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Introduction. 

The 3rd International Workshop on Fast Ignition of Fusion Targets was held at the 
Rutherford Appleton Laboratory in the UK between 21-23rd September 1998. The 
workshop brought together a small number of physicists from the world's leading 
laboratories to discuss new results and progress in this rapidly evolving field. This 
3rd workshop followed the highly successful meetings in February 1997 at Berkeley, 
California and at the Max Planck Institute for Quantum Optics, Germany in 
September 1997. 

The proceeding here demonstrate that tremendous progress is being made both in 
both theory and experiment In addition to new physical insights provided by two 
and three dimensional particle in cell simulations to describe relativistic laser plasma 
interactions, new hybrid codes have been developed to provide integrated 
descriptions of electron transport in solid density plasmas. A striking feature of the 
presentations was the necessity to integrate electron acceleration mechanisms arising 
in the coronal plasma, mechanisms which had previously been thought to be useful 
only to new accelerator concepts. Another new feature of this workshop was the 
inclusion of a session devoted to nuclear physics techniques to diagnose the plasma 
conditions, techniques which will undoubtedly grow in importance in future 
experimental work in the field. 

It is hoped that this collation of viewgraphs from the workshop will assist the 
community in assimilating the latest results from those laboratories represented from 
around the world. We look forward with great anticipation to the next workshop to 
be held in 1999. 

Peter N orreys. 
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Final Programme for the Third International Workshop on the Fast Ignition of 
Fusion Targets 

Monday 21 September. 

8.30 a. m. - 9.30 a.m. Registration. 

9.30 a. m. - 10.30 a. m. Introduction. 

9.30- 9.50 M.H.R.Hutchinson (Director, Central Laser Facility, Rutherford Appleton Laboratory, UK). 

"Welcome to the Rutherford Appleton Laboratory". 

9.50- 10.15 R.Bingham (Rutherford Appleton Laboratory, UK). 

"A review of electron acceleration mechanisms with short pulse, ultra-intense laser pulses". 

10.15-10.40 P.Mulser (TOE, Darmstadt, Germany) 

"Fast lgnitor-relevant results from the Euronetwork SILASI (superintense laser-solid 
interaction)". 

1 0.40 a.m. - 11.00 a.m. tea I coffee 

11.00 a. m. - 12.30 a.m. Channelling and anomalous transmission. 

11.00- 11.25 A Pukhov. (Max Planck Institute for Quantum Optics, Garching, Germany). 

"Physics of Short Pulse Laser Interaction with Near-Critical Plasrnas via 30 PlC Simulations". 

11.25 - 11.50 S Bulanov (General Physics Institute of Russian Academy of Sciences, Moscow, 
Russia). 

"Formation of a hot plasma filament during the focusing of imploding cylindrical corona" 

11.50-12.10M.Borghesi, A.MacKinnon, O.Willi (Imperial College, London, UK). 

"Channelling in pre-formed plasmas and propagation in capillaries" 

12.10- 12.30 A.Giulietti, L.Gizzi (Institute of Atomic and Molecular Physics, Pisa, Italy). 

"Experiments on propagation of intense ultra-short laser pulses through thin foil plasmas" 

12.30 - 1.30 p.m. Lunch 
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Monday 21 8
t 1.30 p.m.- 3.00 p.m. 

Electron transport theory. 

1.30-1.55 J.C.Gauthier (LULl, Ecole Polytechnique, France). 

"Combined PlC and MC simulations of supra-thermal electron energy deposition" 

1.55-2.20 S Wilks (Lawrence Livermore National Laboratory, USA). 

""PlC Simulations and Plasma Physics of Ultra-Intense Laser-Plasma Interactions" 

2.20-2.45 C.Deutsch and P.Fromy, (LPGP,U-Paris XI, 91405-0rsay, France) 

"Correlated Stopping of Relativistic Electrons in Super-compressed DT fuel" 

2.45-3.10 M.Honda and J. Meyer-ter-Vehn (Max Planck Institute for Quantum Optics, Garching, 
Germany). 

"PlC simulation of relativistic electron transport including collisions" 

3.1 Op.m. - 3.30p.m. tea I coffee 

3.30 p.m. - 5.00 p.m. Electron transport theory continued. 

3.30 - 3.55 J.C.Adam (CPT, Ecole Polytechnique, France) 

"Interaction of ultra intense pulses with strongly overdense plasma via 20 PlC simulations" 

3.55 - 4.20 M.G.Haines (Imperial College, London, UK). 

"Estimate of magnetic fields including the effects of microturbulence" 

4.20-4.40 J.Davies and A.R.Bell (Imperial College, London, UK). 

"The effects of magnetic fields in collimating electron flows in ultra-intense interactions" 

4.40 - 5.00 Y. Sentoku (Institute of Laser Engineering, Osaka University, Japan). 

"Particle simulations and experimental results on plasma jets formation and magnetic field 
generation". 

5.00- 5.25 R.Piriz (E.T.S.I.Industriales, Universidad de Castilla-La Mancha, Spain). 

"Fast ignition dynamics" 

5.45 Return to Cosener's House. 
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Tuesday 22"d 8.45 a.m. - 10.30 a. m Electron transport experiments. 

8.45-9.15 M.H.Key (Lawrence Livermore National Laboratory, USA). 

"Petawatt laser target physics studies relevant to fast ignition and intense Me V x-ray sources." 

9.15-9.45 R.Kodama (Institute of Laser Engineering, Osaka University, Japan). 

"The recent results on fast ignition and related plasma physics". 

9.45-10.05 E.Ciark (Imperial College, London, UK). 

"A comparison of temperatures derived from measurements of the x-ray bremsstrahlung 
emission with those from escaping electrons generated during ultra-intense interactions with solids" 

10.05- 10.30 K. Eidmann (MPQ, Garching, Germany). 

"Electron transport experiments with high contrast 150fs pulses" 

1 0.3oa.m. - 10.50 a. m. tea I coffee 

10.50 a.m. -12.30 p.m. Electron transport experiments continued. 

10.50-11.15 F.Pisani & L.Gremillet (LULl, Ecole Polytechnique, France). 

"Fast electron deposition experiment at the new TW laser in LULl: part I (Pisani) and part 11 
(Gremillet)". 

11.15- 11.40 M.Tatarakis (Imperial College, London, UK). 

"Observations of collimated electron flows in ultra intense laser interactions with thick foils" 

11.40- 12.05 D.Batani (University of Milan, Italy). 

" Explanations for the increased range of fast electrons in shock compressed plasmas". 

12.05- 12.30T.A.Hall (University of Essex, UK). 

"X-ray and fast particle preheat in femtosecond laser driven transport experiments" 

12.30 p.m. - 1.30 p.m. Lunch 
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Tuesday 22"d 1.30- 3.00 p.m. Nuclear reactions. 

1.30 _ 1.55 o.Pennington (Lawrence Livermore National Laboratory, USA) 

"Nuclear activation observations at the LLNL petawatt laser ." 

1.55 - 2.20 L.Disdier (CEA, Bruyeres-le-Chatel, France) 

"Neutron emission produced by high intensity subpicosecond laser pulse" 

2.20 - 2.45 C.Toupin (CEA, Bruyeres-le-Chatel, France). 

"Fast Ion generation and correlated neutron production in the interaction of an ultra-intense 
laser pulse with an overdense plasma" 

2.45- 3.10 R.P Singhal (University of Glasgow, UK) 

"Observation of a highly directional gamma-ray beam from ultra-short, ultra-intense laser 
pulse interactions with solids" 

3.1 Op.m. - 3.30p.m. tea I coffee 

3.30 p.m. - 5.00 p.m. 

PlC code validation experiments & electron parametric instabilities: 

3.30-3.55 M.Zepf (Imperial College, London, UK). 

"Validation of PlC simulations for fast ignition: the role of density scale-lengths in the 
generation of harmonics from overdense plasmas". 

3.55-4.20 P.Mora (CPT, Ecole Polytechnique, France). 

"Propagation of ultra-intense laser pulses in underdense plasmas" 

4.20 - 4.45 A.Machacek (University of Oxford, UK). 

"Observation and discussion of stimulated optical scattering in ultra-intense laser 
interactions with solids." 

4.45-5.10 H.C. Barr, P. Mason and D.M. Parr (University of Essex, UK) 

"Electron parametric instabilities driven by ultraintense linearly polarised laser pulses in under 
and overdense plasma" 

6.30 p.m. Dinner at the Coseners' House. 

7.30 p.m.- 9.30 p.m. Round table discussion on the outstanding issues to be 
tackled for the Fast lgnitor. 

Session to be led by ProfessorJ.Meyer-ter-Vehn "A critical review of the fast ignitor concept" 
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FUTURE ACCELERATORS USING LASERS 

R BI~GHA?vi (R'\L) 

vVorkshop: Particle Accelerators for Particle Physics - 23 October 

1998 
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High Energy Particles. 

Relativistic Plasma Wave Acceleration 

The problem is to generate large amplitude plasma wave travelling 

with a velocity close to the speed of light c 

4 Awroaches 

1. Plama Beat Wave 

-. :_. :::-~ .-. . :.- - ~-:..;.;:·t 

2. Laser Plasma Wakefield 

3 .. F1ec:tron Beam Plasma Wakefield 
• • - - ~--1'',•··+ ;.,-<f. · 

··J 4. Self-Modulated Laser Wa.kefield (RFS) . 
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• Conventional accelerators limited by electrical breakdown of ac­

celerating structures ( Eacc "" 20MV /m) 

• Plasmas are already broken down. 

The accelerating fields limited only by plasma density. 

• Plasmas can support longitudinal accelerating electric fields mov­
ing cloSe to the speed of light; Relativistic electron plasma waves. 

... .,.:., , . .. 
. ........ ~ 
' •i"· 

' . 

..:. 

i·· 
• Lasers easily couple to plasmas and can generate relativistic 

tron plasma waves. 
; ··:-;.-:. ::.~ :·: . : .. ,, 
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Drivers for Plasma Based Accelerators 

L Lasers-Terawatt, Petawatt Compact Lasers 10
12

--10
15

Watts 

already exist. 

Some with high rep. rates ie 10Hz. 

Capable of 1019 - -1021Wattsfcm2 on target. 

Future"" l~Wjcm2 using OPCPA . 

2. Electrons Beams - Shaped electron beams such as the proposed 
Stanford/USC/UCLA experiment to generate 1GV/m acceler­
ating gradient using the 30 - 50Ge V beam in a 1 meter longj :.:';;/#" 

Lithium Plasma. 
···--!';;.. 

• • I • _,. • ,.. ~~-
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LASER PLASMA ACCELERATORS · 

• Large Accelerating Fields 

rv lGeVjcm 

....... .:.- . ~ .. ~· ·· - . ·. 

• No Electrial Breakdown Limit 

• Low repetion rates. 
,. .. , . • ... , -< • '; .• ; ._ . • 

• can be expensive. • 

lf 

:;j:~~~ 
' . 

l .. 
,;;i: 

: ~ ~ ~ 1·~~~ 
·I . ·-

··j 

.. 1 
TABLE 1. Generation of high-intensity 

optical fields by femtosecond laser systems 

Limiting I Experimental I Expected 
Systems parameters achievements* values 

(~) (J/:;n?) I (;s) 
w (W/~m2.) I(~) TtV I 
(J) 

~ 

(J) · (vV/cm-) 

XeCI e:rimer 160 0.002 160 OA 1017 16El 10 10 21 

(). = (J_3Q8 p.m) 

KrF erimer 7G 0.002 80 1.5 1018 TO 10 
.,., 

10--
(A= 0.24 .um) 

Dye 10 0.001 20 5 X 10-4 1014 10 0.01 10;_;-

(•-isible} 

Broad band 10 LO 100 0.05 1018 lO 10 10:? ... 

soOO stzte 
(visible, IR) 

.. ... ~ : - ~ . 
•o"r;• • • • 

! 

10 rs-zo 1023 
Nd-g!ass '500 LO TOO 8 600 100 

.. 
1015 • 101~ 

' 
CO., 60 0.4 2500 . 0.2 100 1 

1 p = rai pm) 

; 



CLRC 
LASER PLASMA ACCELERATORS 

• The electric field of a laser in vacuum is given 

by 

E1- = 30v'f GV/ cm (1) 

for short pulse in tense laser, 

P = lOTW, A0 = lJ.Lm, I = 1.6 X 1018W/ cm
2 

E1.. = 40 GVjcm 

• Unfortunately this field is perpendicular to 
the direction of propagation and no significant 
acceleration takes place 

• The longitudinal electric fields Eu associated 
with relativistic electron plasma waves can be · 
extremely large and can accelerate charged 

particle. 

~ 

j.-i:~ 

I • • ~ 
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CLRC 
• The Lorentz force due to the interaction of the 

lasers produces a longitudional force or "pon­
deromotive" force of the beat pattern propor­
tional to the gradient of < El >. 

• Each beat (pulse) adds to the plasma waves · 
amplitude. 

The growth in time 

ffieCWp rt 
eEl\ = 

11 
la o a1a2dt (2) 

a 1 ., = eE1.1•2 is the quiver velocity of a.p. elec-
tM . m~cwl,2 

tron in the laser field, normalized to the speed 
of light c 

• ~I:~IIl qauss7 Law the accelerating field Ell can 
be estimated 

or 

E ll = EmeCWp 
e 

E11 = E...(ii:oVjcm 

(3) 

E is plasma wave amplitude (fractional elec­
tron density bunching nr/ n 0 , no is ambient 
density. 

1 

~?~:,-

u·~·-' 

;~~: 

~ 



I 
,; 

i 

.;1 
~~ 

r,;J .. 
: 

·~l 
:j 

.:I 
J .. 

~ · 
. I .,, 
,f 
·.;~ 
~ 

~
. 

. 
~ 

~ 

I 
I 

I 

.:1 
;; .. 

" 

. 

