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1.  The Trident Laser 
2.  Relativistic Overdense Interactions 

1.  Ion acceleration (BOA) 
2.  Electron acceleration 
3.  High Harmonic generation 

3.  Physics model & simulations 
4.  Relativistic pulse shaping 
5.  Proton acceleration 
6.  Outlook - towards extreme intensities 
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3 beamlines, 3 target areas:  
A + B: 100ps – 6µs, 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: Ipeak= 5 x 1020 W/cm2, Iave= 2 x 1020 W/cm2 

•  F/8 OAP: Ipeak= 2 x 1020 W/cm2, Iave= 8 x 1019 W/cm2 
•  Rep. rate: 1 shot / 45 min. 
•  Contrast: 10-12 @ 500ps, 10-9@ 50ps, 10-7 @ 5ps, 10-4 @ 2ps 

High-Contrast OPA 
 Trident Laser Front 

End 
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New West target chamber 
Compressor 

North Target 
 Chamber 
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Frontend 

Oscillator 
0.5 nJ, 200fs 

Pre-
amplifier 
Regen 
0.2nJ ⇒ 
1mJ Pulse stretcher, 5000x 

200fs ⇒ 1ns 
Pulse cleaning system 

BBO 

2 stage OPCPA 
amp,  
modified 
LLNL design 

130mJ probe pulse to target area 

10mJ seed pulse to glass chain 

10% 

90% 

50µJ 

Pulse 
stretcher 

BBO 

Sign
al 

Idler 

100nm 

Conventional 
frontend 

30nm 

SPOPA cleaned 
frontend 

 1st implementation of SPOPA (Sept. 08) + subsequent improvements: 
•  100mJ in, 10mJ out 
•  Contrast: 10-12 @ 0.5ns & <10-7 @ 5ps 

Full energy backscatter images2: 

1R. Shah et al., Opt. Lett. 34, 15 (2009), 2273 
2D.C. Gautier et al., RSI 79, 10F547 (2008)  
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Classically over-
dense targets 

  ~ Micron-thick 
foils, cones,… 

•  Proton & ion 
acceleration, Kα, …	



•  TNSA, preplasma 
interaction 

  High density 
  Low coupling 

Underdense targets 

  Gas jets, capillaries,… 
•  Electron acceleration, 

gas harmonics 
•  DLA, wakefield,  

bubble 
  Low density 
  High coupling 

Relativistically transperent, 
overdense targets 

  Nanometer foils, aerogels, 
solid hydrogen,… 

•  Ion acceleration, electron 
acceleration, transmitted 
surface harmonics 

•  BOA, RPA, PSA, ROM, REM 
  High density 
  High coupling 
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  Simulations agree 
with measured C 
spectra (energy, 
number, angular 
distribution) 

  Protons & C have 
same Max. velocity 

  Spectra retain 
mono-energetic 
remnants from 
adiabatic phase 

-  Exp.: C6+ @ 8.5° 
-  Exp.: C6+ @ 0° 
-  Exp.: C6+ @ 8.5° 
-  Exp.: C6+ @ 0° 
-  VPIC: C6+ @ 8.5° 
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  Switching polarization from 
linear to circular: 
•  mono-energetic protons @ 30 MeV 

•  ~10-100x efficiency increase for 
mono-energetic carbon @ 40 MeV 

over prev. best [Hegelich et al., 
Nature 2006] 

  Increasing focal radius and 
length: 
•  3x higher energy for mono-energetic 

carbon @ 100 MeV 

Energy [MeV] D. Jung, Monday 
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Kiefer, et al., Eur. Jour. Phys. D (2009) D. Kiefer, Monday 
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  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 

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

23rd 
harmonic 

50th 
harmonic 

Cutoff 
from 
ncrit 
profile 

B. Dromey, 
Wednesday 
R. Hoerlein, 
Thursday 
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From simulations and model we expect to observe: 
  increased maximum ion energy compared to the TNSA 

  an angular symmetry break for the fastest ions 

  the same maximum velocities for protons and carbon ions 
at optimal BOA conditions  

  optimal target thickness for a given set of laser parameters 

2D-VPIC simulation: 5x1020 W/cm2, 540 fs, 
laser interacting with a 58nm DLC foil 

