UNIVERSITYW

$"$% $"$ & #$ () oY)

- . ) # #) ,
/ ) 0 0) 11 2334 5,
((6

# [ 17 757

2)#  # #& 1'$ /I 9#
# # ) & #  #H# # # 9 #$ ) #&
/ & / # ) # o # .

.9 # O#H& ) #

)
2 # & & S $ &
y | 8 #/ # # #

A White Rose

I | university consortium 8

‘\ /‘ Universities of Leeds, Sheffield & York



AlP

Publishing

Experimental characterization of hot electron emission an
context of the Shock Ignition Approach to Inertial Con neme nt Fusion

A. Tentori!, A. Colaitis®, W. Theobald?3, A. Casnert, D. Raestin !, A. Ruocco:4,
J. Trelal, E. Le Bel, K. Anderson?, M. Wei?, B. Hendersor?, J. Peebleg, R. Scott*,
S. Baton®, S.A. Pikuz®, R. Betti®37, M. Khan®, N. Woolsey?, S. Zhand, and D. Batani®
1Centre Lasers Intenses et Applications, CELIA,

Universie Bordeaux CEA-CNRS, UMR 5107, F-33405 Talence, France
2Laboratory for Laser Energetics, University of Rochester, Rochester, NY 14623, USA
3Department of Mechanical Engineering, University of Roche ster, Rochester, NY 14623, USA
“Central Laser Facility, STFC Rutherford Appleton Laborato ry,

Harwell Oxford, Didcot, Oxford OX11 0QX, United Kingdom
5Laboratoire pour I'Utilisation des Lasers Intenses, LULI,

CNRS-Ecole Polytechnique-CEA-Sorbonne Universies, UM R 7605, F-91128 Palaiseau, France

5Joint Institute for High Temperatures of Russian Academy of Sciences, 125412 Moscow, Russian Federation

"Department of Physics and Astronomy, University of Rochester, Rochester, NY 14623, USA
8York Plasma Institute, Department of Physics, University o f York,
Heslington, York YO10-5DD, United Kingdom and
9Center for Energy Research, University of California San Di ego, La Jolla, California 92093, USA
(Dated: September 7, 2021)

ABSTRACT
We report on planar target experiments conducted on the OMEG A-EP laser facility performed in the
context of the Shock Ignition (SI) approach to inertial con nement fusion. The experiment aimed at
characterizing the propagation of strong shock in matter an d the generation of hot-electrons (HE),
with laser parameters relevant to Sl (1-ns UV laser beams with | 10" W/cm 2). Time-resolved
radiographs of the propagating shock front were performed in order to study the hydrodynamic
evolution. The hot-electron source was characterized in terms of Maxwellian temperature, T 1, and
laser to hot-electron energy conversion e ciency  using data from di erent x-rays spectrometers.
The post-processing of these data gives a range of possiblealues for T, and (i.e. Tn[keV] 2 [20,50]
and 2 [2%,13%]). These values are used as input in hydrodynamic simulations to reproduce the
results obtained in radiographs, thus constraining the ran ge for the HE measurements. According
to this procedure, we found that the laser converts 10% 4% of energy into hot-electrons with
Th = 27 keV 8 keV. The paper shows how the coupling of di erent diagnosti cs and numerical
tools is required to su ciently constrain the problem, solv ing the large ambiguity coming from the
post-processing of spectrometers data. The e ect of the hot-electrons on the shock dynamics is then
discussed, showing an increase of the pressure around the gtk front. The low temperature found
in this experiment without pre-compression laser pulses could be advantageous for the S| scheme,
but the high conversion e ciency may lead to an increase of th e shell adiabat, with detrimental

d shock dynamics in the

e ects on the implosion.

PACS numbers: 52.57.-z,52.38.-r,52.50.-b, 52.50.Jm

. INTRODUCTION

Shock Ignition (Sl) is an alternative approach to direct-
drive inertial con nement fusion which is based on the
separation of the compression and the ignition phases.
A low intensity laser pulse of 10" W/cm ? compresses
the fuel, followed by an high-intensity ( 10'® W/cm 2)
‘spike’. This latter launches a strong converging shock
at the end of the compression phase. The collision of
this shock with the rebound compression shock raises the
hotspot pressure creating the conditions to ignite the fuel
[1] [2] [3]. The high laser intensity required in the igni-
tion phase exceeds the thresholds for the generation of
di erent laser-plasma instabilities (LPI). These instabil-
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ities take place in the underdense region of the plasma,
preventing part of the laser energy from arriving at the
critical surface where more e cient absorption mecha-
nisms can occur. In addition large amounts of hot elec-
trons are generated by the electron plasma waves (EPW)
created by stimulated raman scattering (SRS) and two-
plasmon decay (TPD) [4] [5]. These hot-electrons (HE)
may preheat the fuel, making the compression more dif-
cult, or they can increase the hotspot mass by ablating
the inner shell interface and hence increasing the thresh-
old for ignition [6][7]. On the other hand, an enhanced
shock and ablation pressure from low temperature hot-
electrons are predicted [8]. In particular, these e ects
were investigated in planar [9] [10] and spherical tar-
get con guration [11] experiments. As such, a critical
step for assessing the feasibility of shock ignition is the
characterization in terms of energy and number of the
hot-electron population and to understand its e ects on
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the hydrodynamics of the target. Although several ex-
periments have addressed this point [12][13], we are still
far from a complete comprehension of the problem, es-
pecially in conditions which are directly relevant for SI
[14].

In this context we performed an experiment at the
Omega-EP laser facility in the intensity range required
for shock ignition. A UV (= 351 nm) laser of inten-
sity of 106 W/cm ? was focused on a planar multilayer
target producing a strong shock. Because of the absence
of low-intensity pre-compression beams, the plasma scale
lengths and the coronal electronic temperatures reached
in this experiment (L, 150 m T, 2 keV) are lower
compared to real S| conditions (, 600 mTe 5
keV).

The shock propagation was monitored using X-ray time-
resolved radiography. Several x-ray spectrometers were
used to characterize the hot-electron beam in terms of
temperature and intensity, and a backscattering spec-
trometer was used to collect the laser backscattered light.
The paper is structured as follows: a description of the
experimental setup and the diagnostics involved is given
in the rst part. Then we describe the post-processing
techniques of the spectrometer data and the coupling
with hydrodynamic simulations done in order to charac-
terize the electron beam. Finally, we discuss the evolu-
tion of hydrodynamic quantities considering the in uence
of hot electrons.

II.  EXPERIMENTAL SETUP

The experiment was performed in the target cham-
ber of the 4-beam OMEGA-EP laser facility [15] at the
Laboratory for Laser Energetics. One or two high inten-
sity UV interaction beams (B1, B4) ( = 351 nm, 1.0
ns square pulse, beam energy of 1.25 kJ, f=6:5) irradi-
ated a multi-layer target to produce a strong shock wave
and copious amount of hot-electrons. The UV interaction
beams were tightly focused on the target surface without
phase plates to a focal spot size of 130 m providing a
nominal vacuum laser intensity of 1 10'® W=cm? for
one beamand 2 10 W=cm? for two beams. Planar
targets consisted of two layers (175 or 250 m CH/ 20 or
10 m Cu) fabricated to 500 m diameter disks. These
were mounted on a 50 m thick CH slab aiming at in-
hibiting hot-electron recirculation. The UV interaction
lasers impinged on front of the 175 (or 250) m thick
CH layer at an angle of incidence of 23 with respect
to the target normal. The Cu middle layer served as a
tracer for hot-electrons emitting Cu K x-rays of 8.05
keV. Multiple x-ray diagnostics characterized the emis-
sion generated by the hot-electron population in order to
obtain information on their energy spectrum.