• For n0 = 1018cm-3
, c = ni/no = 10% 

·Eu = 108Vfcm 

• Gain in energy of electron D.W 

D. W = 2ey2mec2 

1 = ~ the Lorentz factor 
~ 

For a neodymium laser ~ ,......, 30 for 
Wp 

no ,......, lO~scm-s 

AW""' lQQMeV 

· ·Maximum energy gain D.W ~ eEp/f 

E.,= ~5n = :;~n 

1 

l =~X · X = _c_ · Vph ~ C (1 - ~)! 2 r c-T7pll r WJ. 

t-~~-~r - 2""ii- 2 

eEl = 2Eyrru? 

'{ 

(4) 

(5) 

·• 
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TUBULENT 
PLASMA 

.. : -~·;::~~{·:::~ :.:.: 

PLASMA I LASER PULSE I FRESH PLASMA 
WAVE 
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. ~~:rri~the Plasma Beat Wave Accelerator (PBWA)­
.. a. ~elativistic pla.Srna wave is resonantly ex­
.(:itoo by the "ponderomotive" force of two lasers 
seperated by the plasma frequency wP .. 

• The two laser beams beat together forming a 
modul~ted heat pattern in the plasma. 

~ ~~c 

. . . ~~~;.;··~· ~ ~~.#~ . .. . '~ ', e.i ,._.,,. ~ v;,::; Vj 
~ 7' rg: w :~.: :. . :. ~Ji;~.:~;~~t:J {~~:~ :.·.~ .. · .. 

--. · .. _-... .:;~--~:..-

·. ·· · e::Far·Zdativistic:pla.sma waves the accelerating-: .· 
- · ~--.. ~ .... _,~.., ·:-_)..,._~~ . .. .. ": ........ r:.-T .... • , 
··~~-.-..fi·•· ·• .,. ... .,.,p;"•"'="'~ . ;. -..•r •.~. b -

· ··~1 JS {9ven y . · 
• 

E 11 = £F, Vfcrn 

£ is the fractional electron density bunching, 
no is the plasma density. For no = 1018cm - 3 , £ = 
10% 

En =IW V/cm 

, .... 

f..':~ J · •. I 

1:? ~--:. 4 I 
*7:;; . .,. . 
:~~I 
~~! 
~-~::;...~~: ~ .. 
.. --· i 

~ ., .. I 
:;--'::- " . ..,. 
·- : ._ I 

~ I *"-.,.;_,: \.;. 
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' •' .• · • I 

• ' I -·--:· . 

£4~n ..... ~~ ... 
~t:~ . --1 

:.~~ 
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Plasma Beat Wave 

Relativistic plasma wave driven by beating 2 lasers in a plasma, 

For 

Then 

w1 - w2 ~ wP energy 

E1 - E2 ~ kp momentum 

WI,W2 >> Wp 1e 

kl - k2 f"V b.k } 
W1 - W2 "" b.w 

w1 = lOwp 

w2 = 9wp 

l:;.w 
t:;.k = Vg 

Vg 1s group velocity of laser bet pattern. 

But k1 - kz ,....., kp ; w1 - w2 """ wP 

Wp -
:=::::} - = Vph = Vg 

kp ( 

? 1 

Vg = c 1- w; ):z 
w1,2 

For ~"h""2 » wp :=::::} Vg ~ c "Hence relativistic"' 

_,. 
\ :) 
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Laser 
l--A-! 

A.p 

/,-Vg 
' ' 

Envelope of high frequency field moving at group speed :!lg; • 

( vi.)~ 
Jlg=C 1 - ~ 

l w2 = w2 + c? k2 } pe 1 

dw c?k w2 2" 
Vg = dk = -;;- = C ( 1 - ~) 

P~focceF,=-V~ 

Laser field E.y 
\6 

., 

r . ~,:~~: ~~ii·j 

•· .: I:.. :::1 

~··:.i: · I :~·"""1 
~- . . - - ~i 

• From Poisson's equation we can estimate how large these longi­

tudinal electron plasma waves can be 

· "V · E = 47reb'ne 

6ne is perturbed electron density of the plasma ions immobile 

on short time scales. 

Largest fields exist for 6ne = n 0 ie background density. 

1 

• Electron plasma waves oscillate with frequency Wp = ( 47rn0 e2 /me) 1 

2 1 
cgs, or (nae /'fl'LeEo)'Z MKS. 

.. ,-' R';:;iatiristic pl~a waves have phase velocities close to c ie r ~ 
p 

c. 

.. 

• With Poiss6n's equation we get 

47rn0 e2 

eEM.AX ~ (wpjc) + mcwp::::::: 0.97vneVjcm 

re eEMAX ~ y'rieVjcm 
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• Fields in a plasma of finite extent . 

Plasma Beat Wave Accelerator. 

8nl 
&t· +no ('V. 1Ll) = 0 

Blli eE1 Fext -=-+--
&t me me 

. .. 

.. 
(la) 

(lb) 

solve for n 1 . E1 is electric field due to n1 and Fext is external -
force due to driver for the laser this is the ponderomotive force. 

The averaged Hamiltonian for the laser case is 

pz ez 
H =-

2
- + e~1 + --2E;(r) cos (kpz- wpt) 
m 4mw (2)~-

1 -- · 

(averaged over fast space and time scales of the laser W 0 lase~ ,;_~, . 
> wp of plasma fo&wmg P Chen and R Ruth ( AIP con£. N o.130) ~~;;:,. 
1985) the~ dependence ofPonderomotive potential given b~,· 

·~ 
· { Kz (k;P)Io(kpr) +~- ( 2a)2- ~ ;r <a - ~-·- ·~ 
E;(r) = 2E; kp 

[z (kpa) Ko (kpr) ;r >a 
(3) 

1'1-

Kn an.d In are the modified Bessel functions. 

E~(r) 
Parabolic 

1---------rr 

ez~k2 ( r2) 
V -F =4-x-n1e

2 + o; 1- 2 cos(kpz- wpt) 
4mw a 

(4) '#_-:· ·"~ !' - . ~~ 

Substituting 4 into equations 1 yields 

fPn1 2: { (wP)2 g;y;; ( r2) ( ) --+ w::n1 = - - --- 1 - - cos k z - w t ; &t2 P' w l61rm a2 P P 

1." 
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For the hSe of the Plasma Wakefield Accelerator the situation 

is very simiia.r. 

Driving beam of electrons, density nb 

V · F = 47re2 
( n1 + nb) 

nvo = O"(r)6 (z- ubt) 

Then N 1(r) = kpO'(r) sin(kpz- wpt) 

Using a parabolic distribution for the beam 

O"(r) = ~(l-r2ja2) r <a 
,. ~- -· · = ~~~~-~· ··:.:o r >a . .. ~ ~~:~~,.19; 

This gives 
-'. 

l6eN { 1 2 r2 } · 
Ez = ---;;y- K2 (kpa) [0 (kpr ) + 2- (kpa? - 2a 2 cos (kpz-: Wpt 

l6eN { r l . Er= ----;;y.- Kz (kpa) Ir (kpr) - kpa-2 j sm (kpz- wpt). 

"2,-{ 

sol~on of (5) 

nl(r, z, t) = f (r, z, t) sin (kpz- wpt) 

f (r, z, t) = 0 p 1 E2k2 ( r2) 
327rmw2 a_2 

~om Poissons equation 

~~ (r~1>1) = 
02

1>1 = -47renl 
r8r 8r 8z2 

So~ving for r/>1 we can get Ez and Er ie longitudinal and radial 

· ., ::~~'i>~;~ gradients. . ~cw:: 

Ez = wp:Y!" {K2 (kpa) Io (kpr) + ~ ( 1- ::) - (k:a)2} 

x cos(kpZ- wpt) 

Wp'TkpeE; { ( ) ( ) r } . ( ) Er = 2 Kz kpa Ir kpr - -k 2 sm kpz - wpt 
4w m Pa 

r is pmse length. 

'l..:-
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The fields are remarkably similar in both cases. 

if kpa >> 1 

E, "' ~A ( 1 - :,) cos {k,z - w,t) 

Er~ 2A~sin(kpz- Wpt) 
kpa 

w~Ez. A = P~ o for Lasers 

A= Bef 
a 

fore-beam 

eEz force acceierates or decelerates electrons. 
~;~:..:.. . .:; .... :,;::_; ;~.:;;~ ··; ~-Y· ··7. . . • •.,. .... ·.· " 

eEr will focus or defocus electrons. 

• Acceleration and focussing over i of the plasma. wavelength. 

• 

1J 

~-~ ·~-~~· · , ..... 

.'-~::-

. . · ·~ · .t .... 

~~t~ 
, . 

r Accel De eel At eel 

~ 

Fig 1 

Acceleration range / . 

Accelerating and focusing fields. illastrating the phase range 

available for acceleration. 

£. 1 
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Laser Plasma Experiments 

Experiments are. being conducted world wide 
usingthePlasmaBeat Wave Scheme UK (RAL), 
USA (UCLA) , France (CNRS) and Japan (KE~). 

RAL Experiments 

• 2 variations a) Plasma Beat Wave Accelerator· 
and b) Self-Modulated Laser Wavefi~ld Accel~ 

era tor. 

BJ The Self-Modulated Laser Wavefield Accel-
- .. ··- .. .,_ - - ... ·~ ' . - . -.· ~ . ... ..._..,..~ ... ~ •• ~ ..J¥-..I(~~~";:~J':::?="~ ... I"- "" . -~ .r-.,..'.._ ••._ .· ... -;.,; · .... p ~·.r .. 

· erator uses a short pulse intense laser (Vnlcan) 

P = 25TW(25 x 1012W atts) 

r = ~ ~ 8f1Jjs~c 
·yax Intensity I= 6 x 1W8Wfcm2 

p~·density npLASMA = 1.5 X 1019
cm-

3 
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Particles accelerated from background to 44M e V -~~:~ 
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This corresponds to an accelerating field of 

En~ 1 GV/cm 
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UCLA Experiments 

• UCLA Plasma Beat Wave Accelerator 

C02 Laser, 2 wavelengths ..\1 = 10.29J.Lm, ..\2 ~-
10.59pm, ).P = 360J.Lm, npLASMA = 1016cm-

3
a 1 = 

0.17, a2 = 0.07, T = 150psec 

Electrons injected at 2.1M e V are accelerated 
to 30M e V in a plasma length lcm correspond­
ing to an accelerating field 

.•'!' . · ; 

[En = 30MeVfcm ] 
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FIG. I. (a) Thomson scattered spectrum· vs distance along the 
gas jer indicating the spatial extent of the relativistic plasma 
wave. Position zero is the center of the 4 mm diameter gas 
jet. The laser propagates from left ro right and is focUsed at 
-2.0 mm. The stray light at ~A. = 0 has been attermared by 4. 
Tbe gas jet backing pressmc was 21 bars. Wave ampiimdc vs 
position is shown in inset. (b) The electron spectr.1 J:IIClSUrCd in 
the fonvard f/100 cone angle at three backing paesswc:s. The 
.borizcmtoU error bars indicare me r.mgc of ~es incidc:m on 
each detectOr as well as taking imo account possible positioning 
errors. The vertie<ll error bars retlect !:he uncertainty in detector 
sensitivity. The signal ro noise rotio is independent of this 
ennr 
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Laser Accelerators 

Limits to Energy Gain 

Diffraction < 
( 

no ) 1/2 (_!!____) 2 
l,u E 

eEmax = lGe V 1018 33,u A 

Dephasing 

~ 
eEmax = 1GeV1018l,u 

no ,>.2 • E 

Pump Depletion/Instabilities 

linear theory 
(c < 1) 

1018 1,u . 
eEmax = lGe V- , ·) pump depletiOn 

n 0 "'-

40 

I· 
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Fi~ 3. (2) T~ bD:ndl ima.,ore with no plasma taken 21 cm downstream of the 

piz;mL (b) A~~ of tbe image in (a}. (c:) Tmre-inregr.rted bunch image in the 

presence ofllbe ~(cl) A Yetticllline-out of the !mage j.n (c). 
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Key Issue Experiment Theory /Simulation 

Acceler. Length Channel Formation 1-tcrl models 

mm---+ cm+ parallel 

Plasma Sources ?-D hybrid 

Beam Quality Injectors Beam Dynamics •.:1 . ~'- . . . . .. - ... . · · ~ ·· $., ~,;:;;;:_ ~-~..;<,~~.,..~=_, .. ..-4,1'-o~<.:J.i~~ /. :';'J':.-'5~~:·.: -..::.!_"""".~'··~ ~i·: ~"'.,:~'\,..~~~~~. ~ 
~ · -~-~"-r · ·~"'~·~fins bunch · ·matching f3 ·· · · · ... . ~.: 

. . 

·, · c · · ·, 50 p. sPot injection phase : : :.-;. 

N 
.11•"1/ . -

/ .... ...... 
:;-:I .... Bbrout regime 

• 

Etficieocy Driv:e beam evolution 

(new-} Shaped driver and load 

Transformer Ratio 

Energy Spread 

.. p ... 

