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The Los Alamos Trident Laser Facility
200 TW, 100J, 500fs, 1 shot/h shortpulse + 2x 500J, 1ns longpulse

e

High-antrast OPA
TridentiBaser Front
End

3 beamlines, 3 target areas:

A + B: 100ps — 6us, 80-1000J (532nm), temp. pulse shaping
High Intensity C-Beam:

» typical performance (>90% of shots): <600fs, >80J, >130 TW
(1054nm), >50% E in DL spot,

*best performance: 460fs, 111J, 241 TW

* F/3 OAP: | o0 = 5 x 1020 W/em?, |,,.= 2 x 1020 W/cm?

* F/8 OAP: | 5= 2 x 1020 W/em?, 1,,.= 8 x 10" W/cm?

* Rep. rate: 1 shot / 45 min.
 Contrast: 10-2@ 500ps, 10°@ 50ps, 107 @ 5ps, 10* @ 2ps
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Shortpulse Frontend lab, main laser bay, cap. bay, laser control
room, 2 Target bays, diagnostics & target setup lab, clean room,
conference room, dark room, scanner room, offices, storage
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Typical Experimental Setup & Diagnostics:
LANL and LMU have developed diagnostic and experimental
techniques to investigate the transparent overdense regime
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Short Pulse Optical Parametric Amplification (SPOPA)! enhances
the contrast and enables overdense interaction with nanotargets
down to 3nm

Frontend Pre-

amplifier
- ’ o
1mJ

Slgn Pulse cleanlng system

Pulse 90 % SPOPA cleaned
Idler I4— frontend
500 e L ‘ ‘ ':\'".l'f:j ‘

130mJ probe pulse to target area
10mJ seed pulse to glass chain

15t implementation of SPOPA (Sept. 08) + subsequent improvements:
*« 100mJ in, 10mJ out
« Contrast: 102 @ 0.5ns & <107 @ 5ps

'R. Shah et al., Opt. Lett. 34, 15 (2009), 2273
2D.C. Gautier et al., RSI 79, 10F547 (2008)
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Underdense targets

m Gas jets, capillaries,...
Electron acceleration,

gas harmonics
« DLA, wakefield,
bubble
= Low density
s  High coupling

laser-matter interaction: VOLUMTRIC
INTERACTION WITH AN OVERDENSE TARGET

Relativistically transperent,

overdense targets

o

= Nanometer foils, aerogels,
solid hydrogen,...

 |on acceleration, electron
acceleration, transmitted
surface harmonics

« BOA, RPA, PSA, ROM, REM
High density
High coupling

Classically over-
dense targets

s~ Micron-thick
foils, cones,...
e Proton & ion
acceleration, K, ...
e TNSA, preplasma
interaction
High density
Low coupling

— )
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First BOA experiments show >0.5 GeV C ions
58nm DLC foil, I,,,,= 5x102° Wicm?, I,,, = 2x102° Wicm?, 540fs laser

ave
pulse,
= Simulations agree
109 ol ! L L I o 0'.1 I o ! | ! I ! g 1E14 With measured C
- Exp.: C** @ 8.5° |=13><E:(\)/§|\/?//Sci|::|rat10;2fs E
Exo 0% @ 0° e | spectra (energy,
=40 - Exp.: C6+ @ 8.5° == | number, angular
S - Exp.: C6+ @ 0° B 3 . . .
5 ] _VPIC: C6+ @ 8.5° 1o distribution)
> 7 3
2 03 s = Protons & C have
g same Max. velocity
N 106—: 3 =
é) 3 1E12 s Spectra retain
. mono-energetic

remnants from
adiabatic phase

104'|'|'|'|'|'|'|'|'|'\"1E11
0 50 100 150 200 250 300 350 400 450 500 550

Energy (MeV)
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= Switching polarization from

linear to circular:
e mono-energetic protons @ 30 MeV

 ~10-100x efficiency increase for
mono-energetic carbon @ 40 MeV
over prev. best [Hegelich et al.,
Nature 20006]

m Increasing focal radius and
length:

e 3x higher energy for mono-energetic
carbon @ 100 MeV

D. Jung, Monday

We can affect the ion energy spectrum by
varying polarization, focal spot size and intensity
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for thinnest targets.