The total yield of Cu K was measured by an abso-
lutely calibrated Zinc von Hamos x-ray spectrometer
(ZnVH) [16]. This spectrometer uses a curved HOPG
crystal in von Hamos geometry to diagnose the x-ray
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spectrum in the range of 7 10 keV. A high-spectral
resolution x-ray spectrometer (HRS) used a spherically
bent Si [220] crystal coupled to a charge-coupled de-
vice to measure the time-integrated x-ray emission in the
7.97- to 8.11-keV range [17]. The hot-electron-produced
bremsstrahlung radiation was diagnosed by two time-
integrating hard x-ray spectrometers (BMXSs) [18] at
25 and 65 o the target rear normal, respectively. The
instruments are composed of a stack of fteen imaging
plates (IP) of MS type [19], alternated by lters of di er-
ent metals. The x-rays propagate into the stack creating
a signal in the IPs according to their energy: higher en-
ergy photons propagate deeper in the stack. A schematic
view of the Iters disposition is shown in Fig. 1.

The whole stack is encapsulated in a cylindrical lead con-
tainer in order to reduce the background signal, and a
further 10 mm lter of Polytetra uoroethylene ( CzF4),
(PTFE, te on) is placed in front of the stack shielding

it from plasma debris. In addition, this Iter blocks low-
energy photons coming from the coronal plasma and the
copper K signal, while allowing higher energy photons
produced by the propagation of hot-electrons in the tar-

get.
| X-rays
Ta Cul T S «——

FIG. 1: Schematic disposition of the lters (in grey)
and imaging plates (in blue). X-rays are penetrating
the stack from the right.

A streaked Sub-Aperture Backscattering Spectrometer
(SABS) diagnosed the temporally resolved spectrum of
the SRS backscattered light (430 nm to 750 nm). How-
ever the total SRS re ected power could not be directly
measured due to the small collecting area.

One UV beam (B3) with a 3 ns square pulse irradi-
ated a V foil target to produce backlighter with a high
ux of x-ray radiation at 5.2 keV, vanadium He line,
used as source to perform time resolved radiographs (see
Fig. 2). A total energy of 2.7 kJ impinged on the V
foil. The average intensity ranged from 3 10* W=cm?
to5 10" W=cm?. A50 m thick CH heat shield placed
between the backlighter and the target absorbed the soft
x-ray radiation from the V foil in order to prevent any
premature x-ray preheat of the multi-layer target.

A four strip x-ray framing camera (XRFC) [20] equipped
with an 4 4 array of 20- m-diam. pinholes captured six-
teen 2-D images of the shock front with 6 magni cation
at various times. The time and the spatial resolutions of
the camera were 100 ps and 15 m respectively.
Finally 1-D time-resolved radiography was obtained by
replacing the XRFC with a slit imager and an x-ray
streaked camera. The PJX streak camera [21] was op-
erated in inverse mode with an 6 mm x 90 m input slit
and 10 m x 1000 m imaging slit providing a total mag-
ni cation of 20x. The spatial resolution was about 10 m



Shot Number |Ineraction beam on target |BMXS ZNVH Radiography HRS

#28406 B4 Available |Available 2-D Not Available Available
#28407 B1 Available | Available 2-D Available Available
#28410 B1+B4 Available |Not Available |2-D Available but not exploitable |Available
#28412 B1 Available |Available 1-D Available Available
#28415 B1+B4 Available |Available 1-D Available but not exploitable |Available

TABLE |: Summary of performed shots. Shot number and the correspondent interaction laser beam focused on
target are shown. The availability of experimental data coming from x-ray spectrometers and from radiography is
indicated. In the radiographies #28410 and #28415 the poor contiast of the images makes the radiographies not

exploitable.

Heat shield

Alignement fiber Vanadium

backlighter

Toward )
framing
camera
4
~— Radiography
s beam
Multi-layer < Interaction

target beam

FIG. 2: Experimental setup for x-ray radiography. One
UV beam irradiated a V foil and one or two high
intensity UV beams interacted with the multi-layer
target. An x-ray framing camera equipped with a
pinhole array captured images of the shock front at
various times.

and 40 ps of temporal resolution.

Tab. | presents a list of the performed shots considered
in this paper, indicating the availability of experimental
data from the diagnostics.

Ill.  CHARACTERIZATION OF
HOT-ELECTRONS

Here we present the methodology of analysis and post-
processing of the BMXS and ZNVH data. The response
of the spectrometers is analysed using Monte-Carlo sim-
ulations, providing a rst estimation of the HE source.
The results are then set as input in hydrodynamic simula-
tions to reproduce the experimental behaviour observed
in the radiography and re ne the evaluation of the HE
source.

A. Time-integrating hard x-ray spectrometer
BMXS

The BMXSs are made by a stack of 15 image plate de-
tectors with metal Iters interleaved in-between (See Ex-
perimental Setup). After recording the signal, the imag-
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ing plates are read in a dedicated scanner which induces
Photo Stimulated Luminescence (PSL). Fig. 3 shows the
signal recorded in shot #28407. In general all the shots
had signal up to the seventh or eighth IP. The background
noise is around 1% of the signal of the seventh IP and it
does not in uence the measurement. The PSL value is
related to the absorbed dose by a calibration curve [22].

FIG. 3: Example signals obtained in the IP stack for
shot #28407.

To extract the x-ray spectrum which led to a given en-
ergy deposition, one must rst characterize the response
of each IP inside the BMXS to a monochromatic x-ray
beam. This is calculated by performing MC simulations
in which the 3D detector geometry is reproduced. The
simulations were performed with the Geant4 MC code
[23] using the physics library Penelope [24]. Here we
used 46 logarithmically spaced photon spectral bins from
5 keV to 1 MeV in order to calculate the deposited en-
ergy per photon Dj (k), in the k-th IP for the i-th energy
bin. Results are shown in Fig. 4.