Future Experiments 

UCLA proposal .for a lGe V beam of 108 ~lec­
trons 

Injection electron energy lOM e V at lOO A 

Laser Power 14TW (14 x 1012Watts) 

Pulse duration 7 = 4psec., 

Energy= 56J Joules 
~~~~~J;,;:~: ... ~~~~-~~~·· ..... ·~; :-c~; . 

. · .>.1-= L05pm, ..\z = l.06pm 

Plasma density npLASMA = 1017cm-3 

Interaction length L ~ 3cm 

, 

-~a 

;~~ 
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T3 Laser Beat Wave Design 
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TABLE I 

Laser Wavelengths 1.05 1-'-m and 1.06 ,.,_m 
Plasma Density 1017 cm - 3 

• 

Plasrii.a Source Multiphoton Ionization 
Laser Pulselength r 4 ps 

• Laser Power 14 TW 
Laser Spot Size (2a) 200 ,.,_m 
RZ}'kiP LeDgtb (Zo) 3.1 cm 
Plasma Homogeneity ::!::: 7% 

. --~~FCatPiasma'Wave~ljtude . 0.5 · ~ · -~·""··· · ~. ~ - .. 1 
· ·-c-~~GS'cfil"~~~ ... ~~z;;l-~''!'"''rT.''' • '.:;s~~~~ · -~~ 
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APPLICATIONS 

• mgp rep. rate lasers in the 1012 - 1015W att range-will produce 

> tOS particle/shot in the lOOM e V - lGe V range. 

*Present RAL exp rv lOOMeV in lmm 

* Future lGe V in 1 - 2cm plasma. 

• Isotope production 

Accelerator e-beam 
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* Photo-neutron production. 
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• Electron-Positron relativistic Plasmas 

-~~ 

Study of Astrophysical objects eg. Pulsar magnetospheres, {-ray ;::: 
bursters. etc. -:::· . 
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:!:( 

• Ham X-ray source "' lOOM e V 

• Partiicle Physics 

Pm Production energies > 35oM e V 
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Requirements for High Energy Experi­
ments) 

Use Collider Parameters 

Luminosity = 1031cm-2sec-1 

Beam Energy rv 1Te V 

No of particles per pulse rv 1011 

Total Laser Energy (assuming 5% trans­
·; .;;,;..~.~ .. ,;::.e_,~.,:l~~~p~ncy) = 320kJjpulse 

Multiple staging required 

For a 100 stage accelerator requires 100 x 
3kJ lasers 

• 
Power requirements : 

ProTAL = 320kJ x f(pulse rate sec-1
) 

ProTAL = 1 GWPower 

j 'J 

•';:..· 



Key Issue Experiment Theory /Simulation 
Conclusions 

Acceler. Length Channel Formation 1-to-1 models • Laser Plasma Accelerators > lOO Me V 

mm----+ cm+ parallel 

Plasma Sources 3-D hybrid • 1 GeV Beam is possible with present technology 

Beam Quality Injectors Beam Dynamics • Beam quality requires attention. 

6.r 50 fs bunch matching /3 

E 50 1-L spot injection phase 
• Require staging to reach Te V 

N 
Blowout regime 

• Numerous application for 10 ~leV- l GeV beams. 

Efficiency Drive beam evolution 

(new) Shaped driver and load 

Transformer Ratio 

Energy Spread 
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Short Pulse Laser Interaction 

with Near-Critical Plasma 

A. Pukhov t and J. Meyer-ter-Vehn 

I. Introduction. Massively parallel PlC code VLPL. 

II. 3D PlC simulations of laser-plasma interaction 
at powers from TW to PetaWatt: 

- electron energy spectra 
- ion energy spectra 
- filamentation 

ID. Mechanisms of electron acceleration 
in relativistic channels 

IV. Conclusions. 

t Permanent address: 

Moacow Institute for Physics and Technology, Russia 

Fast Ignition of ICF Targets 
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Nti[F)CQ2 Spectrometer 
C. Gahn e/ al. 

electron trajectories 
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• experiment: M1=10-3sr 
--VLPL 30 PlC 
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electron kinetic energy (Me V) 
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total fast electron number in 2n: 7x10
1
n (assuming Lorentzian angular distribution) 



Summary 
C. Calm et al. 

2 experiments concerning fast electrons 

!,,,== 1 o'~w /cm~. r(86%)=20flm 
solid target, prepulse 
===> n,=O.Snc 

- 4xl06 MeV-photons up to 
2.5 MeV at 10Hz 

- 2.2x I OB electrons 
with Tc=0.9 MeV 

llc=3x10-4 (> 1 MeV) 

• 1 

l,..,"=3xl0 1 ~W/cm:. r(86%)=7f.tm 
gas-jet target 
=> n,=0.05n,. 

- divergence angle of Lorentzian 
beam profile: !5° FWHM 

- 7x I 0 1

<i electrons with 
T

1
=0.8 !VkV and Tlo=3.5 rvkV 

- l1,=5xl0 : (>l MeV) 
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PARTICLE PHYSICS WITH PETAWATT LASERS 
S. Karsch, D. Habs, T. Schatz, U. Schramm und P. Thirolf 

Ludwig- Maximilians-Universitii.t. MUnchen 

J. Meyer-ter- Vehn, A. Pukhov, Ch. Gahn, G. Pretzler, G. Tsakiris und K. Witte 
Max-Pianck-Institut fUr Quantenoptik, Garching 

1. Introduction 

2. Production mechanisms 

3. Experimental Approaches 

- PARTICLE PHYSICS WITH PETAWATT-LASERS fMl[p.)(Q2 
particle production mechanism 
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fusion neutrons fiW[p)~ 

underdense plasma 
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forward direction: 
relativistic electrons 
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. PARTICLE PHYSICS WITH PETAWATT-LASERS ~[p)(Q2 

Electron spectra from I TW to I PW (A. Pukhov. J. Meyer-ter-Vehn) 
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- PARTICLE PHYSICS WITH PETAWATT-LASERS M~CQd 

y-spektrum from GEANT- simulations using 8 mm tungsten absorber 
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PARTICLE PHYSICS WITH PETAWATT-LASERs li\ftifr(Q2 

signal y- and EM-flash 

t = 0 t = t+L1T t 

severe pile-up due toy- and EM- flash 
u 

spectroscopy of primary particles can be 
facilitated by delayed reactions 

--- ---··- _!J -
time-of flight-measurement of delayed 

or slow particles 

PARTICLE PHYSICS WITH PETAWATT-LASERS li\fti[p)(Q2 
shower generation (EY ~ 5 Me V) 
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PARTICLE PHYSICS WITH PETAWATT-LASERS ~[p)(Q2 

Neutron production from (y,n)-process via giant dipole resonance 
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PARTICLE PHYSICS WITH PETA WATT LASERS 

Neutron yield for (y-n) reactions: 
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- PARTICLE PHYSICS WITH PETAWATT-LASERS ~[p)CQ2 

Photoproduction of pions (E.,> 310 Me V) proton 

Generation via~( 1232)-resonance: proton 
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PARTICLE PHYSICS WITH PETAWATT-LASERS M[p)(Q2 

Geometry: 

Detection of produced pions: 

...:. \ 1. .. :\ E. , .. =53 \ ·kV 

re => ,u+v~=>e+v~+ve 
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Signature: 
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,.,/ 
______ ,...r". 1-2 cm tungsten 

Detection of delayed 
positrons in the scintillator, 

Vertex of pion production typical. time constant 2 J..lS 
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PARTICLE PHYSICS WITH PETAWATT-LASERS fiW[p)CQ2 
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PARTICLE PHYSICS WITH PETAWATT-LASERS OOI~CQ2 

calculated pion spectra (GEANT) (1 PW, 1 021 W/cm2): 
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e PARTICLE PHYSICS WITH PETAWATT-LASERS 

particle physics with high power lasers: 

threshold reactions for electron spectra analysis. 
1.7 MeV(Be(y,n)), 2.2 Me V (D(y,n)), 5 Me V (shower), 

15 Me V (high-Z (y,n)), 310 Me V (pions) 

source for high energy particles with unique properties : 
T pulse ~ 1 00 fs - 1 0 ns 

small source size ~ 10 j.lm - 1 cm => high brilliance 

ftMl[p)CQ2 

new insights on electron transport in relativistic laser plasmas 

,, 



EXPLOSIVE PUSHER 
NEUTRON SO 

George H. Mil 

University of Illinois, UC Campus 

Fast Ignition Workshop, RAL, UK 

Sept 21-23, 1998 

Overview 

•Need for near-term test fac· 

-Optics damage issues 

-Requirements 

• I CF targets as a neutron 

• Petawatt laser approaches 

-exploding pusher model 

-in chamber sample concept 
•Conclusions 
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Both KDP Crystals and Lenses 
face Damage L 
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Gamma ray damage is expected to dominate 
+~----~r. in NIF KDP crystals. 
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Possible near-term facility 
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Physics Issues for D-T /Be 
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Multiple decade long development cycles are required 
to carry new ICF laser architectures to maturity m= 
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M,·u.y +-IJ~d. 

II.A. pR Model 

IXo~~J 

FIUI~H H.c.L. 7 
J I -~ 

Dunngthe compreSSion bur n ph3.sc. the~ 
be considered 10 be homoscneous 1n pR. This greatly 
simplifies th< (ud p/?(pR1 1 ,•aleulalion . Taking ~(I) as 
the furl compression at timer, pR1 1s glv<n by 

(I) 

where Pto and Ro arc the initial fuel densiLy and outer 
radius, respectively. 

To determine the total pu.sher pR, the pusher. is 
split lmo two re~:i ons . The in nermost region contains 
the 1mplodtog unoblntcd material o f the pusher. This 
region IS steadily eroded ow·ay until it vanishes at max­
imum compression. The second region contains the 
outward-moving ablated marerial. The regions are 
only related through mass conservations and are con­
sidered separately. 

1/.A . l . Imploding Region 

This region is relat ivelv homogeneous. We there­
fore :usume that the density does not change rapidly 
with t ime at a given radius. The conunuity oquation in 
sphe rical coordinates is givon by 

ap a a; (r,r) +r-2 a,.p(r,l)v(r,t)r2 =0 (2) 

and can I hen be reduced 10 

const 
p=--, 

v(r)r-
(3) 

:J:JI..f (19 YS). 

-· - ···- ••• -c- · · --···· . .... ........ . 
The \t.'IOCII\ prolllc t.:Jil be ~~rrro\IOWit:c...l b,· mak-

m~ u'c ul I\\O ~.:umrra1nt.s: 

I ~ The: \dot:il\ i\ id~OIKJ.II~ t.ao ;u ~ome f101nl 

insid..: the unabiJh.·U re~1011 . 

~ - The \docir\' muo;,t IJ.II off J\ r -• near chc ;Jbla-
tion .surla(C. J 

The poim at \\ hich the' clocily 'anishcs rs determined 
by the posuion ol the inirial shock front and remains 
ar r = 0 upon L:ua.lcsccn~c. These ~.:onc.Jitions arc satrs­
fi<d b)' 

tr(r)=r •11 (R,-,lR,..--~. r?:R 1 (4) 

R, = posirion ol ' ~101shing \l'IOL:iq· 

R, =position o( the lu(l/pushcr interlace 

t'o = constanr . 

The densi1y profile of 1hc imploding rc~ion can 
1hen be dc1ermincd from Eqs. (J) and (4) as 

=> p(r) =PaR,- R~ , R, ::s r s R
11 

, 

r-R, 
(5) 

where Pa and R. arc the densi1y and radius of !he 
abla!cd/unablalcd pusher imerface, rcspcclively. 

2 



li.A .2. , fbfated Regton 

The laser energy is deposited entirel y in this low­
densit y ablat ing regton. The heat now is expected to 
be nu x limited, particularly near the critical densit y. 
As described in detail b~· ~lax et al. in Rd. 5, for the 
steady·Siale assumP..liOn the density scales as 

p(r) ex r - • , (6) 

where, for a nux limit less than unity, n- 4. 
The solution in the ablated region must be fit to 

the cold region. Thus, the density profile for the ~lllire 
pusher zs gtven by 

[ P.(~·--:.·), R,srsR. 
p(r) = . 

(R·)' Pt~ 7 , R • .s r ~ R0 

(7) 

where Pu and R1, arc: yet 10 be determined . The cond i­
lions at the ablation suriace are found using the con· 
servation of mass and by assuming an ablation rate. 
In lhis way, the coral rna,5s in each region at a given 
time is known . 

By integrating 1he mass density over r in the 
pusher and considerinl:! the consen·ation of mass, we 
obtain an equation rei3ting ptl and Rcr: 

where ll1n1 and u· ;1re !hi.: llllliJJ nushcr denSII\' :1nd 
1 hick n~ss . rc~ ne~.:1 in: I ~. · 

The ma!.S ablall lln r~uc ,., u ~rcrmlncd b\' consider. 
ing 1ha1 the rare lkclmes ~l ll tll Lcro Pi rcach~d ac Timer '" 

We tllcrclorc a:-. sumc a con~ta.m decline 1n ablation 
r:uc M~t in~ :u t = U ruuJ .:nc.Jint; :u 1 = '~"" where t, . is 
1hc c.:olln(')sc 11 me. n u: cnrirc ('l usher mass at r = o is in 
the UOOblai<"J r"S IOO . n1i5 region IOSCS mass Until the 
toto! m:IS$ 1>!! ,-en Ufl iO 1hc a blated region at t, .. This 
ablat io n ra te assum ption " d iscussed further in Sec. 
II.B. Thu~ . tlt e <ccon d cquauon is given by 

~ ("p(r)r'dr=p1,.1R,;rv[l-(tYJ· @) 

t, • R.;,-, . ( 10) 

The interface position in terms of the dimension less 
time r =ti t,. is gtven by 

[ 

R.( I - r) , 0 :S r s r, 

[( 

-1 11 -1 /) )] R { r) = R '' - - ,,..,. ( 1 _ 2) + -Ill 
( 

0 2q, l · l _ Tl,-1 . J T '1maz 

r,srs I , (11) 

where r. is 32- 1" . 

3 

To ~omplete the eR model. we now re la !~ the 
shock pouuon and pusiJer vclocny to the ~ho~ked fuel· 
ton temperature s1, (r,). From shock relauo?s• the 
shock velocny relates 10 the temperature behmd the 
front as" 

[
3 ("(+ 1) 32nto 8 ( ) 

v(r,) = Z --2- ISPJO /I r, 

where 

] 

Ill 

n10 =initial ion number density in the fuel 

y w::~ ratio of sp~cific hc:acs . 

(12) 

The factor 32115 rosults from the fuel being com ­
essed from 15 10 32 as the shock coalesces. Accord­r:s 10 Guderley," the shock position is described by 

R, = R. (l- r,)
0
"' - (13) 

Furthermore, the shock velocity from differentiation 
of Eq. ( 13) becomes 

v,(r) = v,(r,)(.lx! R,)0
' • (1~) 

\\here ...l .\ i ~ !he ~ hock rhid,ncss gi\Cn hy 

.1 .1' = ~ ( ~ : : ) . 
( 151 

Fi m.lll~. the [!U:-.hcr vdo~il.Y i.; obtained from the strong 

shock n.·lauon 

~ e 



11.9, Temperarure Scaling 

SIO\\ m~ do\\ 11 of I he pro10n in the tJ.rgct is a weak 
funcuon ol th~ fuel and pusher clccuon temperatures. 
The procon's temperature sensitivity becomes signifi­
cam 1\IJCn the elccuon thermal velocity nears the pro­
IOn velocit y (i.e .• forT,- 1.6 keY) . We can therefore 
appro."ma1e the electron temperature in the cold 
pusher region . The pusher temperature remains nearly 
constant during the implosion. declining only slightly 
due 10 conduction and rodiation effects . More care 
must be I:Jken in determining the [ucltcmperature near 
peak oR conditions. At that time, the fuel pR 
approaches the pusher pR and its contribution to slowa 
ing down becomes significant. 

. The pu lhcr dccuon IC'mpcr:uu rc fJtt,. ~11 
w1th l h C' spcctf u: :~bsorbcd cncr&Y...t .o~ for nblativc. thina 
walled torget> based on Stmul>t lons from the LILAC 
laser fusion code. 7 A reasonably good relation for 9 
is given by p r 

8"'=0.6 ... • (18) 

where 'A is given in units of joules per nanogram and 
9_. is in kilo-electron-volts. This scaling appears to be 
accurate to within IO'lo for target walls up to J 11 m. 
The pusher temperature could be found independently 
using an x-ray diagnostic such as suggested by Yaakobi 
et al. 11

: however. such measurements arc not assumed 
here . 

>nd 

( 
~ ) ' J u,,.(l) = o,,. ~ + w,, - u,,.) t r., . . (20) 

Here. r, . 1s the clcctron ·wn tl1crmalizauon time. 
fhc \:tliuitv o/ th" rcsull is conSidered in Sec. 111. 

Equauons ( 19) and 120) cJn be soi\'Cd simultanc­
ouslv tor 01,: '* U1,(1) = ~: ·'!C, + C:cwt-21/r.,. )l • (21) 

