transport, electron and ion thermal conduction, atomic physics, nu-
clear reaction, alpha particle transport, and the quotidian equation of state, and so on.
Although the x-ray radiography of the compressed fuel showed obvious low-mode asymme-
tries, the main observed features, such as the peaked value of the compressed density, and
“tube-shape” density profile of the compressed pellet are well-captured by our LARED-S
simulations by setting a drive P, asymmetry with P,/ Py = 25%, see Supplementary Figure
2(a). In simulations, the peak compressed density of the fuel is up to 40g/cm?® at peak
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Supplementary Figure 1. Time-resolved core plasma self-emission X-ray
radiographic images recorded by Kirkpatrick-Baez microscope. Measured images
of core plasma for the cases of (a) without and (b) with short pulse laser injection (shot
16057). The probing time was measured in situ with +50 ps accuracy. The yellow profile
showed position of the gold cone. In the case with short pulse laser (b), a clover-like bright

area was presented which was clearly different from case without short pulse laser injection

(a).

compression time, which is essentially consistent with the measured data. Note that in Sup-
plementary Figure 2(a), the gold cone is not shown. It is also shown in Supplementary Figure

2(b), the maximum ion temperature can reach as high as 400eV after the compression.

SUPPLEMENTARY NOTE 3:
PIC simulations of the generation of the relativistic electron beam (REB)

To better understand both the characteristics of REB produced by the short pulse laser
in the experiments, we have conducted detailed fully relativistic particle-in-cell simulations
with the code ASCENT to model, from first principles, the generation of REB. The ini-
tial conditions of the preplasma inside the cone targets was imported from the hydro-
dynamic simulation with XRL2D [2], which is performed to model the actual target ge-

ometry and the experimentally measured prepulse, see Supplementary Figure 3(a). Here,
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Supplementary Figure 2. Radiation hydrodynamic simulations. Contour plots of
simulated (a) fuel mass density (the gold cone is not shown here) and (b) ion temperature
at t=>5.1ns. These data, together with the parameters of REB simulated by PIC
simulations, will be the initial conditions of the hybrid code HEETS.

XRL2D is a two-dimensional non-equilibrium ALE radiation hydrodynamic code, which in-
cludes inverse bremsstrahlung absorption and resonant absorption of driving laser, flux-limit
heat-conduction approximation and multi-group diffusion approximation, and many micro-
processes, such as bremsstrahlung, electron collisional ionization, photo ionization, electron
collisional excitation, line emission, dielectronic recombination and their inverse processes.
Note that the contrast of the SGIIU short pulse laser, which was measured with a single-shot
cross-correlator, was better than 10® obtained 80ps before the main pulse [3]. Furthermore,
the measured pre-pulse energy was about 20mJ and pulse duration of 2ns. The focus spot
of the prepulse is about 20pm (FWHM). The density of the cone wall was clamped at 100n,
to avoid the numerical heating. The width of the inner cone wing is 7TAg and the width of
the gap is 5Ag. The plasma consists of three species: electrons, protons with m,/m. = 1836
outside of the cone, and heavy ions (gold ion with an assumed charge state Z; = 40) and
Mau/meZ; = 195.4m,,/40. The gold cone, whose edge is drawn with the white dashed lines
(Supplementary Figure 3(b)), is surrounded by an overdense low-Z plasma. A Gaussian
p-polarized laser pulse at 1.5 x 1019 /cm? intensity and 3ps duration irradiates the target
from the left boundary. The intensity profile is Gaussian in the y direction with a spot size
of 20um (FWHM). A typical simulation duration is 15007y, which corresponds to about 5ps
for Ay = 1.06pum wavelength. The size of the simulation box is Lx x Ly = 200\g x 150X,
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with 10000 x 7500 grid cells.
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Supplementary Figure 3. Simulations of the preplasma formation inside the
cone and the generation of REB. (a) Hydrodynamic code XRL2D simulated
pre-plasma density contour plot showing ~ 80um offset distance (see the second solid
contour marked with nc) between the critical density and the solid cone tip on axis. (b)
PIC code ASCENT simulated forward electron flux in natural logarithm at t=3 ps for the
double cone targets with the preplasma read from (a). The gold cone, whose edge is drawn

with the white dashed lines, is surrounded by an overdense low-Z plasma initially.