For a generic photon distribution function f,,(E) it is
possible to calculate the energy depositiork; in the k-th
IP using to the formula:

¥ ZE.,
E¢(k) =
i=1 Ei

Di(k) + Di+1 (k)

E:
5 d

fon(E) ()

Considering the decaying behaviour of the signal through
the IPs, we chose an exponential photon distribution
function of the type fon (Apn; Tpn; E) = AELhe E=Ton with
free parametersApn, and Tpn. The choice of this type of
fpn(E) is related to the fact that, as remarked later, this
is the shape of photon distribution function produced on
the detector by a 2-D electron maxwellian distribution
function that propagates inside the target. Furthermore,
theoretical studies predict that this kind of curves corre-
sponds to the photon distribution function produced by
a 3-D electron maxwellian that propagate in an in nite
homogeneous plasma [25]. The values of the free parame-
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IP1
P2
3
P4
Ps
P6
P7
P8
P9
IP 10
107 P11
P12
P13
P14
P15

Deposited Energy [MeV/Photon]

._.
5y

102 1071 10°
Photon energy [MeV]

FIG. 4: Response curves of each IP in the BMXS
spectrometer calculated using MC simulations.

ters Apnh and Ty, are found tting the experimental data
by performing a reduced ? test. The latter reads:

2 1R (Ei(K) Eep(K)?
ot 20 ()
where E¢ (k) is the calculated deposited energyE exp (k)

the experimental one, gxp the variance of the experi-
mental value and is the number of degrees of freedom.

1 (2

11
7><10

—— 65° BMXS
—— 25° BMXS

o

S
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w

Scale factor App

20 25 30 35 40 45
Photon temperature Ty, [keV]

FIG. 5: Contours of parametersAp, and T,y leading to
areduced 2 of 1 in the post processing of data from
the two BMXS, for shot #28407. Results for the
spectrometers placed at 25 and 65 are given in red
and black respectively.

Fig. 5 shows the ensemble of possible values for param-
eters Apn, and Ty that lead to 21 1 for the two spec-
trometers, for shot #28407. In general a good agreement
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between the two spectrometers was observed for all shots.

7 2

e
font, Tom=23.5 KeV, A =6e11

5

4 fonzs Tona=31.4 keV, Appp=3.5e11

)
Scale factor App,
x

—fpm, Tph3=41 keV, Apn3=2.3e1l

20 25 30 35 40 45
Photon temperature T, [keV]

10°

108

107

10¢

105 o

Experimental energy deposit [MeV/Sr]
--- Calculated Energy Deposit fon (E)

o
Deposited Energy [MeV/Sr]

104} --- Calculated Energy Deposit fon2(E)
--- Calculated Energy Deposit for3(E)

1 2 3 4 5 6 7 8
Imaging Plate

FIG. 6: (a) Contours of parametersAp, and Tpp
leading to a reduced 2 of 1 in the post processing of
the BMXS placed at 65 for the shot #28407. The
three representative points with the corresponding
values of Ay and Ty, are indicated. (b) Experimental
deposited energy in the IPs (red dots) and theoretical
energy deposition expected considering the thregf
(dashed lines).

Since there are several combinations of possible values for
the parameters A,y and Ty, that can reproduce the mea-
surements, in the continuation of our analysis we consider
three representative points for each BMXS (see Fig.6):
the two extreme points (fphy and fyn3) and the central
point (fph2). The proposed method presents a large un-
certainty in the determination of the parameters Ap, and
Ton. Nevertheless, the three obtained curves lead to an
energy deposition in the IPs that is consistent with the
experimental error of the measure (See Fig. ®). The
error is evaluated considering the standard deviation cal-
culated from the signal in the IPs. The degeneracy of the
solutions requires to constrain the problem using other
experimental results.
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B. K spectrometers

The two K spectrometers, the ZNVH and the HRS,
are based on the same working principle: a crystal dis-
perses the x-ray photons on the sensitive part of the de-
tector. In the ZNVH a passive detection system is used,
the imaging plate, while the HRS uses a CCD. Knowing
the calibration of the spectrometers, it is possible to re-
construct the x-ray spectrum detected. Fig. 7 shows the
signal detected by the ZNVH for the shot #28407, after
a correction for the background. In the gure it is pos-
sible to appreciate how the Cu K peak is well resolved
by the diagnostic. The integral of the peak gives the to-
tal number of K photon per steradian that reached the
instrument. As shown by Fig. 8 the two spectrometers

12

— K, signal

dN/dE [phrkeV*sr]
o
>

A

7.8 8.0 8.2 8.4 8.6 8.8 9.0
Energy [keV]

FIG. 7: X-ray spectrum detected by the ZNVH
spectrometer for the shot #28407, after the background
correction.

gave a consistent response in terms of order of magni-
tude. As such, in the continuation of our analysis, we
will consider only the data from the ZNVH.

20
o 28406
x 28407
150 . 28412
v 28415
x 10 *
5
% 5 10 15 20

ZNVH

FIG. 8: Ratio between the signal detected by the HRS
and ZNVH, normalized by 10% ph/sr. The two
spectrometers yield data consistent with each other.

C. Post-processing of the BMXS and ZNVH

Information on the hot-electron population is inferred
by simulating the propagation of the hot-electron beam
in the target and nding the parameters that reproduce
both the bremsstrahlung emission and the K signal de-
tected by the diagnostics. These simulations are per-
formed with Geant4 [23], which allows for a detailed de-
scription of the electron collision in matter and x-ray
emission. Unfortunately the code does not account for
the hydrodynamic evolution of the target and the collec-
tive e ects, but these are playing a minor role in deter-
mining the x-ray emission due to electron propagation.
For su ciently large laser spot, the 1D assumption that
the product r is the same for cold and for ablated tar-
get holds, wherer is the target length and is the mass
density for the two cases. Hence, at rst order, electrons
should lose a similar amount of energy crossing a cold
target or the real irradiated one.

While the geometry and composition of targets are fully
described in the simulation, reproducing the exact posi-
tion and geometry of the detectors would require signi -
cant computational resources in order to achieve accept-
able statistics. Indeed, the spectrometers were mounted
on the chamber wall at 1.8 meters from TCC. For these
reasons, the detectors in the MC simulation are repre-
sented by spherical coronas at the correct angle and dis-
tance. This approach improves statistics, but assumes
cylindrical symmetry (See Fig. 9).

65° BMXS

FIG. 9: Schematic illustration of target and detector
con guration set in Geant4 simulation.

The electron beam with a size of 100 m is injected
from the front side of the target where the laser impinges.
Various cases are considered concerning the beam ini-
tialization : 45 or 22 of initial divergence and
of 0 or 23 of inclination with the respect to target
normal. Bremsstrahlung and K generation were sim-
ulated using the physics libraries Penelope and Liver-
more [26]. Simulations were conducted by launching
22 monochromatic beams with logarithmic-spaced en-
ergies from 5 keV up to 300 keV. The 2D Maxwellian
fe(Ne;Th,E) = .’#—:e E=Th that reproduces both the
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Electron spectra fe(E)

fea ! fpna fea ! fpn2 fes! fpns
Initial divergence |Beam incidence|Ney [10°]| Thy [keV]|Nez [10%°]|Tha [keV]|Nes [10']|Ths [keV]
22 0 4.0 22 1.3 31 0.5 43
45 0 4.2 22 1.3 32 0.6 42
22 23 4.2 22 1.3 32 0.5 43
45 23 4.0 22 1.3 32 0.5 43

TABLE II: Coe cients N . and T of the electron distribution functions f¢(E) that generate the three f pn (E)
detected by the 65 BMXS, for shot #28407, for all the possible combinations of initial beam divergences and

incidences.

bremsstrahlung spectrumf o, (E) on the BMXS and the produced by an exponential distribution function of elec-
K signal on the ZNVH is then reconstructed. In the  trons has the form of f yn (E) = “Eﬂe E=Twm . This jus-
function, N represents the total number of electrons and  tj es the initial choice of tting the BMXS signal with