where C 1 o.md c~ arc arbitr.n ~ constants. For a large 
r,,. compared to the burn 11mc. the ion tcmpcuturc 
Juring the comprc~s aon burn phase is eivcn_by 

• 91,Ul =~' ·'o .. [l + '\~'']. @ 
where !1,. anu r" are the prchC31 pnd effect ive e~· 
ton cg u1hbrJUnr um.: 1mpJosu.m o:u:tmcacn. respcca 
tiveh·. 

AI the time of shock burn r .. the fuel elccuon 
and ion temperatures <Jre not uniform or near cquiliba 
rium. The shock causes the core recion of the fuel to 
become relatively hot, so that this -small region pro­
duces the vast majority of fusions. \\~ select the .;,ore 
temperature 8p(r,) as the implosion p;uameter for the 
shock'i'On tempcr::nure. 

The electron temperature in the fuel is relatively 
cold over the time from r, to maximum fuel compres-

1 sion. For the purpose of determinins the proton 
energy downshift, sufficient accuracy is obtained by 
expressing the electron temperature as 

During the compression burn phase, the fuel ions 1 

and electrons undergo an isemropic heating due to the 
compression. In addition, the shock-heated ions trans­
fer energy to the colder electrons until thermal equi­
librium is reached. Assuming these two processes are 

1 
dommant , we can approximate the fuel -ion and e!sc­
tron temperatures tlfi a§_e1, by 

(.)'f) ~ · o1,<tl = e1, ~ + ce1,-o1,}1r., (19) 

~ e,,(r) = ~~ ''9o . (23) 

The target implosion is now fully modeled in terms 
o.~ four parameters: JJ,...,, 90 , r· , and BJI(r.) . ~ 

100 100 

20 
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V.D. Neutron Yield 

The neutron yield of a 50-50 D-T fuel target is a 
strong function of both 90 and r" and is weakly 
dc:pem.leut on'},_ . The founh equation relating rhc::sc: 
parameters 10 the prmon yield will close the: set of 
c:quauons. 

The prOlan yield in rhc: comprc:ssivc: peak can be: 
related w the total nc:mron yield Y". The proponion 
of 0-D rcacdons ro D-T is given by 11 

RRo.o = 6.33 x w- 1 cxp( 1.1891~'") , (50) 
0-T . 

/f'le ... t-,..,~ 
for 91, < 25 keV. The fraction of! protOns produced 

.during the comoressjon ohase cop also be calculated 
from the unfolded spectrum. The proton yield Y• is 
then given br 

~ ,Yp=! Y~ ~ (1 + A.FH~)-I 1511 
7 2 hu. 1 AtfH, 

,,,,.:~,..,. 

The tot3IJrHOton ~tcld i~ appro"Xnn::udy ~.:ljual 1~1 

t\\t(t.' the YH:h.J ohtamcc.J In tntcc.rattnc rhc n:act1o11 r~uc 
£1\Cil in [q, ()5} (.)\Cf th·~ COI~rC C.:O;;,('lrC~Iiion (1ha~c: 

=7 Yp • 2 J.' drf~A 
X cxp ( -U (80 [I + ~ !I - r 1]} -I/),,-'-"') ,,m 

x{o .. [l+~(l-rlJr. @ 
\\hc:rc .t1 i~ a l'uncuon ol' thc: target initial conditions. 
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elf-generated magneti~ fields ~a~ account for 
sb collimated filament Ill the hmtt I < IAifven 

te ~·cm 

I-I If the magnetic field reverses the orbits for -A ven 
of the peripheral beam electrons : 

(A)= (17xl03)~oYo::::: 50x103 A for Ec = I Me V 
IAJfven 

1/!Aifven = 1 

Now, a simple calculation yields lhot::::: (eYJabsEias)/(Ecmoy'tlas)::::: 107 A! 

PROPEL : a 3D Monte Carlo code to simulate Ka 

• 

and bremsstrahlung emission in solid targets /6 cm 

o Elastic collisions described using the screened Rutherford cross section 

for single scattering 

(Moliere, Z. Naturforsch 2a, 133 (1947)) 

0 Slowing down calculated with the relativistic Bethe-Bloch formula 

(Rohrlich and Carison, Phys. Rev. 93, 38 (1954)) 

0 Ka cross section calculated with the relativistic Kolbenstvedt formula 

(Kolbenstvedt, J. App. Phys. 38, 4785 (1967)) 

0 Bremsstrahlung emission sampled from tables given by Pratt et al. 

(At. Data and Nuc. Data Tables 20 (77)) for the energy spectrum 

and from the Koch-Motz cross section (Rev. Mod. Phys. 31, 920 (59)) 

for the angular spectrum 

X 



New 3D PlC code developped* to study fast electron 
transport in solid density targets ~· Cffi 

I< 

o Elastic collisions described by the Moliere distribution which is 

more accurate than the usual gaussian approximation 

(Bethe, Phys. Rev . 89, 1256 (1953)) 

0 Slowing down calculated with the relativistic Bethe-Bloch formula 

(Rohrlich and Carlson, Phys. Rev. 93, 38 (1954)) 

0 Self-generated magnetic field calculated from V x B- flohot 

where the return and displacement current have been neglected 

0 Planned upgrading: inclusion of the return current and the electric field, 

space and time-resolved energy deposition and ionization 

*with G. Bonnaud, C. Lebourg, C. Toupin CEA/Bruyeres-le-Chdtel 

In the absence of B field, the angular divergence of 
the 1 Me V beam grows faster ,1;{11 Cffi • 

-
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elf-generated B field I?inc~es bulk of a 1 Me V beam 
st (east up to ~ lOO pm In St02 , ~. ro~ 
~ ,k(Jq~ 

Time-resolved simulations of 
purely collisional electron propagation 
consistent with the cloud velocity 

Maxwellian relativistic distribution with T h=200 keY and no self-generated fields 
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Discussion 

0 Collimated jet: possibly a relativistic electron beam originating 

from the center of the focal spot so as to satisfy Inet < I Alfven 

o Cloud: possibly a combination of: 

- peripheral fast electrons expulsed fro the laser axis by the radially 

increasing B field and propagating collisionally later on 

-hard X-rays ( > 1 keV ==:. fwr? 2 pm) emitted by the suprathermal electron 

distribution 

But certainly not due to soft X-ray thermal transport whose velocity 

cannot exceed 1Q9 cm/s (Ditmire et al. Phys. Rev. Lett. 77,498 (1996)) 

I;' 

Rapid expansion of plasma observed : 
ions or electrons alone ? 

~1: = 2.5 ps ==:.V exp::::: 3.2x109 cm/s 

!,! 
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Hypothesis I : ions dragged b) Lhe elcclnms 
Velocity of the ion front as a function of time 1 

If we assume that locally T h = 100 ke V 

in the case of a non-neutral electrostatic sheath 
(extrapolated from Crow et al., J. Plasma Physics 14, 65 (1975)) 

Vi~ 16 ci::::: 3x109 cm/s but validity of Crow's model uncertain for wpit>>l 

Hypothesis 2: nnl) Lhe electrons arc mm ing 

But they are a priori reflected on a scalelenglh::::: "-oebye<< l,um 

. f~~1-r~J~~ } 
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~l'II-COUSISlClli lllil~lll'Ul IH.'iU Utllqh.'tl_:, 11 Uu 'll~n.llllh 

scattering to favor straight-tin~ electron propagation ' • work initiated on electron beam propagation, in presence of self-consistent B-field and collisions 

~ Relativistic Fokker-Planck equation modeled by Langevin equations 

elastic collisions on infinite mass ions and inelastic collisions on plasma electrons/ions 

~ B-field calculation assumes: charge and current neutralized 

~ no E-field and Ampere's law V' x B = lloj 

Analytical calculation with noB-field 
w/wo pitch angle 

2.8 
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1.~ 
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30 kA current of I Me V electrons 
in a 3 keY Z = I plasma 
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Purpose 

COMPRESSION HOLE-BORING IGNITION 

This experiment is a preliminary step in the framework 
of the fast ignitor scheme. It is related to the final phase 
of this scheme where hot electrons, created by an ultra­
intense laser pulse, contribute to the fuel heating. 

Through K-a emission spectroscopy: 

• characterisation of the fast electrons temperature 

• study of the energy deposition of the fast electrons 
in cold and compressed matter 



Experimental set-up 

VULCAN Laser Facility at 
-Rutherford Appleton Laboratory . 

/ first compressiOn 
grating 

target 

Target configuration 

Polyethylene 
l6j.tm PVDC 

13,5 fliD 

Ax = 10, 26, 44,70 J.liD 

second 
compressron 

grating 

_ ... ________ . ___ ,._,_ ) 

CPA .. 

( 
( 

• 

nois• 

• 
I 



COMPARISON COLD­
COMPRESSED MATTER 

• Type A targets 
Data normalised to CP A energy 

0.003 -!::::: 
"' [ 
~ - 0.002 

0 .... 
r:ll 

~ 
~ 
1j 0.001 

~ 
noise level ____.. 

R = 7.2 ± 2.0 mg /cm2 
0 

0 ~~~~~~~~~~~~~ 
1 0 ~0 30 40 50 60 70 80 

e Increased K- a emission for Compressed Matter 

8 pAx doesn't change when target is compressed 
s 

Phys. Rev. Lett., 
81, I 003 ( 1998) 

Target thickness (Jtm) 

"' I measured at lmlt' of Cl lnyc•·l 

___ n_I_s_c_u_ss_I_o_N ___ ~ 

• Different fast electron production 
mechanism in the two cases 

• Return current effects 

• Dense plasma effects 



_____ P_R_E_H_E_A_T_I_N_G _____ ~ 

~ Influence of plasma density gradient on hot electron production 

~ CP A is fired before shock breakout 

~ No evidence of preheating 

t time 

laser shock 
pulse breakout 

~ Presence of low pedestal (contrast ratio "' lo-6) 

DATA ANALYSIS 1\32\ ., (following F.Beg et al., Phys.Piasma, 4, 447, 1997) 

• 
• • 
• 

Gaussian distribution of hot electrons 
with temperature scaling T hot::::: (1/-..2)113 ::::: 50 ke V (CR-39) 

Conversion of lOo/o of laser energy into hot electrons 

Stopping power approximation to 
dE 4 1t ni Ze4 4E 

calculate energy loss dX = - rnv 2 In -
1
-

K-shell ionisation cross section of Cl atoms 
a (cm2) = 7.9 10·14 ln(Uk)/(Ek2Uk) 

e Angular distribution e X-rays absorption 

' 

LlX ... 
I%~l'lrons simulated lwhwt·n 0 
and 5Thfll ''"ith 0.05 lu·V int••n als. 
Pln stic dh·idcd iu 0.05 pm la.' er.-.. 

C H Cl Polyethylenc 



dE -= ax 

STOPPING POWER 

Cold vs hot matter 
Cold: 

In 4E 
I 

Hot: 

dE 4 rr n i (Z - Z*)e4 4E 

dx =- 2 ln -l* mv 

I= 9.75 Z + 58.8 Z -O.l9 (2) 

exp [1.29 (Z* 1 2)(0.72- 0.11:1 Z*/Z)] 
I* = a Z -------------

(1 - Z* I Z) o.s 

a= 10 eV (3) 

(1) Val'chuk et al., Pl. Phys. Rep., 2.1, 159 (1995). 
(2) Berger IVI.J., Seltzer S.M., 1964, in Studies of Penetration of Charged Particles in Matter: 1133 (Washington: National 
Academy of Sciences), 205. 
(3) More R. M., 1985 Laser-Plasma Interaction 3, Proc. 29th Scottish Universities Summer School in Physics, St Andrews, 197. 
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STOPPING POWER 

Cold vs. hot matter 
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,-..... 5 s 
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--dE/dx (cold) 
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"'0 ...__ 
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: · ,~~ Decrease of 30% in stopping power at 43 keV 
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COMPARISON 
___ C_O_L_D_-C_O_M_P_R_E_SS_E_D_M_A_T_T_E_R __ ~- tfH 

Monodirectional electron beam with 
maxwellian distribution at T = 40 ke V 

0 040 

------
0.035 

All target uniformly ~ 
<"'I 

0.030 8 compressed ::t --. 0.025 ...c: 

R =5.7 g/cm 2 
0... 
'-" 0 020 
~ 0 cold ·;:; 

lt :::..:7.R g/cm 2 I:: 0 .015 
~ 

ll llllllf' .s 0.010 
~~ 

0.005 

0.000 
0 2 4 6 8 10 12 

Depth (mg/cm 2) 

~ 36% increase in penetration ~ lower than in the experintent 

~ Penetration higher than experiments~ Need to introduce 
angular distribution 

I< 

Modelisation results 
.. (c~ld matter) 

By interpolation with the 
Harrach and Kidder model, 
the range is found to be: 

Cl:! g 210 11 

:~ 
V 

d 

= two initial angular distribution 
• experimental results 

1·11 = 4.3519~± 0.3250:. m~/cm' 

30° 

60° 

I 1 10 ll 
,.!:i::l 

o ~~~~~~~~~~~~~~~~ 

0 2 4 6 8 10 
pr (mg/cm 2) 

, 
r 0 = 2.5956 ± 0.21562 mg/cnr 

8 · o 
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INHIBITION OF 
ELECTRON BEAM 

Following Bell (z0 = 3 10-3 a6 (kT hot)2 117-1 1-!m): 

penetration depth z0 ~ 11-!m 

About 1014 electrons produced at E"" 40 ke V. 

Displacement of charge creates E = ~ ""108 MV/m 
0 

INSTEAD NO EVIDENCE OF INHIBITION 

e experimental penetration range 

~ number of photons produced 

BEAM INHIBITION .__.__ __ I 
Is inatter really an insulator? 

• Ebreakdown ~ 20 MV I m 

• Induced heating -• ... T ~ 4 + 8 eV 

e E ~ 40 ke V I ~ 40 e V • 103 secondary electrons 
generated by incoming electron generate a plasma 
with typical density ne~ 1022 cm-3 

1 
t ~ w-:::= 0.2 fs 

p 

.... 

---~ · 
--11'-------+. ~ 



FOKKER-PLANCK MONTE CARLO 
SIMULATIONS 

_(_J ._D_a_v_ie_s_e_t _al_. _' P_R_E_,_5_6_, _7 _19_3_(_1_9_97_)_) _ ~ 

41 Angular distribution::::: 15° 

4t 30% laser energy converted into hot electrons 

41 Electric field effects included 

4Jt Resistivity: 1/11 = 1/YJo + 1/llspitzer YJo = 2.3 x 10-
6 

Q m 

8 Heating by hot electrons (thermal capacity) 

FOKKER-PLANCK MONTE CARLO 
_________ SI_M_U_L_A_T_I_O_N_S ___ 1 

0 .8 r----r-- ---:-------;----- ---r- ------, 

Interpolation of 
data gives the 
penetration range: 

cold R0 = 3.4 mg/cm2 

compressed R0 = 5.7 mg/cm2 

, .. 

6 0.6 

"0 
Ill .... ·u; 
0 

fr 0.4 f------'--l-­
"0 

~ 0 . :1 
Ill 
r:: 

IJJ 0 .2 1-----+---+---~~~--·--1 

0 . 1 

0 2 4 6 8 jQ 12 

Depth (mg/cm 2
) 



OPEN ISSUES 

e Angular distribution opening 

e Fraction of laser energy converted into hot electrons 

e Possible effects due to degeneration (EF IT::::: 6) 

e Possible effects due to strong correlation (r = Ep/T::::: 4) 
For hot electrons: A- 08 << Ri 

__ M_U_L_T_I_S_IM_U_L_AT_I_O_N_S __ ~ 

10' 
,-:· ·: ~ ! • ... . ·. .. 

> 103 -1840 ps aft~r drive pulse 

u ! -2350 ps after drive pulse 
'-' ·. -~700 ps ,dter drive pulst• 
!:! 102 ., . ~ . ::l •T,i ~- Uncompressed layer thickness (f!m) ~ 

.. 
u 10' : ~ ....... 
Cl, '•' .. . ~ ~ . 

8 'I 

~ "\ ,. TOTAL UNCOMPRESSED 

"' 
100 

~hock front E 49.5 8.2 
"' "' 65.5 8.9 0.. 10'' 

83.5 9.6 
10·2 109.5 22.9 

0 20 40 60 80 100 120 
6.0 

- Hl4ll P' e1fter drive pulse CH Cl 
2 2 2 

5.0 -2350 ps after drive pulse layer 
-2700 ps after drive pul.,c' +-+ , ...... T:::::6eV 

E: 4.0 
~ 
·~ Z*::::: 1.7 
.::- 3 .0 .... shock front . , 

p/p0 ::::: 3.3 c:: 
~ 2.0 
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CONCLUSIONS 

··Is our experiment relevant to the FAST IGNITOR'? 

I' 

• IL ~ 1016Wfcm2 FAST IGNITOR IL ~ 1019 W/cm2 
Te _ J113 here Te- 40 keV 

FAST IGNITOR Te- 400 keV 

e T e higher ... increased range ... thicker 
targets _ _.,..., no uniform compression 

CLEAN EXPERIMENTS need uniform copression 

e Density in FAST IGNITOR is higher, but matter 
correlated and degenerate 

NEED TO INCREASE DENSITY 

PERSPECTIVES 

~ Comparison of penetration in metals vs. insulators 

~ Study of hot electron production vs. density gradient 

~ Increase compression 

We acknowledge useful discussions with M. Basko, C. Deutsch, 
J.C. Gauthier, M. Lontano, R. Sigel, J. Meyer-ter-Vehn 
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~ Phase and reflectivi 

Reflectivity and Phase vs. temperature of solid density aluminium 
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Results for various thickness aluminium layers 
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Reflectivi and phase: irradiance 3x1014 W cm-2 