300nm
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D. Kiefer, Monday

"ngy (MeV)

20

energy (MeV)

thickness until spectra become mono-energetic

100

Kiefer, et al., Eur. Jour. Phys. D (2009)

energy (MeV)
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Gen. (ROM-HHG)
B. Dromey, grating 4 __f MCP-
Wednesday o detector |
R. Hoerlein, 1
Thursday entrance
slit
incident

beam
B v collection
% mirtor

m Surface HH reach higher photon
energies than gas HH

= ROM HH are a way of extending
present probing with HH in material
science to higher energies on MaRIE

m  With the right driver, HH enables
probing even of WDM, ICF plasma, ...

rays via Relativistic Oscil. Mirror High Harmonic

2

Cutoff
from

ncrit
profile

8 50th
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relativistic transperency regime

Break-Out Afterburner (BOA) acceleration in the

Time = 4.4688e+04

C"kinetic energy
(GeV)
7.00e-01
6.25e-01
5.50e-01
4.75e-01
4.00e-01

3D-VPIC simulation, 102" W/cm?2,
152L\f§j\interacting with a 30nm
DLC foll

Maximum Carbon Energy [MeV]

2D-VPIC simulation: 5x102° W/cm?2, 540 fs,
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From simulations and model we expect to observe:

m Iincreased maximum ion energy compared to the TNSA
m an angular symmetry break for the fastest ions
m the same maximum velocities for protons and carbon ions
at optimal BOA conditions
,m optimal target thickness for a given set of laser parameters

L. Yin, et al., Laser and Patrticle
Beams 24 (2006), 1-8

2L. Yin, et al., Phys. Plasmas
14, 056706, (2007).

3B. J. Albright, et al., Phys.
Plasmas 14, 094502 (2007)

4Henig, A., et al., Phys. Rev.
Lett. 103, 045002 (2009)

>
‘Lo amos

hegelich@lanl.gov

UNCLASSIFIED //%A\,'Ibg;“‘i




BOA predicting maximum ion energies from

laser & target parameters

1.0
] A Exp.: Maximum Cutoff Energy
0.9 - *  Exp.: Cutoff Energy
BOA-Regime ® VPIC simulation
0.8 ——Model: I = 5x10” Wicm’

Carbon Cutoff Energy [GeV]
o o
B (6]
| |

Model: | _ = 6.4x10°° W/cm®
= Model: | _ = 2.1x10"" W/cm’

TNSA-Regime

0.3 -

1 P
0.2 - &

4
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—|_* *
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Yan, Tajima, Hegelich, et al., Appl. Phys. B

(2010) 98:711-721

8max.i .BOA4

Y

The model calculates:

« t, & t, based ona 1D (t,)
and 3D (t,) isotropic
expansion

* maximum ion energy gain
due to the electrostatic
potential between the ions and
the coherently moving, non-
thermal electrons

= (2a + )QE, ((1+ o(t, —1,))" " ~1)

a. ~ 3, electron coherence parameter
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On-shot laser diagnostics

are essential to interpreting the data taken by target diagnostics
and to understand the underlying physics

“Conventional” laser diagnostics

(incoming pulse):
* energy

« 2"d oder autocorrelation (pulse length)

* pre-pulse diodes
e spectrum
« far field

* near field

Transmitted Pulse:

* energy

« 2"d oder autocorrelation

» Spectrum

« 3" order cross correlation
* Pulse shape (FROG)

Additions:

Incoming Pulse:

« 3 order cross correlation

Reflected Pulse:
 backscatter image @1w
 backscatter image @ 3w
e spectrum

* energy

« 3" order

* FROG

* Pulse shape (FROG)
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shape measurement
imaging spectrometer (FRQG)

IS2 @,
O

folded elesc0p% S
w/saw
7
M
W
B :
G
: I@ DL
M
Modified autocorrelation/ Independent ™
spectrometer

spectrum setup to include
telescope imaging and imaging S. Palaniyappan, et al., Rev. Sci. Instrum.

spectrometer for FROG 81,1 (2010)
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to autocorrelator

pixels

FWHM (pixels) 36
Duration (fs) 585

5nmDLC

-

17 nm

-

by measuring the pulse shortening of the

20 nm

i THICKER FOILS
§ Signal weakens to
i  below detection

at 300 nm

THINNER FOILS no change

1

w08

c

=06

2

804

g 0.2

“lo

-100 -50 0 50 100
pixels

20
321

1

Zlos

c

Zlos

2

804

Tlo2

()]

20

-100  -50 0 50 100
pixels

12
195

» Los Alamos
NATIONAL LABORATORY
EST.1943

hegelich@lanl.gov

UNCLASSIFIED //%A\,'"/S%“A



laser pulse shapin
Fourier limit

m Trident has ~3nm
bandwidth and is thus
limited to ~500 fs FWHM
pulse durations and rise
times

= Single shot FROG setup
measures 100 fs rise time
and 200 fs duration

R. Shah, Thursday

g (steepening) beyon

Original FROG trace

Spectrum (pxls)
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me Dependen

¢(t% fnref (x. 1 )dx
o)
nref( )=\/1 y(t)nc

Assuming n, (x)= n, and

1 - D target expansion

¢(t)—_nref t)L

_“ +\/ a22+4¢'a
n ()= y () 2)’9/)(,0
A
Wherea=n_, L, and ¢'=| —¢
')

2

ectron
From Temporal Phase

5 nm DLC

Density (n_)

Time (ps)

o)

I
Temporal phase (rad)

S

oo

()

* FROG gives relative phase
» Absolute phase is fixed by
assuming zero phase when

transparency happens

» Los Alamos

NATIONAL LABORATORY
EST.1943

hegelich@lanl.gov UNCLASSIFIED

T VA Loy
VAl N2



shorter rise-time.