Th the temperature.

these kind of functions (see Seclll A). Across all shots,

Concerning the bremsstrahlung spectrometers, as shown it is possible to observe an average electron temperature
in Sec. IlIA, three possible photon distribution func- Ty that spans from 20 keV up to 45 keV, with absolute
tions are considered. Tab. Il shows the electron dis- number of electrons N, ranging from 5 10'° up to 5 10'6.
tribution functions fe(Ne; Th; E) that generate the three

photon distributions fp,(E) on the 65 BMXS for shot

#28407. Since no signi cant di erences were observed

between the two physics libraries in the simulation of the 107
bremsstrahlung radiation, only the results from Penelope
are shown. As can be observed, there are no remarkable

—— Kq ZNVH Penelope
—— Kq ZNVH Livermore

X Bremsstrahlung BMXS
f('l

Xfe2

1016

10% —— Analytical Bremsstrahlung spectrum
-~ Simulated Bremsstrahlung spectrum

dN/dE [ph/keV-Sr]
[ R
o ©o o o
7 % V%

-
=)
>

-
=)

)
Electrons number N

20 25 30 35 40 45
Temperature T [keV]

107

50 100 150

200 250 300

Energy [keV]

FIG. 10: Comparison of the bremsstrahlung spectra
fpn1 (E) in black and simulated one resulting from — Ka ZNVH Livermore fos
fe1(E) reported in Tab. Il in red. The bremsstrahlung

-

016

o
Electrons number N

Ko ZNVH Penelope

X Bremsstrahlung BMXS

20 25 30 35 40 45

spectra comes from the post-processing of the 65 Temperature T [keV]
BMXS for the shot #28407. The laser to hot-electrons
energy conversion e ciency is 11% for the curve FIG. 11: Map of possible values of N and Ty, that can
fe1(E). reproduce the experimental data (K and
bremsstrahlung spectrum) for shots #28406 (a) and
. . o - #28407 (b). The black and the blue lines result from
di erences between di erent initial divergences and incli- K simulations with libraries Penelope and Livermore,
nations of the input electron beam. The low mean kinetic  oqhectively. The red crosses indicate the average values
energy of electrons leads to severe large-angle scattering coming from the two BMXS, using the three
that causes the particles to lose their directionality. This representative points scheme. The experimental error
strengthens the initial assumption of cylindrical symme- 1 ihe K signal, evaluated to be around 20%, is shown
try. As an example, Fig. 10 comparesf ph1 (E) and the by error-bars.

simulated bremsstrahlung spectra produced on the 65
BMXS using the f¢1(E). For these particular target con-
gurations and energy ranges, the photon distribution Concerning the K simulations, similarly to the genera-
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tion of the bremsstrahlung spectrum, the initial con gu-
rations of the electron beam is not seen to in uence the
K emission. Therefore, only results from the simulations
with 22 initial divergence and at normal incidence
beam are reported. Fig.11 shows possible values Nand
Th that reproduce the K signal on the ZNVH, combined
with the values obtained previously by the BMXS, for the
shots #28406 and #28407. A disagreement of about 25%
is found between the libraries Livermore and Penelope in
reproducing the K . Since they predict that the same
amount of electrons reaches the copper with identical en-
ergy distribution, the discrepancy must be attributed to
di erences in the computation of the cross section for the
K-shell ionization (E). These dierences are however
comparable to the relative standard deviation of the ex-
perimental measures of ¢ (E) [27].

One laser beam

_ i fa fe2 fe3
g 1
> i
2 .
5 f o
< 101 i v
a 5 N
c o
S v
4 i
< i v
S e 28407 " °
© v 28406
A 28412

15 20 25 30 35 40 45 50
Temperature [keV]

Two laser beams

fa | fe2 fe3
£
>
2
@ 10! LI
S e
b €
c Xo
S
8
4 x
g
2
5
© o 28410
x 28415

20 25 30 35 40 45 50 55
Temperature [keV]

FIG. 12: Laser to hot-electron conversion e ciency as a
function of temperature. Fig. a reports the shots in
which one beam was focused on target (1250 J):
#28406, #28407, #28412. Fig. b reports shots #28410
and #28415 with two laser beams (2500 J). The three
main areas, corresponding to the three ¢(E) detected
by the BMXS and ZNVH, are reported in red, blue and
green for each shot, respectively.

The disagreement between the results considering di er-
ent shots does not allow to reduce the ranges of Nand
Th. It is thus necessary to keep the three representative
points considered in the analysis so far.

Figure 12illustrates the conversion e ciency of laser en-
ergy into hot-electron energy for the ve shots, consider-

ing for each the three possiblef¢. Points in between are
chosen in case of signi cant discrepancies between the
response of the BMXS and ZNVH (Fig. 11). In shots us-
ing a single interaction beam, three main regions can be
identi ed: from 20 keV to 26 keV with e ciencies around
10%, from 27 keV to 35 keV with e ciencies around 6%
and from 36 keV up to 45 keV with e ciencies around
2-3%. The shots performed with two laser beams show
similar conversion e ciencies and slightly higher temper-
atures.

In order to discriminate between the three regions, we use
all these values as input of hydrodynamic simulations and
we evaluate which reproduces the experimental evolution
seen in the radiographs.

IV. HYDRODYNAMIC EVOLUTION OF
TARGET AND EFFECT OF HOT ELECTRONS

A. Time-resolved radiographs

The shock propagation in the target was monitored by
x-ray radiographs taken at di erent times. Fig. 13 shows
the array of sixteen radiographs captured by the XRFC
for the shot #28407.

2.150 ns

1.650 ns

1.150 ns

i

0.250 ns

Time

FIG. 13: Array of 2-D radiographs captured at various
times by the XRFC for shot #28407. Between each
image on the line there are 50 ps.

Among these, Fig. 14 shows the radiography at 250 ps
and at 1.150 ns. At 250 ps, when the target is still cold,
it is possible to see the CH ablator of 175 m thickness,
the copper plate of 20 m, the plastic holder of 50 m
and a 15 m of glue between the holder and the cop-
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per. This indicates a correct alignment of the XRFC and
a low value of parallax for the images of the third col-
umn of the array. In the radiograph at 1.150 ns it is
possible to discern the shock that propagates inside the
ablator, although the poor contrast of the image makes
the precise measurement of its position dicult. It is
however clearly possible to see that the copper layer is
thicker. Since at this time the shock did not reach the
layer, such expansion has been attributed to the e ect
of HE. The shock position and the copper plate expan-
sion are the gures of merit considered to characterize
the hot-electron source. Di erent intensities and kinetic
energies of the hot-electron beam will strongly a ect the
variation in time of these two quantities.

FIG. 14: Radiography of the target at 250 ps (a) and at
1.150 ns (b) for shot #28407. In the radiography (a)
the thickness of the ablator, copper plate and holder are
indicated. Laser impinges on the right.