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Reflectivity and phase: irradiance lx1016 W cm-2 

laser pulse length 200 fs 
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Reflectivity and phase: irradiance 4x1016 W cm-2 

laser pulse length 200 fs 

aluminium thickness 320 nm 
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Discussion : shock and particle velocities 
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Discussion : shock and particle velocities 
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Photonuclear Activation Measurements 
with the LLNL Petawatt Laser 

T. C. Sangster, M. A. Stoyer, T. E. Cowan, S. P. Hatchett, 
E. A. Henry, M. H. Key, M. J. Moran, D. M. Pennington, 

M. D. Perry, T. W. Phillips, M. S. Singh and R. A. Snavely 
Lawrence Livermore National Laboratory 
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Work performed under the auspices of the U. S. Department of Energy by the 
Lawrence Livermore National Laboratory under Contract No. W-7405-ENG-48. 

A large number of diagnostics are routinely fielded on 
every Petawatt target shot. ll 

X-ray 
spectrometer 

X-ray mono­
chromatic imager 

12ffi Probe I 
I Pin diodes I 

y-counters for Pin-hole n 1-mode 
activation camera detectors 

Target activation is a new and potentially 
powerful diagnostic for short pulse l~sers. 

X 
West 

I e- spectrometer I 

f CS PV.T a•g ChamOidg ACT 

~· · 



Activation is used to measure the absolute photon/e- flux, 
angular distribution and effective temperature (slope). 1 
What do we know? 

1) A significant 
fraction of the 
laser energy is 
converted into 
electrons. 

2) In a high Z 
target, many of 
these electrons 
are converted 
to photons via 
Bremsstrahlung. 

3) For relativistic 
electrons, the final 
photon distribution 
is nearly identical 
to the electron 
distribution. 

There are three relevant 
nuclear processes. 

A{y,n)A-1 Ey> 8 MeV 
En< 6 MeV 

<En> = 1-2 MeV 

A(y,p)A-1 Ey > 8 MeV 

(Giant Dipole Resonance) 

A(n,[)A+ 1 Any En 

Ey<8MeV 

{Neutron Capture) 

D(y,n)p 2.2 MeV < 
Ey<- 10 MeV 

(Deuterium Photodis­
sociation) 

Suitable activation elements 
combine high cross sections 

with reasonable half lives. 

rmJ 
Stable 
isotope (y,p) 

Multiple element samples 
with different thresholds can 
be used to determine the 
spectral Ey slope. 

(y,xn) reactions at higher 
thresholds can also be used 
to determine the slope from 
a single elemental sample. 

lt is also essential to select activation 
elements with well known cross sections! 

TCS:ActJv•llonErpbnallon 

~·'"" 

TL_ .. number of activated at or~_.; at to (laser shot time) ea •. be 
determined using standard nuclear counting techniques. Ll 

High resolution germanium detectors are 
used to count the number of decays. 

193Au 

2 1 000 ,.........._\ ..__ 
" <t 

N 

"' 
t: 
::J 
0 
(.) 100 -

Petawatt shot 
28071708 

200 250 300 350 400 

Energy (keV) 
450 

0.1 -!/) 
bE 

ra 
.c -

0.01 

{y,n) cross sections for Ni, 
Au, In and AI 

-- 58Ni(y,n)57Ni 
--*- 1151n(y,n)1141n 
-+-197Au(y,n)196Au 
-<>- 27 Al(y,n)26AI 

Note the 
different 
energy 
thresholds 
and peak__:>_ .. 

- ·--···-···"'""'"-

The number of activated atoms per target 
atom can be calculated from the.-humber 
of decays using the known half-lives, the 
delay fro~ to and the duration of the 
count: -#activated 

0
·
001

1 
#target = a(y,n) <Py 

10 
y Energy (Me V) 

If ay,n(Ey) is known then the photon flux can be determined by using 

two or more elemental samples with different activation thresholds. 
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Target designs have been optimized to measure the photon 
flux, spectrum and angular distribution using activation. ~ 

Some early target 
designs included CD2 

Au-CD2-In-Au-ln-Au-Ti 

(y,n) activation 
plus photodis­
sociation of D 

Photodis­
sociation of 
deuterium to 

measure Ey 
Au AI spectrum 

Au-Ni-ln-AI 
sandwich 

First purely 
activation 
target; In for 

(n,y) reaction 

Next generation targets 
included segmentation 

for angular distributions 

:·-· - --- .-· ·- ---1 
\ t I 

1 Cu can . ' \ 

· • ~--. ~ ·. Au rod 
!-- ._ .• c' N\1 ) r ) " . :.~ 
,;~"07;' - ·~!·~ · . 
l "'·''• ~,,,.~.--- • •• l • '~ . .. 1~ : . : .. ·~·~'1/;;Fr~ :~ 

·:· m ··· '•1111/JIII~-: ~ . . . _l'lt ,_.);;.,,XII/111!111 .... 

Ni and Au disks 
were cut in halves ® 
and oriented to 
give a 4 quadrant 
measurement 

Au and Ni are optimal 
due to well separated 
thresholds and well 
known cross sections 

Latest targets contain 
high and low resolution 
pixelated Au samples 

Samples replace the Au 
disk in Cu can; 45° field­
of-view half cone an le 

LoRes version 
has x7 2mm 
dia Au slugs. 

TCS:AclT.Ngo~tH l&$0ry 
!1/16198 

bdth the Au activation and -. LD arrays cover a 45 degree 
cone centered on the laser axis. 11 

Petawatt Shot 28080116; 197Au(y,n)196Au 
activation data on 1 mm Au disks 

Shot 0116 radiation dose from TLD 
array showing multiple electron jets 

... -45 deg -45 deg .. x1 o-14 atoms 
produced at 
tO per target 
atom 

• 6.0-6.9 

• 5.0-5.9 

• 4.0-4.9 

.3.0- 3.9 

@2.0- 2.9 

0 1.0-1.9 

Solid angle correction assumes an e­
point source at the target surface. 

First evidence for multiple high energy 
electon (or photon) jets 

b 

TLD Dose 
in Rads 

10.90 

I, .. 
Laser eye view 

TLD's arrayed concentrically on laser axis 
at 0, 6, 13, 18, 22.5, 27,36 and 45 degrees 

In this shot, there appears to be no 
spatial correlation between the loW 
energy(< few MeV) radiation dose 
and the high energy activation. 

TCS:TLD-ACTC~rnp011S 
911SI98 



I ypically only the larger 2 mm Au samples in the low 
resolution targets have enough (y,3n), 194Au, to count. ll 

Petawatt Shot 28081207; 197Au(y,n)196Au 
activation data from 1 mm Au disks. 

-45 deg -45 deg .. x1 o-14 atoms 
produced at 
tO per target 
atom 

• 9.1 -11.8 

• 7.3-9.0 

• 5.5-7.2 

.3.7- 5.4 

~ 1.9-3.6 

0 0.1 -1.8 

Solid angle correction assumes an e­
point source at the target surface. 

The larger 2mm disks seem to 
indicate that the distribution of 
(y,3n) is not the same as (y,n). 

Shot 28082707 

Upper: x1o-14 activated atoms 
(y,n} at to per target atom 

Lower: #194Au I #196Au ratio 

A~ingle maxwellian is used lO model the photon spectrum 
above 8 MeV. Ll 

1000. 

100. 

:0 
.§. 10. 

0 
1.0 

~ 
~i~ 

(y,n} cross section 

1000. 

197 Au(y,xn) cross sections 
0.1 ~-t--+--..:..--+--t---1--< 

0 20 40 60 80 1 00 120 140 

E-r (MeV) 

Solving the equations gives the 
flux, N, and the slope, T 

Note that the different T's indicate 
that the spectrum is not a single 
exponential! 
Q; 1012,---------, 

(ij 1011 Using Au (y,xn) 

~ 1010 ~~hresholds~V 
~ 1o09 
IJ) 

§ 1oos 

0 1007 
T =5.2 Me V between 

.r. Ni and Au thresholds 
o. 1 oos 

0 20 40 60 80 

Ey(MeV) 

T may also 
depend on 

0 and <1J 

#
196

Au = N J a (Ey) e-Ey!T dEy 
#197Au y,n 

#197-XAu = N J a (Ey} e-Ey!T dEy 
#197 Au y,xn 

' Measured 
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~. •e me as urea acuvanon an'"" pnotoneutron y1e1a IS 

consistent with e-, y transport calculations (ITS). m 
Begin with a meas'd 
electron spectrum 

1011 .-----~--.. 

~ 1 o•• ··-•-·····;.~ .. ~~\!.:.P..:.:._ 
~ 9 ........ . 

. ~ :~. .:=:::~::~.··· ·~~·=::~:::::: 
! 

1 
95 deg spec : 

~ 10 ................................. '{.-·-

~ 10 6 ............ -··-····"' ' ''' '" ' ~' ~''" 
5 

Shot 27090507 • • 
10 '---~--..al 

1 10 100 
Electron energy (MeV) 

t Input 

e-,y transport 
Monte Carlo (ITS) 

t Output 

y,e- flux through 
target and chamber 

t 
Fold cr(y,n)'s with 
flux to determine 
activation ahd n 
yield 

ITS calculations reproduce 
the meas'd activation yields 

The electrons are 
assumed to be a 
point source into 
2n: at the target 
surface 

(y,n) Activation Yields 
Shot 28061708 

Sample Meas'd Calc'd 

Au disk 2.37E8 2.35E8 

Au rod 5.96E7 6.61 E7 

Ni disk 1.27E7 1.16E7 

And the photoneutron 
yield from all sources 

Sample (y,xn) yield 

Au target 
Ni disk 
Au disk 
Au rod 
Cu can 
AI Target 
Chamber 

2.63E8 
1.71E7 
2.41E8 
7.55E7 
4.16E8 
1.50E8 

Total Yield 1.01 E9 

Measured 9.1 OE8 

Total neutron yield 
measured by a (n,y) 
activation detector. 

Note that multiple n 
emission contributes 
to the total photo­
neutron yield. 

., TCS:ITSPholontullona 
9/15/ill 

Summary 

Target activation is a powerful diagnostic tool for studying hot electrons 
from short pulse laser interactions. 

Properly designed targets can yield the absolute photon flux and spectral 
shape above 8 MeV as well as the angular distribution of the flux intensity. 

Target design criteria include: 
Activation thresholds (important for spectral measurements) 
Half lives (optimal values> several hours to days; not weeks) 
Total cross sections (can limit sample size if too small) 
Knowledge of cross section energy dependence (required for spectral 

measurements) 
Adequate decay photon energy for counting (typically > few 100 keV; 

lower energies impact counting efficiency due to self-attenuation) 
Multiple decay photons for consistency checks (not essential) 
Sample geometry (can significantly affect counting efficiency) 

Optimal activation samples appear to be Ni and Au- largest threshold 
difference of any two elements with well known cross sections. 

High energy (>8 Me V) electron jets with fluxes approaching 1 OE11 /MeV/ster 
have been observed via target activation with the Petawatt laser. 

TCS:~Summ ~ry 

91171'98 



Neutron emission produced by 

high intensity subpicosecond laser pulse 

L. Disdier, J-P. Gar~onnet and J-L. Miquel 

j 

Workshop on Fast Ignition of Fusion Targets 98 

Direction des Recherches en /le-de­
France 

• Goals 

Generation of fast ions 

L. Disdier, J-P Garconnel et J-L Mique/ 

1 

j 

Laser plasma physics 

Short duration neutron source 

ICF diagnostics tests 

Direction des Recherches en /le-de­
France 

L D . d' J-P Garconnet et J-L Miquel . ts ter, 
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ILLUMINATION CONDITIONS 

' • Laser P102 

30 J chirped pulse at lco is compressed by means of grating 
pair. The pulse duration at loo is routinely 400 fs 

Laser pulse is frequency doubled at 2co 

Focal spot size is 5 1-1m containing 30 °/o of the energy 

Maximum energy is 7J. Intensity is 3.5 1019 W/cm2 

Contrast ratio is 1012 => laser interacts with target at solid 
density o------

oirection des Recherches en 1/e-de- L. Disdier, J-P Garconnet et J-L Miquel 
France 

LIGTH ON TARGET 

• An off axis parabola focuses the light on the target 

at normal incidence 

• The target is made with a compressed powder of 
deuterated polyethylene 

• Deuterium percentage (92 °/o) is controlled by nuclear 
magnetic resonance 

• Target density is 1 and thickness is 400 1-1m 

3 

' 

Direction des Recherches en 1/e-de­
France 

L. Disdier, J-P Garconnel et J-L Miquel 
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ELECTRON MEASUREMENTS 

• Electrons are measured in 

the laser axis direction 

16.5 cm behind the target 

• Magnetic Spectrometer 

measures from 0.5 to 2.7 Me V 

Direction des Recherches en 1/e-de­
France 

~ Electron 
l..£d j spectrometer 

CD
2 

target 

Laser 2co 

Parabola 

L. Disdier, J-P Garconnet et J-L Miquel 

5 

- -- - - - -------- - --

ELECTRON SPECTRA 

' • Electron spectra are non maxwellian at high intensity 
IE+8 

~);; 
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Electron kinetic energy (ke V) 

Direction des Recherches en 1/e-de­
France 

2,7 I0 19 W/cm1 

1-;3 otS..wtenr-

2500 3000 

L. Disdier, J-P Garconnet et J-L Miquel 

6 



NEUTRON DETECTORS 

• Neutrons are detected via boron activation 10B(n,a)7Li 

• Detector is made with a BF 3 tube surrounded by a 
moderator (CH2) 

' 
• Discrimination against y-rays or hard X-rays by amplitude 

level 

Neutrons 
... 

Direction des Recherches en 1/e-de­
France 

Lead 

L. Disdier, J-P Garconnet et J-L Miquel 

7 

NEUTRON DETECTORS 

' • AmBe and Cf neutron sources located 

at the center of experimental 

chamber calibrate 

the BF 3 detectors 

Experimental chamber 

• Measurement range is from 

2x104 to 107 neutrons in the 4n 

Direction des Recherches en 1/e-de­
France 

Laser 

L. Disdier, J-P Garconnel et J-L Miquel 

8 



NEUTRON PRODUCTION 

• Neutrons are detected only with CD2 targets 

• No neutron emission is observed with massive targets of 
Au and AI (Threshold of our measurements> 104/4n) 

• Typical signal: 

n-events occur during 500 f.1S 

(due to the moderation ofthe neutron) 

Direction des Recherches en /fe-de­
Franc'e 

L. Disdier, J-P Garconnet et J-L Mique/ 
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- --- ----------------

NEUTRONS VS LASER INTENSITY j 
• Neutron emission depends strongly on optical intensity 
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France 

L. Disdier, J-P Garconnel et J-L Miquel 
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NEUTRONSVSFASTELECTRONS 

• Neutrons at 90° exhibit an exponential law with energy in 
the electrons Ee 
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0 , 1 mJ/sr 1,0 mJ/sr 10,0 mJ/sr 

Energy in the fast electrons 

Direction des Recherches en 1/e-de­
France 

L. Disdier, J-P Garconnet et J-L Miquel 
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NEUTRONSVSFASTELECTRONS 

• Neutrons at 0 ° show a sharp increase with energy in the 
electrons Ee 
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Energy in the fast electrons 

Direction des Recherches en 1/e-de­
France 

L. Disdier, J-P Garconnel et J-L Miquel 

12 



NEUTRON ANISOTROPY j 
• At high laser intensity (1-2.3 x 1019 W/cm2, Ee= 2 mJ/sr) 

Neutron yield is three tintes higher in the laser axis 

,, 

6,0xl05 

4,0xJ05 

2,0xl05 

0,0 270 

2,0xJ05 
\ . ·· ... 

4,0xJ05 

6,0xl05 

180 

Direction des Recherches en /le-de­
France 

... 
BF,II' I 

Experimental chamber 

~ 

BF, 45" 
~ 

, -- BF, 67.5' f -BF,~IOII' 

L. Disdier, J-P Garconnel et J-L Miquel 
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NEUTRON ANISOTROPY j 
• Neutron yield depends on direction of observation through 

the differential cross section cr of D( d,n)3He reaction 

• In a beam-target model, the neutron yield Y(S,Ed) is 

EJd 0' (8,E) 
o £(E) dE 

(1) 

• Energy Ed of the fast ions n+ is deduced from the angular 
diagram of the neutrons 

' i 

Direction des Recherches en 1/e-de­
France 

L. Disdier, J-P Garconnet et J -L Miquel 
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NEUTRON ANISOTROPY 

• 0.3 - 1 Me V ion range is deduced from the neutron 
anisotropy 

c 
Cl 

·;;; .. ·e .. 
c 
Cl .. .... 
:::0 .. 
z 