Usually, in the single cone target case, the short pulse laser beam was split into several
filaments far from the tip of the cone because of the large preplasma, its propagation was
halted and fast electrons were generated with a large angular spread. In contrast, the
dynamics of double cone targets lead to a very different picture depending on the formation
of the quasistatic magnetic fields inside the vacuum gap [4]; for the double cone target
case, most of the fast electrons are collimated and transported to the target rear side, see
Supplementary Figure 3(b).

These PIC simulations provided the essential information on the total energy of REB
as well as the fraction of energy deposited into REB. PIC simulations showed the total
coupling efficiency from laser-to-electron is about 43.1% for p-polarized laser. Here, we took
all electrons passing through the “collection board”, which locates at = 130um, a place
just behind the cone tip. We also selected electrons only with £ > 0.5MeV and v, > 0
and —20 < y[pum] < 20 in the time domain ¢ = (0, 5ps). It was found that REB has a two-
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temperature distribution for the energy spectrum f(F) = Aexp(—FE/T1) + Bexp(—FE/T3),
with T} and T, being 0.31 MeV and 1.44 MeV, respectively, and a divergent average polar
angle of 47°. It was estimated that 7, ~ 20.4% of total laser energy converted into this
selected REB in the double cone case [4].

It should be pointed out that the reduced dimensionality (2D3V) PIC simulations may
overestimate conversion efficiencies compared to 3D PIC simulations [8]. Therefore, we car-
ried out an additional 2D3V PIC simulation with s-polarized laser pulse. And we compared
the electron spectra for the cases with the p-polarized and s-polarized laser pulse, which
showed the difference of the spectra characteristics between these two cases was small, as
shown in Fig. 3(b). For the s-polarized laser case, the conversion efficiency decreases to
NS ~ 16.9%. The simulated REB temperature was consistent with the measured data shown

in Fig. 3(b) (black line for the case without compression).

SUPPLEMENTARY NOTE 4:

Hybrid simulation of the REB transport and deposition

We developed a new, hybrid-PIC code HEETS [5] to model REB transport in the com-
pressed targets, with self-consistent return current and electric and magnetic field generation.
HEETS treats the fast electrons by a standard, relativistic PIC method, and describes the
background plasma as a reduced two-fluids model. This reduced-model approach is similar
to that of Davies [6] and Zuma [7] , The initial plasma conditions (materials, densities, tem-
peratures) for HEETS are transferred from the radiation-hydrodynamic simulations. The
REB parameters (energy spectrum, angular spread, flux) are obtained from PIC simulations.
The REB parameters are detected at a place just behind the cone tip, see Supplementary
Figure 3(b). Supplementary Figure 4(a) shows a schematic map of how we run the hybrid-
PIC simulations. Here, the fast electron source was injected at x = 20pum with parameters
given in Supplementary Note 3. The contour plot of ion pressure of the compressed core
after heating by REB with an initial state (shown in Supplementary Figure 2) is shown in
Supplementary Figure 4(b). Taking advantage of the electrical resistivity gradients caused
by the density and temperature inhomogeneities arising during the “tube-shape” fuel com-

pression, our hybrid simulation showed that the quasistatic magnetic fields of the order of
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400 T'esla can be generated and serve to collimate REB towards the compressed core. The
contour plots of the quasistatic magnetic fields and ion temperature after the injection of
REB are shown in Fig. 4(c) and (d) in the paper. As a result, the hybrid simulations showed
the deposition efficiency can be significant higher.