The expansion of the plate is evaluated by referring to
transmissivity pro les taken along the cylinder axis, as
shown in Fig. 15. The minimum in the curves indicates
the presence of the copper and the FWHM represents its
thickness. The transmissivity values were then normal-
ized by the values resulting from the plastic holder. The
holder remains un-compressed during the radiography,
and we can hence assume that the x-ray ux that goes
through it is constant and proportional to the backlighter
emission.

Holder Ablator

I
o

Realtive transmissivity
e
&

°
o

~200 ~100
Target thickness [um]

FIG. 15: Transmissivity pro le on the cylinder axis
extracted from the radiography at 250 ps for shot
#28407. The position of ablator, copper plate, glue and
holder are indicated in the gure. The thickness of
copper is measured by the FWHM of the transmissivity
prole.

B. Hydrodynamic simulations

Hydrodynamic simulations were performed with the
2D Hydrodynamic Code (CHIC) [28] developed at
CELIA. The code describes single uid two-temperatures
hydrodynamics with thermal coupling between electrons
and ions. Electron heat transport is described by the
Spitzer-Harm model with ux limiter, while radiation
transport is described by a multi-group approach using
tabulated opacities. The calculation of hydrodynamic
quantities relies on equations of state taken from the
SESAME database, and the ionization is calculated ac-
cording to the Thomas-Fermi theory. The laser propaga-
tion is modelled using ray tracing accounting for inverse
bremsstrahlung absorption. Losses due to Stimulated-
Brillouin Scattering (SBS) are not modelled. Since in
our experiment the SBS re ected power was not directly
measured, the experimental shape of the pulse was cor-
rected by the amount of SBS evaluated by performing
simulations with the time-enveloped wave solver LPSE
[29]. This code couples the equations that describe the
pump wave with the equations for the Raman and Bril-
louin scattered light and plasma waves. Plasma waves
equations are solved around a given plasma frequency
I beo, Whereas the Raman scattered eld is enveloped at
't =10 !peo. The uid equations for the plasma den-
sity and velocity govern the plasma dynamics. Coronal
plasma density, velocity pro les and electron tempera-
tures at quarter critical density were extracted from an
initial CHIC simulation with the experimental base pulse
at four times: 0.3 ns, 0.5 ns, 0.9 ns and 1.3 ns. These pa-
rameters are then used as input for LPSE to calculate the
percentage of SBS re ected light and study the Raman
scattering at quarter critical density in one-dimensional
geometry. The LPSE simulations run for 25 ps, which
is long enough to observe the saturation of Raman and
Brillouin instabilities. Discussion on the results of such
simulations lies beyond the purpose of this work.

—— HE Intensity - SRS
—— HE Intensity - RAB

°

°
b

Intensity [A.U.]

— Intensity
Intensity SBS corrected
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FIG. 16: (a) Experimental laser pulse shape (red) and
SBS-corrected laser pulse shape (orangeb) The
intensity of HE beam is assumed to exactly follow either
SRS re ected power measured by the SABS (blue) or
RAB signal computed by CHIC (green).

Here, we only retain the fraction of the Brillouin back-
scattered light when the saturation of the instability is
reached. The amount of the Brillouin re ected light ob-
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FIG. 17: Re ected light due to SRS and TPD collected by the SABS for shot #28407 and #28410. The bandwidth

of the diagnostic ranges from 400 nm up to 750 nm. The temporal pr le of the signal is indicated by the white line.

The values of the SRS power collected are not signi cative, since theliagnostic covers only the 6% of the beam solid
angle.

tained in the four simulations is the 2%, 7%, 46% and
2% of the incoming pump wave, respectively. The cor-
rection is done by interpolating linearly in time these

percentages and subtracting the values to the base pulse.

The total fraction of scattered power in the simulation is
around 20%. The shapes of experimental (red line) and
the SBS-corrected (orange line) pulses are shown in Fig.
16 (a).

Hot-electron propagation in the hydrodynamic simula-
tion is modelled using the hot-electron transport pack-
age implemented in CHIC. Electrons propagate along
straight lines depositing energy into the mesh according
to the plasma stopping power formulas [30] [31]. Strag-
gling and blooming of the beam are taken into account
by using the Lewis' model [32]. Further details are re-
ported in appendix A. Electrons are described by a 2D
maxwellian function fe(Ne; Th; E) = #‘—Ee E=Tn in which
the parameters N, and Ty are taken from experimental
data. The parameter N, is related to laser-HE conver-
sion e ciency  (see SecllIC). This coe cient and the
position where the HE source is initialized are modelled
using the signal obtained by the SABS, as explained fol-
lowing. As shown by Fig. 17, this diagnostic detects light
generated by absolute and convective SRS and the/2
TPD signal. From Fig. 17t is possible to see that the
strongest signal is the broad spectral features characteris-
tics of convective SRS, while the! /2 signal produced by
TPD is weaker. The centers of the convective SRS emis-
sions are around 625 nm and 575 nm for shots #28407
and #28410 respectively. According to the relation be-
tween the wavelength of backward scattered SRS and the
density at which the scattering occurs [33]

r— 1
ss= Ll Ce@e3k2d) i @)
C

we can estimated that the average SRS emission happens
at 0.14n; - 0.18n.. In the simulations, electron beamlets
are thus initialized at 0.14n. with an initial divergence of

22 . This approach does not consider electrons gen-
erated at n. by the Resonant Absorption (RAB) and at
nc/4 by the TPD. Nonetheless, di erent positions of the
electron beam initialization do not in uence the nal re-
sults of the simulation. This is because electrons are ini-
tialized with a small angle of divergence and they will not
lose a large amount of energy in the corona. The inten-
sity of the electron beam is modelled in time considering
the conversion e ciency (t) that follows temporally ei-
ther the signal measured by the SABS or the RAB signal
computed by CHIC, as shown in Fig. 16 (b). In particu-
lar, the signals were renormalised and rescaled consider-
ing the conversion e ciency given by BMXS and ZNVH
(11%, 6%, 3% for the shot #28407, see SecllIC). A
discussion on the mechanisms of fast electron generation
is currently an open topic, and it is out of the scope of
the paper. Here we limit our analysis to the character-
ization of hot electrons, focusing our attention on their
e ects on the hydrodynamic evolution of the target.

fe
Th [keV]| [%]|Ne[10'°]
fer(E) |26 11 [34
fe2(E) |35 6 1.4
fes(E)|45 3 |05

TABLE IlI: Parameters of maxwellian functions f¢(E)
obtained from the post-process of BMXS and ZNVH for
the shot #28407, used as input in CHIC.

Three di erent CHIC simulations are performed in order
to determine which combination of conversion e ciency
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FIG. 18: Transmissivity curves taken along the central axis. In red the experimental curve extracted from the
radiography at 1.650 ns for shot #28407, in blue the synthetic cunes for time window that spans from 1.600 ns up

to 1.700 ns. The four gures correspond to the four simulated cass: (a) case without HE; (b) simulation with

hot-electron beamf¢1(E); (c) simulation with hot-electron beam fe(E); (d) simulation with hot-electron beam
fe3(E). In these simulations the hot-electron beam follows temporally theSRS signal (Blue curve in Fig. 16 b))

and average temperature T, better reproduces the ex-
perimental behaviour. The three correspondingfe(E)
are reported in Tab. Il .