lar--~----~----~----.----,--. 

0,8 

0,6 

0,4 . 

0,2 

0 

oo 20 ° 40 ° 60 ° 80° 
~e of observation (9) 

lOOkeV 
JOOkeV 
SSOkeV 
900keV 

Direction des Recherches en 1/e-de­
France 

L. Disdier, J-P Garconnel et J-L Mique/ 
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NEUTRON ANISOTROPY 

• Best fit is obtained with 550 keV ions 

• 6x105/4n neutrons at 0° => 1011 n+ of 550 keV 

• 9 mJ in the fast ions. 

Direction des Recherches en 1/e-de­
France 

L. Disdier, J-P Garconnel et J-L Miquel 
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NEUTRON ENERGY 

• First hit neutron spectrometer made with an array of 96 
detectors is set up at 2.5 m from target 

X-Rays 

• D-D neutrons are detected 

D-D neutron 

• Only a few events for 5 x 105 neutron yield 

• Energy is measured, spectrum not yet 

Direction des Recherches en 1/e-de­
France 

L. Disdier, J-P Garconnet et J-L Mique/ 
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CONCLUSION ~ 
---------~ 

• Neutron emission is anisotropic. It shows that fast ions are 
accelerated in the direction of the laser 

• From angular diagram, energy of fast ions is measured 

• Neutron emission is strongly correlated with energy in the 
electrons 

• PlC calculations are in progress (C. Toupin et al) 

• We plane to use DLF targets. Energy of n+ > 400 ke V 
permits 7Li(d,n)8Be and creates neutrons of 10-13 Me V 

Direction des Recherches en 1/e-de­
France 

L. Disdier, J-P Garconnet et J-L Mique/ 
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FAST ION GENERATION AND CORRELATED NEUTRON 
PH.ODliCTION IN THT{ INTERACTION OF A UL TRAINTENSE 

LASER PULSE WITH AN OVERDENSE PLASMA 

C. Toupin, E. Lefebvre, G. Bonnaud 

Commissariat a l'Energie Atomique, DPTA, Bruyeres-le-Chatel (France) 

Outline: 

• Purpose 
• Simulation tools & conditions 
• Side-directed production of ions/neutrons in nearly critical plasm as 
• Forward-directed production for intermediate and highly overdense plasmas 
• Conclusion 

Purpose 

' I 
• When impinged upon a thick solid target, a ultra-intense laser pulse does not cause bulk electron 

expansion but kicks the surface electrons along forward and side directions with Me V energies. 

• Acceleration ofMeV ions is induced by the space-charge fields created by the escaping electrons. 

• By colliding with immobile ions deeper in a deuterated target, fast neutrons are produced. 

This lays foundation for efficient high threshold diagnostic of laser plasma interaction. 

• Present work aims at identifying and diagnosing the main processes of ion acceleration which 

underlie the present experimental neutron detection, by means of 2-D particle-in-cell (PlC) 

simulations. 



Simulation tools 

• MANET code: 

~ 20 planar-geometry particle-in-cell, fully-relativistic particles 

);;> no collisions; particles escaping from simulation box are re-injected 

);;> full Maxwell equations 

);;> operated on parallel T3E/128 Cray computer 

' 

• Post-processor computing the 30 neutron distribution from axisymmetrized 20 ion distribution 

);;> neutron production, anisotropy calculation, energy spectra 

);;> ion slowing down modeled but ion pitch angle disregarded 

);;> neutrons via D + D ~ n+ 3 He+ 3.266 Me V 

);;> ion stopping and reaction cross sections tabulated from experimental values 

);;> C02 target 

1 

Neutron production and enet·gy 1nodeling 

• For a one-velocity collimated 0 ion beam impinging upon a CD2 tclrget: -
10' ' 

"' . d b . EJ,dEcr(E,Sn) ~ 
, neutron y1el per earn wnlsr ~ 

0 
e(E) ~ 

).. 

Ei = energy beam, e. =neutron/ion angle 

• For a general ion axisymmetric distribution f(Ei,ei,t), 

' 
the neutron distribution is axisymmetric as well with neutron areal density/sr: £ tkevt 

~ dNn =dSfdEE2 ~ 2Ei fdS.sinS.fd<p·fdtn.(t)f(£.8 . t)Ef·
1

dEcr(ES11 ) 
dn , 1 M 1 1 1 1 , p ~>(E) 

n E; De, <fl/ I 0 

ei, <pi azimuth and polar angles of the beam ions, MIJ ion beam mass, ni(t) ion beam density. 

• Energy of a neutron produced by D+D -+ n+3He is peaked in the forward direction: 



I 

__j_____ 
I300l I 

The laser beam penetrates in classically forbidden 
plasma by pondcromotivc excavating of the plasma ' 

J---· /]'" 
• Hole boring is more effective when relativistic 

transparency sets in: t~e effective channel density is 

below critical, and the average target density ~ 3 ne 
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Ions dragged out of the lasc•· drilled channel ' • Large energy range up to a few Me V and large number of neutrons (> 3 10 ) 

total yi eld: 1.8 e6 
0 I 90 anisotropy : 1.44 

n I sr 

~ -1 . 
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total yield: 3.5 e8 
0 / 90 anisotropy: 0.45 



Spectra of neutron energies j 
• Neutron spectra extends from 2 Me V up to 8 Me V. 
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500 fs 

f = l10 19 Wicm 2 
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l he lasea· IJeam llnlls a hole 

in intermediate density plasma j 
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• Surface recesses at vflocity 0.014 c/0.036 c 
for irradiances 1019 and 5 1019 W/cm2 

• No electrostatic shock is identified 

• Surface corrugates via RT instability 
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Ions pushed inward the target by laser pressure 
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"' total yield : 3e8 
0/90 anisotropy: 1.9 

I 
• Ions show flat energy 

distribution up to 2 

• 

Me V 

W/cm2 

Angle 

for 1=10 19 

dispersion 

increases dramatically 

for irradiances > a few 

1019 W/cm2
, due to RT 

instability 

-·- ----------------

Spectra of neutron energies 

I 

llm 

.. 

llm 

' 
• At 0° angle, energy 

spectra extends beyond 5 

Me V. 

• At 90° angle, spectra 

peak around 2.5 MeV, 

with FWHM increasing 

with irradiance: energy 

peak is nearly intensity 

independent. 



Ions accelerated by a collisionlcss shod\. j 
• Strong shock -+ piston-like motion of the target surface 

inducing a monokinetic ion beam moving inward the target: 

• Lower energy, compared to radiall'y or axially pushed ions: 

0.5-1 MeV 

nlsr 

-+ less neutrons produced 
2 . 0 

1,6 

:; 1.0 

! 
~ 

0.6 .. 
0 o.o < 
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u 
...(1,6 

0 
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" -1.0 

-1.6 

-2.0 

-2.0 -t .6 -I .o ...(1.6 o.o 0 . 6 t .o 1.6 2.0 

,, 

Inter7cti on with a step-edged 50 

li e plasma, 

~=3 . 5 1019 W /cm 2 , 

150 fs lase\&ffi~)'ield : 9 .5 e 3 
0 I 90 anisotropy: 4.6 

90 

270 

-----------------------------------------------------
Conclusions 

• Two kinds of accelerated ions identified via the neutron emission diagram for a CD2 target: 
I 

)> transverse motion for slightly overdense targets: 

108 neutrons with anisotropy 1 :2 at 0:90 degrees 

)> axial motion for dense targets: 

103 neutrons with an isotropy 1:0.2 at 0:90 degrees for highly overdense target 

108 neutrons with anisotropy 1:0.5 at 0:90 degrees for intermediate density target 

• Discussion of the RAL and CEA experiments: 

j 

)> RAL: on C8D8, assuming 100 keY fast ions, neutron yield predicted to be 4 10-5
. Our results 

should predict 2 10-8
. The experimentally measured number of neutrons (7 1 07

) would thus 

evidence multi-MeV ions. D ion slowing down explains the discrepancy. 

)> CEA (see Disdier's talk): on C02, angular dependence of neutron detection (anisotropy 1:0.33 

at 0:90 degrees) should evidence axial acceleration via electrostatic shock or plasma pushing. 

iL 
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MIRROR 

COINCIDENCE SETUP 

Pbotomultipfirr + :"ial 
Crysul (2"12; 

S:uap6r 

~omultiplin- + Nal 
Crystal (2 "xl"') 

PETAWATT LASERBEAM 
FOCAL POINT 

AT TARGET 
AREA 

LEAD COPPER 



Target arrangement ioF activation ..WS 
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GERNT SIMULATION 
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Applications for Laser 
Induced Nuclear Physics 

Cheaper 
isotopes 
positron 
positron 
(PET) 

production of radio­
especially short lived 

emitters necessary for 
emissiOn tomography 

Point source of neutrons 

Conversion of long-lived radioactive 
waste to short lived components 
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observation and discussion of stimulated optical ll 
scattering in ultra-intense laser-solid interactions 
;:.;.-- Clarendon Laboratory, 

Univenity of Oxford. 

A.C. Machacek, D.M. Chambers, J.S.Wark 
Department of Physics, University of Oxford, UK 

I. Watts, M. Zepf, A.E. Dangor, E. Clark, K. Krushelnick, 
M. Santala, M. Tatarakis 

Imperial College of Science, Technology and Medicine, London, UK 

P.A. Norreys, R. Allott, C.N. Danson, D. Neely 
Rutherford Apple ton Laboratory, Oxon, UK 

R.S. M~joribanks 
Department of Physics, University of Toronto, Canada 

Overview 
Clarendon Laboratory, 
University of Oxford. 

• Presentation of Results from experiment on Vulcan CPA system 

• Mechanisms for generating the features seen, and consequences for 
plasma diagnosis 

• Raman scattering from plasmons generated by two plasmon decay 

• A more generalised instability analysis 

• Future experiments planned and work in progress. 

2 



Experimental Layout 

Focal spot intensity 

1019 W cm-2 

Output to spectrometer 

Clarendon Laboratory 
University of ~ord.' 

Output to spectrometer 

Incident Laser Pulse 
0.7ps, 1053nm, 40J from 

VULCAN laser, focused with 
parabolic reflector - either 

f#3.5 or f#l.6 

Form of Data 

~ ·u; 
c: 
<1> -c: 

1.65ro :1 60'"' ~ 
.. -~· ···~· · ; UJ ••. •.. :·· ·· ········-· ••·•••• . 

1.56ro ~ 
1-......... + .......... ., ........ .... : .... J.... . ........... ~· i·:48or · ·· · · · ····• · .. ··············· ...... ... ; .... ...... .. 

750 

Wavelength (nm) 

1.36ro ' 

800 850 

Clarendon Laboratory, 
University of Oxford. 

With typical 
arrangement, as 

shown below, the 
spectrum on the left 

was obtained 

' (I .. 
~ 

(.1 -
.2 
' (j 

' Q c 
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ford. 

Intensity Dependence 
Clarendon L.aboralol1', 
University of Oxford. 

Intensities at central focal 
spot is determined from 
CR39 analysis, or from 
focal spot sizes inferred 
from soft X-ray penumbra! . . 
1mag1ng. 

This enables deduction of 
intensity dependence. 

. ... -46J Shot: Maximum Intensity 2x1018 W cm· _ 
-33J Shot: Maximum Intensity 1x1019 W cm· 

We see that strength of 
signal is more affected by 
total pulse energy 600 650 700 750 800 850 

Wavelength (nm) 

Intensity vs. Energy Dependence 
Clarendon Laboratory, 
University of Oxford. 

• Intensity at focus is a strong 
function both of focal quality 
and pulse power. 

• Intensity in underdense region 
is only weakly affected by 
focal spot size, as shown in 
diagram as x ~ y. 

• Strength of instabilities 
growing in underdense region 
will be dependent on pulse 
energy rather than focal spot 
intensity. 
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f# Dependence 
Clarendon l.abo 

The wavelengths of the peaks is significantly affected 
by wedge angle of incoming laser beam 

U . . r.u.,.. 
ruvennty or"-- ··r, --•ro1d. 

...................... 

i 

:::::::{:············ 

·················r········ .. ········ 

750 

Wavelength (nm) 

850 

-~ 
U) 
c 
CD 
c 

Wavelength (nm) 

Effect off# of Focal Optic 
Clarendon Laboratory, 
Univmity of Oxford. 

For a given intensity at the final 
focus, the intensity in the 
underdense region is higher when 
the f# of the optic is increased. 

!=======~~~;;~~~ Thus a greater range of scattering 
processes exist above threshold, 

High f# and overall spectrum looks 
smoother, as all these processes 
merge in frequency space. 

--

l 
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850 

boratory, 
Oxford. 

~n 

g 

l 

Angular Dependence 
~ , , Clarendon Laboratory 

observation of the 3/2 harmonic Impeded when viewing the UnivenityofOxford.' 

interaction region along the target surface. Other features 
appear brighter when region viewed along surface. 

650 700 750 800 850 

Wavelength (nm) 

600 650 700 750 800 850 

Wavelength (nm) 

Spatial Extent of Emission 
Clarendon Laboratory, 
University of Oxford. 

The 3ro/2 harmonic is 
emitted from a much 

f# 1.6 smaller spatial region 

f# 1.6 

than the scatter features 
by a factor of about 10. 

Please note that 
intensity scales are 
very different - 3ro/2 
maximum is about 10 
times brighter than 
brightest scatter 
features . 

/0 



Effect of Prepulse 

~ 
'tt 1.6 

Clarendon Labol'1lto 

It can be seen that a significant prepulse has the univen.ityor~a,1· 
effect of drastically increasing the emission at 3ro/2 

: . ; : l 

: i / ! I 49rol ! 1.65co h 6Q(t) 

······+········· 1":52~·· · --··-···· t# ··:········l·········-·······+··············· 
: : : : 

1 i l.56co . . ! 
........ ~ .............. --t-- ··- ····---··t·:4s·m ----···t··--............... ~-················ ·-: 

; . ; : l 
: [ 1. 36co : • 
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~ ~ ~ ! 

-----·t·· · ······ ······rsb'~·----·· -·t· ···-- ····,-:;$or--· ···--·----t----·----...... .. 

••••••t-. ~:·~r ~··t. ··· ··•••• ••• •!•••••••••••• l:-.-. •• -. .••••. 

600 650 700 750 800 850 600 650 750 800 850 

Wavelength (nm) Wavelength (nm) 

Traditional Explanation of 3/2 'Harmonic~ 

Laser photon undergoes stimulated 
two plasmon decay (TPD) near the 
quarter critical region. 

A second laser photon scatters off the 
periodic density profile generated by 
the plasmons. 

Clarendon [.aborator)', 
Univen;ity of OXford. 
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30 

!JJrf, 
or d. 

11 

~ Raman Scatter off TPD Plasmons .-. 

~1.6 
Clareodon Laboratory, 

Using a simple linear treatment of TPD, the scatter univenityoroxrord. 

frequencies expected from this source can be estimated. 
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Alternative Possibility 

Scattering may take place at 
turning point in the plasma, an 
may be emitted parallel to target 
surface. 

LASER 

Clarendon Laboratory, 
Univmity of Oxford. 
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Analysis by Quesnel Matrix 

Start with equations: 

1 a2A 2 P ----VA=-4mm­
c2 at1 }fnC 

1~ 
V•A+--=0 

c at 

an+ v ·(~) = o 
at my 

~ = eV<l> + ~ aA- V(}fnC2) 
at cat 

Treat as first order 
perturbation A

1
,p

1 
,n

1 
on top of the laser field 

Expand n
1 

and the components of p
1 

and A
1 

as a Floquet expansion: 
L 

f _ ~ + i(k+lk0 )•r-i(m+lm0 )t + - L.J J 1e c.c. 
l=-L 

Clarendon Laboratory 
Univenity of Oxford.' 

Writing the components in a vector: X 1 = n1 

pf 
~~~ 