1L. Yin, et al., Laser and Particle 
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)   

3D-VPIC simulation, 1021 W/cm2, 
152 fs interacting with a 30nm 
DLC foil 
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The model calculates: 

•   t1 & t2 based on a 1D (t1) 
and 3D (t2) isotropic 
expansion 

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

Yan, Tajima, Hegelich, et al., Appl. Phys. B 
(2010) 98:711-721  

α ~ 3, electron coherence parameter  
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“Conventional” laser diagnostics 
(incoming pulse): 
•  energy 
•  2nd oder autocorrelation (pulse length) 
•  pre-pulse diodes 
•  spectrum 
•  far field 
•  near field 

Additions: 
Incoming Pulse: 
•  3rd order cross correlation 
•  Pulse shape (FROG) 

Reflected Pulse: 
•  backscatter image @1ω	


•  backscatter image @ 3ω	


•  spectrum 
•  energy 
•  3rd order 
•  FROG  

Transmitted Pulse:  
•  energy 
•  2nd oder autocorrelation 
•  Spectrum 
•  3rd order cross correlation 
•  Pulse shape (FROG) 
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S. Palaniyappan, et al., Rev. Sci. Instrum. 
81, 1 (2010) 

folded telescope 
w./ spatial filter 

autocorrelator 
independent 
spectrometer 

imaging spectrometer (FROG) 

Modified autocorrelation/
spectrum setup to include 
telescope imaging and imaging 
spectrometer for FROG 
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THINNER FOILS no change 

THICKER FOILS 
Signal weakens to 

below detection  
at 300 nm 

5 nm DLC 17 nm 20 nm 
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  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 



hegelich@lanl.gov U N C L A S S I F I E D	



•  FROG gives relative phase 
•  Absolute phase is fixed by 
assuming zero phase when 
transparency happens 

5 nm DLC 
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  Double nano-targets enable 
sharp temporal interactions 
even with glass lasers  

  1st non-optimized test shows 
ion-spectral modification & 
improvement 

laser 

laser 
ions 

10nm 80nm 

45µm 
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Protons 

Carbon C6+ 

(Previous: H+:60MeV, C6+ 5MeV/amu) 

1L. Yin, et al., Laser and Particle Beams 24 (2006), 1–8 
2L. 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)   

Spectrometer low energy cutoff 
(ranges from 5MeV to 18MeV) 

600nJ at 22.5° in 5x10-5msr  
              CE20-300MeV ~8% 
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Target Thickness l  400 nm 1000 nm 1500nm 2500 nm 

H+  Emax 145 MeV 205 MeV 230MeV 190 MeV 

ηE(H+)* # (H+)* 

1.1% 6.5x1010 

2.2% 1.9x1011 

4.2% 9.7x1011 

Proton density n/nc at time t2 

t=792fs"

>100MeV"

>50MeV"

>10MeV"

Efficiency"

Cyrogenic hydrogen target at (0.07g/cm3), ne=42.6 ncr "

Proton Energy Spectrum 
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  Simulation parameters 
from Qiao et al. (PRL 
2009): 

  Peak intensity: 
1.89x1022 W/cm2 

  Circular polarized, 
super-Gaussian in 
space, Gaussian 
in time, 38 fs 
width 

  1 micron thick 
Proton target     
(ne = 30 ncr) 

19% of laser energy goes into 
6x1012 forward directed protons 

with energy >500 MeV 
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•  We were invited to 
submit a LDRD 
reserve proposal for 
FY11 on increasing 
Tridents intensity by 
reducing the focal 
spot size. 

•  Trident 10 PW 
upgrade is the next 
logical step. 

•  Rich field of 
unexplored science.  
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2 stage laser accelertor: 
25 GeV/amu 

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

Simulation by Z. M. Sheng 

19% of laser energy goes into 
6x1012 forward directed 

protons with energy >500 MeV 

1st stage requires high peak 
intensity to reach relativistic ions 

  Peak intensity: 2×1022 W/cm2 

  τ ~ 30fs, 300J, 10PW 
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