C. Comparison between experimental and
synthetic radiographs

The generation of synthetic radiographs from simula-
tions is accomplished by reproducing the 3D cylindrical
density proles and then by calculating the theoretical
transmissivity maps at the times of interest, according
to the formula:

z

T(txy)=exp - (2)dz : 4)

In the latter (z) is the density of the material along the
radiography axis and — is the mass absorption coe cient
in plastic and copper. The images are then blurred
with a 2D Gaussian convolution with standard deviation
of 15 m to take in account the spatial resolution of
the pinhole array. Transmissivity proles are then

extrapolated along the cylinder axis to evaluate the
copper plate expansion. The values are renormalized by
the transmissivity of the holder to be consistent with
the experimental analysis.

To retrieve information on the hot-electron beam we rely
on the radiography taken at 1.650 ns, when the laser
interaction is nished and hot-electrons have already
deposited their energy in the target. The experimental
thickness, evaluated from the transmissivity curves, is
34 3 m. Considering a diagnostic temporal resolution
of 50 ps, Fig. 18 shows the superposition between
the experimental curve at 1.650 ns and the numerical
ones for a time windows that spans from 1.600 ns up to
1.700 ns. Three hot-electrons cases (denoted with the
corresponding f¢) and the case without hot-electrons
(woHE) are reported. The gures report the simulations
with the hot-electron beam that follows temporally the
SRS signal (blue curve in Fig.16 (b)). We do not report
the gures in which hot-electrons follow the RAB signal
(green curve in Fig. 16 (b)), since the results are similar
to the SRS case. This is likely due to the fact that we are
considering the radiography at 1.650 ns, when the laser



pulse is nished. At this time the shock position and
the copper thickness depend strongly on the intensity
and on the mean kinetic energy of hot-electrons (i.e. on
the total preheat induced by HE), instead the temporal
shape of the beam (i.e. the hot-electron injection time)
plays a second order e ect.

The decrease of the synthetic transmissivity in the
ablator is due to the presence of the shock that com-
presses matter. This e ect allows to see the shock
front propagating in the ablator in the cases fe, and
wWoHE, while in the other two cases the shock has
already reached the copper plate at 1.650 ns. In the
experimental curves this behaviour is not observed and,
on the contrary, the values coming from the compressed
ablator are slightly higher compared to ones coming
from the un-compressed holder. This is possibly due
to non-uniformities in x-ray beam generated by the
backlighter. While this issue makes the precise detection
of the shock position dicult, it does not aect the
information related to the copper thickness. From Fig.
18 it is possible to observe that the low temperature HE
distributions (fe,, fe,) reproduce an expansion of the
plate that approaches the experimental behaviour. For
the other cases {e,, WOHE), the expansion is lower and
not compatible with experimental results. For the case
woHE, the shock front approaches the copper plate at
t=1.900 ns. The copper expansion taken at this time for
this particular case is 25 m. This indicates that the
copper expansion driven only by the radiative transport
plays minor role compared to the expansion due to the
hot electron energy deposition.

FIG. 19: [Top] Experimental radiography of shot
#28407 at 1.650 ns. The shock front is highlighted;
[Bottom-left] synthetic radiography obtained by the

simulation with fe1(E) at t= 1.700 ns; [Bottom-right]
synthetic radiography obtained by the simulation with
fe2(E) at t= 1.700 ns.

The experimental radiography at 1.650 ns is illustrated
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in Fig 19. At that time the shock front is into the
copper plate. We report in the same gure the synthetic
radiographs obtained from the simulations with fe1(E)
and f ¢2(E) at 1.700 ns, considering as before the limit in
the time resolution of the camera. In the case ¢,(E) the
shock is approaching the plate, while in the simulation
with fe1(E) the shock is already propagating inside, in
agreement with the experimental behaviour. In the other
two cases (without HE and f¢3(E)) the shock at 1.700
ns has not yet reached the plate. As such, the 2D x-ray
radiography suggests that the HE distributions fe1(E)
and fe2(E) are more consistent with the experimental
results.

FIG. 20: Experimental time resolved 1D radiography in
the shot #28412. Time is on the x axis. Laser impinges
from the bottom.

The conclusions presented from the time-gated ra-
diography are strengthened by results from the 1-D
time-resolved radiography, shown in Fig. 20 for shot

#28412. This gure shows the ablator of 175 m, the

ablation zone that grows in time and the copper plate.
The progression of the shock into the target is indicated
by the white-dashed line in Fig. 21, in which we compare
the experimental radiography with the synthetic ones.
Despite the large error bars due to low contrast of
the experimental image, there is an indication that
lower temperatures and higher e ciencies are more
appropriate to reproduce the experimental behaviour.

In conclusion, the simulation with the HE distribu-
tion fe1(E) is better in agreement with experimental
results, either considering the 2-D radiography and
the 1-D time resolved radiography. The behaviour
predicted by the simulation with fe,(E) approaches the
experimental results, while the simulations with f 3(E)
and without HE beam are clearly not in agreement
with experiment. Considering fe1(E) and fez(E) as the
closer to experimental results, we identify a hot-electron
temperature Ty = 27 keV 8 keV and a conversion
eciency =10% 4%. These ranges correspond to the
rst two zones (fe; and fep) of gure 12a. For the shots
in which two laser beams were used, the unavailability
of exploitable radiographs does not allow to retrieve
detailed information on the hot-electron beam.



FIG. 21: Comparison between the experimental 1D
time resolved radiography of shot #28412 and the
synthetic ones. The three hot-electron cases (denoted
fe) and the without HE (woHE) case are reported. The
time at which the shock arrives on the plate is marked
with red lines. The white dashed line indicates the
progression of the shock.

D. Temperature of the copper plate

The K spectra measured by the HRS are used to esti-
mate the electronic temperature reached by copper dur-
ing the irradiation. The spectrum measured by the HRS
for shot #28407 is shown in Fig. 22 (red line). In the
gure it is possible to see the two peaks related to the
de-excitation of the copper K , namely K 1 and K 2, re-
solved by the instrument. The emission lines, in the case
of cold material, are at 8.0478 keV for K 1 and at 8.0278
keV for K 2. The heating and the consequent ionization
of the material due to the presence of hot-electrons in-
duces a wavelength shift of the emission that results in
broadening of the peaks [34]. Since the position of the
HRS pointed to the front side of the target, the mea-
sured temperatures are referred to the rst layers of the
plate. This is because the K signal coming from those
layers is stronger and less attenuated by the target itself.
The experimental broadening is compared with synthetic
signals simulated using the PrismSpect code [35]. These
synthetic signals are reproduced considering the emission
of K at di erent copper temperatures.

As shown in Fig. 22, the broadening of the peaks indi-
cates temperatures greater than 10 eV, but lower than 30
eV. The copper temperature computed by CHIC for sim-
ulations with HE presents its maximum of 13 eV in the
rst part of the plate, decreasing down to 5 eV in the rear
side. The values provided by the simulation without HE
are 0.2 eV. The values predicted by the simulations with
hot-electrons are thus in much better agreement with the
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experimental results.