The equations reduce to a matrix equationtl-l 

~Xl-z + BlXl-l + ClXl + DlXl+l + ElXl+z = 0 

B. Quesnel et al - Phys.Rev.Lett. 78 p2132, and Phys. Plasmas 4 p 3358 

Predictions of the Matrix Method 

Scattered radiation predicted to have frequencies given by: 

Clarendon Laboratory, 
University of Oxford. 

with l integral, and with 9\(ro) being the real part of the 
eigenvalue of the large matrix just derived. The imaginary 
part gives the growth rate. Different l components will be 

scattered in different directions, and the relative magnitudes 
can be obtained from the matrix eigenvectors. 

I~ 

1 

( 
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N .B. Example Only 

Thrning Point Scatter 
for scatter emitted almost parallel to the laser beam, gain rates ~~::!~~~ra:;r· 
and scatter frequencies from an intensity of = 1018 W cm-2 can be calculated. 

'0 
11: 

0 

"' ·~ 0.1 z. 
'C 
411 ·u 
~ 
8 0.05 
c: 
'jij 
(!) 

0.5600, 
0.4300, 
1.4300 

Gain Rates Scatter Frequencies 

1.5 2 0 0.5 1.5 2 

kz (units of wJc) 

Scatter Frequencies 
It is possible to choose plasma conditions such that the 

observed frequencies are predicted - as shown here 

Clarendon Laboralory, 
Univmity of Oxford. 

For maximum gain, 
with n0=25 %ne 

i.e. kz=1.28, k.i=0.02 

1.5600 

0.6500, 
0.3500, 
1.3500 

Near maximum gain, 
with n0=20%nc 

kz=l.50, k.i=0.02 

Example only - note that 
densities are far too high for 
the emission observed, given 
that density at production 
region << quarter critical. 

I~ 



' The Reproducibility Question "-· 
Clareodon Labo 
Univmity of"-~' 

~"'Ofd, 

• PlC code simulations of the plasma have shown that there is strong 
possibility of peaks in density profile, which could lead to peaks in 
the scatter. 

• However, this must be considered in the light of the remarkable 
reproducibility of the peak frequencies with a variety of target 
materials (e.g. Cu, glass, plastic ... ) 

• While this shows that the target material (via e.g. its emission 
lines) is not the dependent factor, it also indicates that 

• Density maxima in the plasma are also unlikely to be the source, 
unless there exists some mechanism for ensuring that maxima 
occur at the same density on all shots with a given f# optic. 

Conclusion 
Clarendon LaboralorY· 
Univenity of Oxford. 

• Interesting spectral features have been observed in the vicinity of the 
3ro/2 harmonic in ultra-intense laser-solid interaction. 

11 

• Theoretical frameworks for the production of these features have been 
discussed, although further work is needed to consider their applicability. 

• Further experiment will measure spatial extent of region of generation, 
and also the spectra of the forward scatter along the target surface. 

• During this experiment, the role of incident angle will be investigated 
more thoroughly. 

• The data produced will inform further theoretical developments. 