Supplementary Figure 4(b) also indicates the energy deposition inside the compressed
fuel. In order to show the deposition physics more clearly, we define three different spark
regions, as shown in Supplementary Figure 4(b). (1) Region I, as marked by the dark
dash-dotted box [z = (20, 130)um, and y = (—15,15)um |, shows the central high-density
compressed fuel region where REB deposited inside. At the positions y = +15um, the
average density decreases to about half of that in center of the compressed fuel. Moreover,
this is also an optimal focal spot radius estimated by r, = 60/[p/(100g/cm?)]%97 um [9], it
gives r, ~ 15um for the case with p ~ 400g/cm?. (2) Region II is marked by the red dashed
box [z = (20,130)um, and y = (—25,25)um|. This is also an optimal focal spot radius
ry ~ 25um for the case with p ~ 250g/cm?. (3) Region III refers the whole simulation box
with = (0,200)um, and y = (=100, 100)um.

Table A I. Comparison of neutron yield in past integrated FI experiments.

Ep(Short pulse) Yo Y Ty (keV) AT (keV) Reference
60J (9+1)x10° (2+1) x 10° 0.4 0.12 Kodama, R. [10]
300J (2 ~ 5) x 10* 2 x 107 0.4 0.8 Kodama, R. [11]
300J 10* ~ 10° 3.52 x 107 0.67 0.84 Shiraga, H. [12]
613J 105 ~ 10° 6.4 x 107 0.8 1.8 Kitagawa, Y. [13]
1000J 3.5 x 10° 1.4 x 107 0.12 0.49  Theobald, W. [14]
150J (5~ 6) x 10® (1.7 4+ 0.5) x 10° 0.4 1.4 Our SG-IIU data

In Region I, the deposition efficiency is evaluated as np ~ 31.3% and therefore the
energy coupling efficiency from laser to the central spark region of the compressed fuel is
N = ne*xnp ~ 6.4%. In Region II, the deposition efficiency is about np ~ 46.0% and
therefore n = n, * np ~ 9.4%. In Region III, the deposition efficiency is about np ~ 67.1%
and therefore n = n. * np ~ 13.6%. It is interesting to note that the energy of the escaped
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REB in the case with “high-foot” compression is only 34.5% of that in the case without
compression in our experiments, which has been shown in Fig. 3(b) in our paper. This
means that the deposition efficiency of this REB inside the compressed fuel can be estimated
as 1 — 34.5% = 65.5% from our experiments, which is very close to that evaluated from the
hybrid simulations (~ 67.1%).

Furthermore, the fusion reaction is included in the hybrid simulation, and the neutron
yield evaluated by HEETS is 1.6 x 10°. This is a reasonable yield which is consistent with
the measured neutron yields. Here, in order to make a comparison, we list the previous
integrated FI experiments [10-14] in Table A1. One can see that the neutron yields in those
experiments are in the order of 10° ~ 107. Note that the energy of short pulse laser in these
previous experiments is 300J, 300J, 613J, 1000J, respectively. In our SG-ITU experiment, the
energy of the short pulse laser is only 150J. As we known, the enhancement of the neutron
yield is due to the ion temperature increase resulting from short pulse heating. Therefore,
the measured neutron yield of (1.7 40.5) x 10° in our experiment is reasonable. In addition,
our hybrid simulation also indicated that a higher neutron yield could be achievable on
SG-IIU laser facility by increasing the energy of the short pulse laser, i.e. a neutron yield
of 3.2 x 10® could be obtained by increasing the short pulse laser energy to 750J under the

same compressed fuel conditions.
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Supplementary Figure 4. Hybrid simulation of the REB transport and

deposition. (a) Initial target density in g/cm? for hybrid PIC simulations, which are read

from hydrodynamic simulations showed in Supplementary Figure 3(a), and (b) the contour

plots of ion pressure of the compressed fuel after the injection of REB. The white line in

(a)

indicates the source cylinder where REB is injected. The dark dash-dotted box (Region
I) and red dashed box (Region II) on (b) marked the selected regions for evaluating

electron deposition efficiency in hybrid simulations
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