FIG. 22: Experimental and synthetic K spectra
superimposed. The experimental signal in red refers to
the shot #28407. The synthetic signal are reproduced
considering electronic copper temperatures between 10

eV (blue curve) and 30 eV (black curve).

INFLUENCE OF HOT-ELECTRONS ON THE
HYDRODYNAMIC AND DISCUSSION

V.

We now analyse the simulation results that matches

the experimental data. As explained in the previous sec-
tion, the laser pulse used as input in the simulations fol-
lows temporally the experimental pulse, after a correction
taking into account the SBS re ection. The SBS fraction
was calculated performing LPSE simulations consider-
ing hydrodynamic pro les extracted by an initial CHIC
simulation at di erent times (see IV Sec. B). The SBS
removed power corresponds to 20% of the total power.
Hot-electrons are generated at 0.14nfollowing the tem-
poral pro le of the backscatterd light measured by the
SABS instrument. HE beams are energetically described
by exponential distributions characterized by T, = 26
keV and conversion e ciency with respect to the laser
energy of ' 11%. We consider that an equal fraction of
scattered light through SRS occurs, so an additional 11%
of light at n =4 is backscattered and subtracted from the
laser. The RAB fraction computed by the code is only the
0.33%, while the collisional absorption is around 58%.
In the simulation, electrons propagate according to
straight lines, with an initial divergence of the beam of
22 (See AppendixA)
The simulations without hot electrons is also presented,
and for this case the fraction of collisional absorption
computed by the code is 95% (after the subtraction of
the SBS part).



1. Plasma Parameters

The nc/4 density-scale length rises up to 150 m in the
rst 0.8 ns, while the n /4 coronal electronic temperature
reaches 2.1keV inthe rst 0.6 ns, as shown in Fig. 23.
Considering the temporal evolution of these parameters,
the intensity threshold for SRS [36] and TPD [37] are
exceeded after 200 ps, i.e. almost at the begin of the
drive laser pulse.

FIG. 23: Evolution in time of the density-scale length
and coronal electronic temperature computed at /4.
The time interval considered corresponds to the time of
SRS activity observed in the SABS.

2. Shock characteristics

Fig. 24 shows the temporal progression of di erent
hydrodynamic quantities around the shock front. Re-
sults from simulations with and without hot-electrons
are presented. The ablation pressure reaches a maxi-
mum of 100 MBar at 0.3 ns for the two cases, regardless
of the presence of the hot-electron beam. These values
are four times less compared to the value of 400 MBar
predicted by the scaling lawspay /23127, observed
for laser intensities of 13°W/cm 2 [38]. This mismatch
is due to the fact that the scaling law considers 1-D col-
lisional laser absorption without parametric instabilities
and non-thermal electrons. Despite this, the obtained
values of ablation pressure are in agreement with other
planar con gurations experiments [3], [39].

Considering that 175 m of cold plastic stops electrons
up to 100 keV, it is possible to estimate that 98% of
electrons in the experiment are stopped in the ablator.
This increases the electronic temperature and pressure
reached by the ablator upstream of the shock, 9 eV and
11 MBar, respectively. The value of temperature is eval-
uated 50 m upstream of the shock and the value of pres-
sure is calculated considering the minimum around the
shock front. The position of the shock front is computed
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considering the maximum of the derivative of the loga-
rithm of the pressure. The downstream pressure reaches
a maximum of 150 MBar, 25 MBar more then without
HEs. The downstream pressure is calculated consider-
ing the maximum pressure after the shock front. The in-
crease of the downstream pressure, driven by the presence
of electrons, is bene cial for the SI scheme. The shock
strength, which is the ratio between the downstream and
the upstream pressures at the shock front, decreases dra-
matically from 700 for the case without HE to 20 for
the simulations with HE. The shock velocity in presence
of HEs increases from 100 km/s to 130 km/s.

3. Comparison with other SI experiments

Compared with a recent shock ignition experiment
carried out in OMEGA [40], our analysis shows similar
hot-electron temperature, but conversion e ciency ten
times higher. In that experiment, an UV (= 0.351

m) interaction beam was focused on the CH ablator of
a multilayer planar target after plasma-creation beams
of lower intensity. The parameters of the interaction
beam were similar to our case: 1-ns square pulse 23
o the target normal, for a vacuum intensity of 10
W/cm 2. The plasma was characterized by a scale length
of 330 m and a coronal electronic temperature of
1.8 keV. The dierence in the conversion e ciencies
between the two experiments could be due to the
inuence of longer plasma scale-lengths on the LPlIs.
Low HE temperatures of 30 keV are also reported in
spherical con guration experiments [41]. In this case,
40 of the 60 OMEGA beams were used to compress
D, lled plastic shells. The remaining 20 spike beams
were delayed and tightly focused onto shell to deliver
a late shock. The intensity of the single spike beam
was several 18 Wicm 2, interacting with a plasma
characterized byL, 170 mand T 2 keV. As such,
we can observe that, in this particular regime, the
HE temperature does not depend on laser intensity, in
agreement with recent theoretical expectations (see for
instance [42]). On the contrary, higher temperatures
were found in experiments in which di erent laser beams
were overlapped during the interaction [39][43]. These
experiments were characterized by longer scale-lengths
(L, 350 - 400 m) but lower laser intensities ( 10'°
W/cm 2, 1 - 710" W/cm 2 respectively).

Ref. [14] and [44] report the results of a recent exper-
iment conducted at the NIF [45]. In this experiment,
planar targets were irradiated using the 64 \outers" or
the 32 \inner" beams con gurations for an overlapped
intensity ranging from 4 10" up to 15  10%
W/cm 2. The n¢/4 density scale length and coronal
temperature reached in these conditions were 500 -
700 m and 3-5 keV. Hot-electron temperatures of
40 to 60 keV with conversion e ciencies of 0.5% up
to 5% were obtained when the intensity increased from
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FIG. 24: Evolution in time of hydrodynamic quantities around the shock position resulting from CHIC simulations.
The simulation with HE (orange) and without HE (blue) are reported. (a) Ablation pressure; (b) downstream
pressure; (c) upstream pressure; (d) upstream electronic teperature. Hot electrons are described by a maxwellian

function with T ,=26 keV and laser to hot electron conversion e ciency

4upto 15 10" W/cm?2. Authors suggest that SRS
is the dominant mechanism in the generation of fast
electrons. The dierences in conversion e ciencies and
electron energy compared to our experiment is due to the
di erent processes that rule the hot electron generation
in presence of longer scale length and higher coronal
temperatures. These aspects are an open problem
currently under investigation [46].