= Double nano-targets enable
sharp temporal interactions
even with glass lasers

nanotargetshaped pulses shows effects of

>
45pm

75nm CVD, ~10%° W/cm?, ~80J
10+80nm CVD, ~10%° Wicm?, ~40J

1.2x10"

1.0x10”

8.0x10°

6.0x10°

Carbon lon Number

4.0x10°

2.0x10°

0.0

y T r T T T r T g T i
0 20 40 60 80 100 120
Carbon lon Energy [MeV]

1st non-optimized test shows
ion-spectral modification &
improvement
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Overcoming TNSA limitations with relativistic
laser plasma interaction (BOA12.3:4.5):

We measured laser accelerated protons up to 66MeV

and carbon C% ions up to 42MeV/amu
Spectrometer low energy cutoff

(ranges from SMeV to 18MeV) (Previous: H*:60MeV, C¢* 5MeV/amu)
" ¢| — T T T T T T T T T |C6' :lls(') T -__ Carbon C6+ 107' LI B B l'—l'Hl-l-izler:nbr'a);is' T T T T -j
=l S i
;g e C6+ 58nm ] == H+ 125nm axis Verti ;
3 b 4
> é ]
% ; é Y
& —
s A
I\ 3 a- 10* 4
o 3
Protons
e 0;'I'I'I'I'I'I'I'I'I'I'I'I'
o T 20 250 30 30 40 4% 500 5% 600 YT 30 5 20 3 40 45 % B 6 65 M 7
Total Energy (MeV) Total Energy (MeV)
o .5
600nJ at 22.5% in 5x10”msr IL. Yin, et al., Laser and Particle Beams 24 (2006), 1-8
e C E 55.300mev ~8% 2| Yin, et al., Phys. Plasmas 14, 056706, (2007).

3B. J. Albright, et al., Phys. Plasmas 14, 094502 (2007)
4A. Henig, et al., Phys. Rev. Lett. 103, 045002 (2009)
5B. M. Hegelich, et al., submitted to Nature Physics (2010)
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Cyrogenic hydrogen target leads to
higher energy and efficiency than CH,

Cyrogenic hydrogen target at (0.07g/cm3), n,.=42.6 n,

density n/

I |

Target Thickness / 400 nm 1000 nm 1500nm 2500 nm
H* E,_, 145 MeV 205 MeV 230MeV 190 MeV
n_ at time t32 Prloto[n Energy Spectrum

10° — Global
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cm?) enables higher conversion efficiencies &
higher energies

19% of laser energy goes into = Simulation parameters
6x10'2 forward directed protons from Qiao et al. (PRL
with energy >500 MeV 2009):
Lo | = Peak intensity:
= — Globa 1.89x1022 W/cm?
=201 Central zone ] _
- 0 =810 25er02 = Circular polarized,
3 35 - I( l \ ' l '— 4e+02 G . .
. 1 5 B 30 N gésfg.zoz_ Super' aussian in
Q2 * < 5[ B | Py space, Gaussian
=N 2e+02 . .
E iz - ‘ e in time, 38 fs
€ 1.0 sp gem— R width
3 0 5 10 ;.:5 20 25 30 . .
= ? = 1 micron thick
O 0.5 - Proton target
1 (n = 30 n,,)
0.0 ' '
0 500 1000 1500

proton energy (MeV)
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build
done so, yet.

* We were invited to
submit a LDRD
reserve proposal for
FY11 on increasing
Tridents intensity by
reducing the focal

o

spot size. “’

 Trident 10 PW
upgrade is the next
logical step.

