Scaling Hot-Electron Generation
to High-Power, Kilojoule-Class Lasers
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OMEGA EP experiments show constant energy—
coupling efficiency to relativistic electrons
from1J,1 psto 2.1 kd, 10 ps

FSE CLE

* The energy-conversion efficiency 7 _.e into hot electrons is important
for fast ignition and various HEDP applications

e Solid targets were irradiated over a wide range of laser parameters
— laser intensity: >1018 W/cm?2
— laser energy: 1 J to 2.1 kJ
— laser-pulse duration: 1 to 10 ps

* Target heating reduces the Kg to K, ratio at high-energy densities
and is used to diagnose 71| _.

* An electron-refluxing model describes the dominant target physics

* Proton radiography verifies the formation of global target sheath fields

NL—e = 20+10%
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NL—e Scaling
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High-energy petawatt laser—solid interactions generate
powerful MeV electron sources
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The energetic feasibility of these schemes relies on efficient
energy coupling to hot electrons with 10-ps pulses.
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Experimental Method

Fast-electron refluxing in mass-limited targets
accesses high-temperature matter at solid density
FS€ =

Bremsstrahlung K-photon

production

Refluxing is caused by
Debye-sheath field effects1—>

Majority of fast electrons
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Experimental Method

Most of the hot-electron energy goes
to bulk target heating
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K-photon generation is modified by
high thermal-electron temperatures.
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Experimental Method

The bulk thermal-electron temperature is measured
by the ratio of Kg to K,
FS€ CLE

o K-fluorescence within solid T 1 lonization
targets diagnoses intense-energy
coupling to hot electrons M Depleted

population

pd

¢ |nelastic electron—electron
collisions heat the target L

* Te > 100 eV causes significant

M-shell depletion Ko Kp

(=8.05 keV) (=8.91 keV)
* Target heating is inferred
from Kg/Ky

K
* 7L_e is found by comparison
with simulations

Copper
energy levels
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K-photon Spectroscopy

OMEGA EP experiments were performed
with up to 2.1-kJ, 10-ps laser pulses
FS€ CLE

T Ultrafast x-ray
X-ray pinhole | streak camera

camera

Proton activation pack

> HOPG
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Single-photon—
counting

HOPG OMEGA EP Target Chamber

spectrometer
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e Laser intensities I ~ 5 x 1018 W/cm?2

e Copper-foil targets

e Target volumes:
500 x 500 x 50 um3 to 75 x 75 x 5 um3
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K-photon Spectroscopy

The effect of bulk target heating on the K-shell emission
spectrum is observed with OMEGA EP
FS€ CLE
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NL—e Scaling

Intense-energy coupling to electrons is independent
of laser energy and laser-pulse duration

E19385
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NL—e Scaling

Intense-energy coupling to electrons is independent
of laser energy and laser-pulse duration
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NL—e Scaling

Intense-energy coupling to electrons is independent
of laser energy and laser-pulse duration

UR
FS€> LLE
1.2
% ﬁ 2.1 kJ, 10 ps >
1.0 - 10
ST T I
< ogl] o % 1100 &
- @
Q Cold % :EL
5 0.6  material  Heating o 8
: 51150 ©
2 =
0.4 B }_._{1 ps .%
110 ps 1200 =
0.2 T BT B
103 104 105

Laser energy (J)/target volume (mms3)

Laser intensity: >1018 W/cm?2
Laser energy: 1 J to 2.1 kJ
Laser-pulse duration: 1 to 10 ps

E19385 P. M. Nilson et al., Phys. Rev. Lett. (to be published).
P. M. Nilson et al., Phys. Rev. E 79, 016406 (2009).



NL—e Scaling

Spatial and temporal variations in heating

must be considered when calculating Kg/K,
FS€ LE

e LSP* calculates target heating

e Fast-elect ] 1.0 PrismSPECT** calculates
p?ess::er'%c;t;on' tshource_ IS ion-population distribution
i with varying o
energy 2 0.8 - -
e Full target volume and f_..—:'
interaction time scale g 0.6 -
are modeled -
e Assumes a Thomas—Fermi = 04 -
EOS model §
* Calculates EM fields self- © 0.2
consistently—accounts o PKp
for refluxing 0.0 | |
* Emission probability is 0 500 1000 1500
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temperature at the time
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*D. Welch et al., Nucl. Inst. Methods Res. A 464, 134 (2001).
E16038a ** Prism Computational Sciences, Inc., Madison, Wl 53711



NL—e Scaling

The laser-electron conversion efficiency 1 _.e
Is independent of target energy density
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E19128a P. M. Nilson et al., Phys. Reuv. Lett. to be published.



NL—e Scaling

Nuclear activation of copper-film stacks determines

the energy spectrum of the forward-accelerated protons
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Laser spot Laminar

proton source
* Reaction-energy threshold:
4 to 6 MeV e —— E>

° 63Cu (p,n) 63Zn

» Half-life: tens of minutes 1013 Laser: 982 J, 10 ps
Target: 500 x 500 x 20 um3

* 511-keV annihilation gamma
rays
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Typically 2% to 3% of the laser energy is converted into fast protons.

M. I. K. Santala et al., Phys. Lett. 78, 19 (2001).
E18901a L. Gao (X06.0001)



Target Charging

Proton radiography is used to verify the sheath model

FS€ LLE
Film pack
Primary foil
31020 um Cu
1 kdJ, 10 ps <—4-um CH tamper

<——Proton source foil
50 um Cu

<0.75 kJ, 10 ps

Single-shot, multiframe imaging is achieved with gzm-scale
spatial resolution and ps-scale temporal resolution.
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Target Charging

A fast-electron jet provides the primary
target-charging mechanism
'FS€) =

LLE

Fast-electron jet
Cu foil Proton front

t=t0+7pS

Cu foil: 500 x 500 x 20 um3
Laser: 1 kd, 10 ps
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Target Charging

Sheath fields form at the surface of thin-foil targets

in two distinct phases

FS€

UR

Escaping electrons
— rear-surface sheath field
— accelerates protons in

forward direction

Refluxing electrons
— global target-sheath field

— initial point-like energy deposition
— accelerates protons into 477

Asymmetric collisionless expansion
— forward direction: ~ 0.2 ¢

— rear direction: ~ 0.4 c

— proton energies = 40 MeV

Integrating both components gives
3% to 4% conversion efficiency to

energetic protons
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Summary/Conclusions

OMEGA EP experiments show constant energy—
coupling efficiency to relativistic electrons
from1J,1 psto 2.1 kd, 10 ps

FSE CLE

* The energy-conversion efficiency 7 _.e into hot electrons is important
for fast ignition and various HEDP applications

e Solid targets were irradiated over a wide range of laser parameters
— laser intensity: >1018 W/cm?2
— laser energy: 1 J to 2.1 kJ
— laser-pulse duration: 1 to 10 ps

* Target heating reduces the Kg to K, ratio at high-energy densities
and is used to diagnose 71| _.

* An electron-refluxing model describes the dominant target physics

* Proton radiography verifies the formation of global target sheath fields

NL—e = 20+10%
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