4. E ects of hot electrons on the implosion scheme

In Ref. [6] a theoretical study on the implosion of a
spherical target is presented. The target is composed of
an high Z ablator of 15 nm (Al 2.7 g/cc), a plastic ab-
lator of 31 m (CH 1.05 g/cc), a dense ice shell of 220

m (DT-ice 0.254 g/cc) lled with 737 m of gas (DT
10 # glcc). The sphere is irradiated by a compression
beam followed by an ignitor spike ( 200 kJ launched
after 13.6 ns). Results from CHIC simulations of the
implosion are presented, considering or not the presence
of hot-electrons. The maxwellian distribution function
considered in the simulations with hot electrons is char-

11%.

acterized by average temperatures of 43 keV and 98 keV,
with conversion e ciencies of 1.2% and 0.94% of the total
laser energy. In this con guration, after the compression
phase, the areal density of the plastic ablator reaches val-
ues of 5 mg/cm? and it stops electrons up to 50 - 70
keV. Electrons up to 170 keV are stopped at beginning
of the spike plateau in the dense shell, that reaches areal
densities of 40-100 mg/cm. The shell adiabat calculated
200 ps after the spike rises from 1 in the case without
hot electrons, up to 1.5 in the simulation with HE. This

e ect is related to the increase of the shell pressure due
to the deposit of energy by the electron beam.

Let us now consider the same hydrodynamic setup, but
applied to our results for the HE distribution. Consider-
ing the values of temperature obtained in our experiment
(i.e. 26 keV), it is possible to estimate that 93% of elec-
trons are stopped in the ablator, while 7% deposit energy
in the shell. A shell adiabat of 2.4 is estimated 200 ps
after the spike, rescaling the electron ux considering the
laser energy proposed in the cited paper (i.e. 11% of 200
kJ). There we have used an ideal gas model to calculate
the pressure reached by the shell due the deposit of en-
ergy by the electron beam. Despite the simpli ed model,
the increase of the adibat warns that the high conversion



e ciency found in the experiment could represent an is-
sue for the SI scheme. More detailed investigations are
required in this direction, taking into account the am-
pli cation of the shock pressure due to the presence of
hot-electrons that could balance the negative e ects.

VI. SUMMARY AND CONCLUSIONS

Planar multilayer targets (CH 175 m - Cu 20 m)
were irradiated with UV (= 351 nm) laser pulses at Sl-
relevant intensities ( 10'*W/cm 2). The plasma scale-
length and the coronal temperature computed at n/4
rised up to 150 m and 2.1 keV respectively. One addi-
tional laser beam was focused on V foil to produce He
x-rays to perform 2D time-gated and 1D time-resolved
radiographs. The hot-electron population generated in
the interaction is characterized in terms of intensity and
temperature using di erent spectrometers. Two time-
integrating hard x-ray spectrometers (BMXSs) were used
to detect the bremsstrahlung radiation. Zinc von Hamos
(ZnVH) and high-resolving-power (HRS) x-ray spectrom-
eters were used to collet K signal coming from the tran-
sit of electrons in the copper tracer.

The interpretation and the post-processing of spectrome-
ter data (BMXS and ZNVH) are based on MC methods,
in which the 3D geometry of the target is reproduced
and the response of the spectrometers is simulated. This
procedure can be considered appropriate for a rst-order
interpretation of the results, even if the MC code does
not account for the hydrodynamic evolution of the irra-
diated target. The interval of temperature indicated by
the spectrometers ranges from 20 keV up to 50 keV, with
an energy conversion e ciency that goes from 13% down
to 2%. These data are used as input of hydrodynamic
simulations reproducing the propagation of the shock in
the target and the expansion of the Cu layer observed
in the radiographs. In this regard, hydrodynamic simu-
lations suggest that lower values of temperatures (F =
27 keV 8 keV) and higher conversion e ciencies ( =
10% 4%) are more appropriate. We thus emphasise the
importance of the coupling between di erent diagnostics
and numerical tools to su ciently constrain the problem,
not discarding a priori possible degenerate solutions com-
ing from the chi-square analysis.

The simulation with HE beam with these parameters pre-
dicts a copper heating at the end of laser pulse in agree-
ment with the temperature which can be inferred from
the broadening of the K line as measured by the HRS
spectrometer.

In our experiment, HE are found to increase the down-
stream pressure from about 125 to 150 MBar and the
shock velocity from 100 km/s to 130 km/s. On the other
side, the deposition of energy upstream of the shock in-
creases the pressure of the ablator, resulting in a dramatic
decrease of the shock strength.

Simple estimation of the e ect of the measured HE dis-
tribution into a typical Sl design suggests a detrimental
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e ect, but further investigations are required to under-
stand the e ects of the electron beam on the implosion
scheme.

ACKNOWLEDGMENTS

This material is based upon work supported by the De-
partment of Energy National Nuclear Security Adminis-
tration under Award Number DE-NA0003856, the Uni-
versity of Rochester, and the New York State Energy
Research and Development Authority. This report was
prepared as an account of work sponsored by an agency of
the U.S. Government. Neither the U.S. Government nor
any agency thereof, nor any of their employees, makes
any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness,
or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any
speci c commercial product, process, or service by trade
name, trademark, manufacturer, or otherwise does not
necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the U.S. Government or any
agency thereof. The views and opinions of authors ex-
pressed herein do not necessarily state or re ect those of
the U.S. Government or any agency thereof.

This work has been carried out within the framework of
the EUROfusion Enabling Research Project: AWP17-
ENR-IFE-CEA-01 << Preparation and Realization of
European Shock Ignition Experiments>> and has re-
ceived founding from the Euratom research and training
programme 2014-2018 under grant agreement No 633053.
The views and opinions expressed herein do not necessar-
ily re ect those of the European Commission.

CONFLICT OF INTEREST

The authors have no con icts to disclose.

DATA AVAILABILITY

The data that support the ndings of this study are
available from the corresponding author upon reasonable
request.

A. APPENDIX: MODELIZATION OF HOT
ELECTRON TRANSPORT IN CHIC

Hot electrons propagate along straight lines, deposit-
ing energy in the mesh according to the plasma stopping
power formulas. Some angular scattering is however ac-
counted for by widening the electron beam according the
rst transport scattering cross-section (see at the end of
this appendix). This approach has been validated against



the M1 code [47].

The stopping power formulas consider the loss of en-
ergy of the primary particle due to collisions with plasma
free electrons, partially ionized atoms and excitation of
plasma waves. The loss of energy due to electron-electron
collisions reads [30]:

dE _ 2r §mc?ne n (m2c2( 1) 3 .
dSee 2 2-2
2 (5)
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The loss of energy due to collision between electron and
partially ionized atoms is calculated according the Bethe
formula, in which the mean excitation potential | is mod-
elled to account for the degree of ionization of ions.
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The formula used to modell is
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in which a 10 eV, Z is the atomic number of the con-
sidered specie and the ionization state [48]. This for-
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mula comes from the tting of theoretical calculations of
1(Z;Z ) based on the Thomas-Fermi theory.

Fast electrons excites plasma oscillations in the neigh-
bourhood of their path. The loss of energy related to
this e ect is described by [49]

dE 21 Zme?ne c ?
— = ———In 1:1123——

dS ep 2 ! p D (8)
The total stopping power is derived adding the three con-
tributions:
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The di usion is modelled considering the mean di usion
angle obtained by the Lewis' theory [32]

Zs

hcos i (s) = exp ki(s)ds ; (10)
0

where ki (s) is the inverse of the rst transport path.
Assuming that the particles in the beam propagate along
straight line in the z direction, the energy loss rate reads

dE _ 1

@ foesigSE) (11)

An additional energy loss is accounted in the transverse
direction of thickness

dz =2 Hhan i(s):

(12)
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