* Rich field of
unexplored science.

a community to

™.

v
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10099 _:\I\

-4 - - - -

tackle these problems the US has not
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QED, ...

acceleraucn.
(IF1, therapy, active
interrogation, ...)
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& high peak power

1st stage requires high peak
intensity to reach relativistic ions

= Peak intensity: 2x1022 W/cm?
= 1~ 30fs, 300J, 10PW

19% of laser energy goes into
6x10'2 forward directed
1 protons with energy >500 MeV

— Global
Central zone

40 i: t=81.0

N
o

=
9]

0 0
0 5 10 15 20 25 30
z/

spectrum (arb. units)
& 5

o
o

i

o

500
proton energy (MeV)

1000 1500

accelerators require high average power

2 stage laser accelertor:

25 GeV/amu

Double-stage laser acceleration:
BOA — wakefield (200PW)

proton-rich foil

CP/LP Laser

underdense gas

'15 0 1 2 3 4 5
. % LTI
s : 30, x10 . 30
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0 25 », [ %o
'20 oA >
20 202
° o > >
s 3 g
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30| N, x (©  3o/n,x (9) s g
< o > 0 X i i
> 4
30 -30 z 950 760 770 780 10 05 08
"ub{ L — . 15 + (h)va z/}.0 Proton
R _.{d), 0 ekl 0~ number (a.u.)
g 10 7N 10 <
o o-7 0| a2l -

20 40 60 740 760 780
z/k0 z/).O

o

=y Simulation by Z. M. Sheng
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Development of ion energies and optimal target thickness
with increasing a,

2.25
A Exp.: Maximum Cutoff Energy pr— 1 00000.0
20| e : >
1754 o @  10000.0 ~ Y\
3 .l =, e O\
ERE >  1000.0 AN
g 1.25 4 ‘ m
%l BOA-Regime E 100.0 —2a0=65
3 c / ——20=600
5 o ——=20=2000
8 - 10.0 / a
o @)
- 1 0 T T T 1
1 10 100 1000 10000
1 10 100 1000 10000
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Towards GeV laser-driven lons: lon Accelertion in the Break-Out Afterburner Regime
B. M. Hegelich, L. Yin, B. J. Albright, K.J. Bowers, et al., submitted to Nature Physics

High Harmonic Generation in the transmission of Nanometer-Scale Foil Targets Irradiated

with Relativistically Intense Laser Pulses at Normal Incidence
R. Horlein, A. Henig, S. G. Rykovanov, S. Steinke, et al., submitted to PRL

Improving ion spectral and spatial quality in laser foil interaction with a second foil
Chengkun Huang, B. J. Albright, L. Yin, H.-C. Wu, K. J. Bowers, B. M. Hegelich et al.,
submitted to PRL

Uniform laser-driven relativistic electron layer for coherent Thomson scattering
H.-C. Wu, J. Meyer-ter-Vehn, J. Fernandez, and B.M. Hegelich, submitted to PRL

Three-dimensional Dynamics of Break-out Afterburner lon Acceleration using High-
contrast Short-pulse Laser and Nano-scale Targets

L. Yin, B. J. Albright, K. J. Bowers, D. Jung, J. C. Fernandez, and B. M. Hegelich,
submitted to PRL

Efficient ion acceleration by collective laser-driven electron dynamics with ultra-thin foil
targets

S. Steinke, A. Henig, M. Schndrer, T. Sokollik, P. V. Nickles, D. Jung et al., accepted,
Appl. Phys. B (2010)

Theory of laser ion acceleration from a foil target of nanometer thickness
X.Q. Yan, T.Tajima, M. Hegelich, L.Yin, D.Habs, Appl. Phys. B 98, 4, (2010)

Radiation pressure acceleration of ion beams driven by circularly polarized laser pulses
A. Henig, S. Steinke, M. Schniirer, T. Sokollik, R. Horlein, D. Kiefer, D. Jung, et al., Phys.
Rev. Lett. 103, 245003 (2009)

Fast ignition of inertial fusion targets by laser-driven carbon beams

J.J. Honrubia, J.C. Fernandez, M. Temporal, B.M. Hegelich, and J. Meyer-ter-Vehn, Phys.

Plasmas, 16, 10 (2009)

A Henlg, D. Klefer K. Markey, D. CGautler K. A. Fllppo S. Letzrlng,, et aI
Lett. 103, 045002 (2009)

Phys. Rev.
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Summary

= LANL pioneered a new paradigm in relativistic laser-matter
interaction: volumetric interaction with an overdense target

= The new paradigm is enabled by two technologies:
We have demonstrated the production and integration of nm-scale targets
and ultraclean laser pulses.

m  These enable qualitative progress in laser particle acceleration:

IFI energies (500 MeV) reached with modest laser
IF| efficiencies (>10%) achieved: 80 MeV C6+ @ 11% CE with 0.7J Ti:Sa laser

IFl spectrum (AE<20%) demonstrated: at Trident with 5nm targets and circular
polarization.

Laser-pulse shortening and pulse shaping beyond Fourier-transform limit
Forward directed HHG from nano-DLC targets

Demonstration of quasi-monoenergetic electrons and electron break-out for sub-10nm
targets important first step towards Relativistic Electron Mirrors (REM)

x To go from Proof-of-Principle to Proof-of-Performance, a dedicated
program and a new generation of lasers is required.
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