R 
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RAL 1998 

Fast lgnitor Workshop 

Propagation of ultra-intense 

laser pulses in underdense plasmas 

P. Mora, J.C. Adam, A. Heron, 

G. Laval, and B. Quesnel, 

Centre de Physique Theorique, 

Ecole Polytechnique, 91128 Palaiseau, France 

Fast Ignitor Workshop 

Motivations 

• Fast ignitor laser pulses will have to propagate a long way in an 

underdense plasma before reaching over-critical densities 

• Strong parametric instabilities and resulting laser pulse depletion 

and electron heating might be important features in the fast 

ignitor context 
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ID cold plasma dispersion relation 

• Generalization to the fully relativistic regime of 

- Forward Raman instability 

- Backward Raman instability 

- Relativistic rnodulational instability 

• Growth rate can reach a significant fraction of wo: 

lmax = 0.52wo 

• Convective or absolute nature of the instability 

Fast Ignitor Workshop 

S. Guerin et al., Phys. Plasmas 2, 2807 (1995). 
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3D cold plasma dispersion relation 

• Further generalization to the 3D case including 

Sideward Raman instability 

Two-plasmon instability 

- Relativistic filamentation instability 

• First order perturbations expanded as 

+<Xl 
j = L ftei(k+lko)·r-i(w+lw 0 )t +C. C. 

l=-<Xl 

• =* infinite linear system truncated for -L < l < L, leading to an 

eigenvalue problem for a matrix of rank 14 x (2L + 1) 

B. Quesnel et al., Phys. Rev. Lett. 78, 2132 (1997) ; Phys. Plasmas 4, 3358 

(1997). 

GARCHING 1997 

Growth rate 

a0 = y'3j (I~ 8 x 1018 Wcm-2 for A= 1J.tm, ro = 2) 

n/nc = 0.5 (n/ronc = 0.25) 

0.3 

0.25 

0.2 

0.15 

0.1 

0.05 

0 

kxc/wo 

3D Dispersion Relation 

r;wo 
I 

' 

(\ 
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Fast lgnitor Workshop 

ID hot plasma dispersion relation 

• Theory limited to anisotropic temperatures 

• Relativistic electron temperature along k0 strongly reduces the 

growth rate 

S. Guerin et al., Phys. Plasmas 2, 2807 (1995). 
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Comparison with 2D PlC simulation 

• 2D~ PlC code 

• system size 51.2c/w0 x 51.2c/w0 

• zero order circularly polarized wave at t = 0 

• ao = V3 and n/nc = 0.5 

• Te = 100 eV 

• dx = dy = O.lcjw0 , 16 particles per cell 

• dt c:::: o.o9w0
1 

X I ( 

2.5 4. 

3. 
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u ,... 
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0.5 I . 

2.5 

0 
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.:X 

0.5 3. 

kt.C/ w0 ~c/w0 '· 
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Fast lgnitor VVorkshop 

2D PlC simulations of short pulse propagation 

through plasma slab 

• 2Di PlC code 

• pulse duration: 300fs (FWHM) 

• waist: ltJf.Lm 

• plasma width: 100 or 200,um 

• plasma density: 0.025 to 0.5nc 

16 
I -:o 10 Wcnl"~ 
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Fast Ignitor Workshop 

Conclusion 

• Electron instabilities have strong growth rates in cold plasma. 

However the subsequent electron heating reduces the growth rate 
of the most unstable modes (of large k) . 

• 2D PlC simulations of short pulse propagation through plasma 
slab . of moderate density show strong absorption in the 
relativistic regime. 

• Propagation experiments in the relativistic regime and in slightly 

underdense long plasmas are needed to validate these conclusions. 

---------~ 
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About Amplification of Ultni·SiuHt ( <10 ftJ Laser Pulses 
in Plasma 

A.Pukhov MPQ, Garr:hing, Gent11111y 

G. Shvets 

and PPPL. Princn011 Univercily, U.S.It. 

NJ. Rsc:h 

I. Amplification without CPA: colliding beams in the plasma 

2. ID VLPL PlC simulations 

3. Theory 
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Introduce pondetomotlve ,_. for el«:tron J. 

fPJ=< ko+k,Jzr&Dt ......,,... 
00 / 

dr21P1+ m8
2 sin fPJ= -{JJ,/1: n1exp( i lfPJ)- 2 mo e Ezl m c+ c.c. 

! 1=1 

,.._IWJLGGIW 

llelw m8
2 = 4 mla0 a11s the electron bounce frequency 

In the ponderomotlve lattice 
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2m8 >&D 

• 

• 

CONCLUSIONS 

1. Thflrels s novel mechBnlsm of psiBtrHitrlc 

lsser pul• smp/lflcBtlon In p/ulllll 

2. The mechllnlsm does not require CPA, thus 

svoldlng the expensive dlffnlt:tlon grids 

3. LBser pulses shorter thBn 10 fsln durstlon 

csn be amp/lfifld without stretching. 

4. There,. no prlnc/pslllmltBtlon In the pul• durstlon 

and energy • 
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OPTICAL PARAMETRIC CHIRPED PULSE AMPLIFICATION 
(OPCPA) 

fan Ross 

Pavel Matousek, Mike Towrie, Andrew Langley 

John Collier, Colin Danson, Dave Neely 

Karoly Osvay 

1 

Rutherford Appleton Laboratory CLRC. _______ ....._ ............ iiiioolo.iliioliii,;,o;;,;,,;;;,;,;,oiiiiiO,iiii-...,;-..,-..r., CLRC 

Requirements for High Intensity 

HIGH POWER WW BEAM DIVERGENCE 

1 
HIGH ENERGY SHORT PUU)E 

DURATION 

! 
I 

l 

~ 
LOW SPATIAL 
ABERRATION 

LOW 1EMPORAL 
ABERRATION 

BROAD BANDWIDTH 

Amplifier Requirements 

~ High energy capacity at below damage fluence 

~Large gain bandwidth 

~Low phase distortion (Thermal, non-linear, GVD) 

:>Low prepulse energy and ASE 

Rutherford Appleton Laboratory 
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Optical Parametric Amplifier 
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nonlinear medium 

Conservation of Energy 

Rutherford Appleton Laboratory 
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CLAC 

Ultra Short 
Pulse 

Chirped Pulse Amplification (CPA) 

Stretch Amplify High Energy Compress 

High Output Energy but Amplifier Gain Narrowing 
Limits Pulse Duration 

Rutherford Appleton Laboratory 
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OP A Bandwidths 

N ear-collinear geometry 

KDP 
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OP A Bandwidths 

Non-collinear geometry 

(typically > 1 °) LBO 

a> 1 deg 

4000 r---------------------------. 

3500 

3000 
.§. 2500 

;§ 2000 

~ 1500 
a:J 1000 

500 
0 ~~~~~~~~~~--~~ 

400 600 800 1000 1200 

Wavelength (nm) 

1400 

1200 6 

1000 
4 

>; 800 
ro 

" 600 ··. 
400 0 

200 -2 

0 -4 
-3000 -2000 -1000 0 1000 2000 3000 

Wavenumber (crri ~ 

~ 
~ 7 fs 
!_ 

) 
.\ 

-50 -30 -10 10 30 50 

Time (fs) 

Rutherford Appleton Laboratory 
CLRC -------..;.,;,;;,;;,;,;,;;.;.;.;;;.;.;~,c;,t;~;,;;;,:.~=~~:.:,-1.. 



COMPARISON OF GAIN BANDWIDTHS FOR 
AN LBO OPA AND Ti:SAPPHIRE 

1.40E+06 

1.20E+06 

1.00E+06 

8.00E+05 

6.00E+05 
Gain 

4.00E+05 

; 
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~· .... · ·. 
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. .. .. , 
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Wavelength (nm) 

Energy Efficiency and Beam Quality 

:>High Energy Efficiency 
Pump to Seed ,., 30 % is typical 

:>No transfer of pump aberration onto 
amplified signal 

:>No energy deposition in crystal amplifier 

:>Short crystal with high gain 

• Low B- Integral 
• LowGVD 

CLRC 
Rutherford Appleton Laboratory 
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Nd:YAG OPCPA System 

Nd:YAG laser (Q-switched) 

0.61 SHG 
532 nm/5 ns 

seed source 
I nJ/840 nm 
(10.5 fs stretched to 0.5 ns) 
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OPCPA- 1053 nm Ultrafast Pre-Amplifier 
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N d:glass High-Power Laser System 

seed 

Nd:glass laser 
1500 J SHG 
527 nm/ 0.5 os 

1 nJ,1053 nm 
10 fs stretched 
to 0.5ns 

16 mJ 

' 
LBO 

9 1 

LBO 

f=0 .6 mm 
f=20 mm 

-50 

l30000x 

FWHM in= 10.5 fs 
FWHM out= 19 fs 

-30 
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Sun11nary 

:> Brings together well established technology - CP A and OP A 

:>Uses existing hardware of large and small lasers 

:> Experiments to date confirm predictions 

:> Broad range of applications 

:> Offers route to intensities unachievable using 

existing technologies 
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'Long' pulse recolllpression 
for Fast Ignitor and 
interaction studies 

D. Neely, C Danson, R Allott, R Clarke, M Notley, P Norreys, I Ross and M Stubbs 

Rutherford Appleton Laboratory, Chilton, Didcot, Oxon, OXll OQX, UK. 

Telephone: (0)1235 821900 Fax: (0)1235 445888 e-mail: d.neely@rl.ac.uk 

Introduction 
CLRC 

• Why 'long' pulse recompression 

• Technological developments 

• System selection 

• Ultimate limits of transmissive CP A 

• Conclusion 

L 



CPA Technique 
CLRC 

STRETCHING COMPRESSION 

Stretching the pulse prior to amplification using 
diffraction gratings, then compressing close to target 

Laser damage thresholds 
CLRC 

10 
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Groove profile 

In reflection 

depth - period I 2-3 

In transmission 

DEPTH , 7so HM depth --- 1.5-2 x period 

IOH·ETCHED PROFILE (SCAHNINO ELECTRON MICROSCOPE IMAGE) 

f 

Groove mark to space ratio and depth optimised for 
given wavelength, angle and polarisation 

Design objectives 
CLRC 

• Test bed facility on <j>150 mm 

• Power upgrade of 6 beam <j>108 mm 

• 10 KJ beamline requirements 



Diffraction Geometry 
CLRC 
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Angle of Incidence 

Diffraction efficiency of an anti-reflection coated 
grating with a groove period of 350nm and its 
dependence due to polarisation and incident angle 
of 351nm radiation. H.T. Nguyen et al 1997 

AR Coating 
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Transmission 

Grating 

Compression grating solution set 
CLRC 
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40 

CLRC 

Transmission efficiency 

l· 1L 
'l1lo\ CA 

e 

Enger and Case 1983, observed efficieny 
apex away from the Littrow condition. This 
was obtained on a photoresist deposited on 
a substrate with illumination incident 
through the substrate onto the grating. 

n).p = sin ()in + sin() out 

diffraction limit set when sin80 ut = 1 

sin-18c = 7]-l when sin()= 1 

Both conditions are identical 

Beam smoothing by spectral 
dispersion 

• Typical operation of aNd glass system will 
produce smoothing over ~ 15 - 30 °/o beam 
diameter 

Input beam 

Grating 



Optimum geometry ? 
CLRC 

Grating Compression B r• sr Fractional 1. r 
lines/mm f!§.LmLnm Grating Grating Beam Grating Grating 

L(cm) L(cm) Divergence length length 
t (ps) t (ps) cm cm 

1200 100 40 28 0.23 14 24 

1480 25 36 26 0.13 20 27 
14a) so 38 Z1 0.15 18 25 
1480 100 38 28 0.16 17 25 

1740 100 29 21 0.(11 30 36 

---·----·--------------------------------------

CLRC 

Effect of B-intergral on focal 
quality 
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Key 
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• 8-lntdata 

• cen[Talobject 
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Pin-hole diameter oormalised to diffraction limit (60 
micron diameter) 

B=l 

B=14 
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Grating period choice 

• Fractional beam divergence is - constant for a 
given grating period and temporal compression 

• Fractional beam divergence reduces as the 
grating period reduces 

• Grating length increases as the period reduces 

• Littrow operation at 0.57 ~m period 

ll 

Minimising B-Integral 
CLRC 

Grating on exit surface 

case 1 

Grating on entrance surface 

case 2 

B 
_ 2tr 

1 
cosE>in 

g2- Ety 2 
..1 cos E> os 



Distribution of B-integral 
CLRC 

Component B Length Pulse B Length B 
L(cm} (cm) (ps) (cm) 
t(ps) 

Input grating 1 38 600 6 0.38 

2 51 0.4 600 0.03 

Air path 0.12 100 600 0.004 

Vacuum window 104 1.5 400 0.39 

Final grating 1 45 

2 28 0.4 20 0.56 0.4 0.56 

Total 0.98 0.94 

.. -

Lay-out schematic 
CLRC 

3m 

Vacuum window 

Off-axis parabola 

,. 



Conclusion 

•150 mm test line will deliver 
0.2 KJ in 20-100 ps 2-10 TW Early99 

• If the six 108 mm lines are upgraded they would deliver 

1KJ in 20-100 ps 10- 50 TW 

• Two 420-600 mm beams would be required to deliver 
10KJ in 20 ps 500 TW 

•Ultra thin gratings 1 m diameter 10 mm (or less) thick???? 



FOCUSING TRANSMISSION GRATINGS FOR HIGH ENERGY LASERS 

BRUNO TOUZET, JEAN fLAMANO, ALAIN THEVENON, VIVIANE MILLET, 

FRANCIS 80NNEMASON, PHILIPPE GACOIN , 8ENOiT DEVILLE 

JOBIN-YVON DIVISION OF INSTRUMENTS SA 

I 6-1 8 RUE DU CANAL- 9 I 165 LONG.JUMEAU CEDE)(- FRANCE 

TEL 33 I 64 54 I 3 00 - FAx : 33 I 69 09 93 I 9 

E-MAIL isajyoem@aol.com 

ABSTRACT 

To focus the third harmomc (351 nm wavelength) of high energy neodymium glass laser, 
the usage of focusing transmission diffractive gratings Ion etched directly Into fused silica 
blank brings major benefits in comparison w!th ctass1cal optical solutions using aspheric 
lense-s. The damage threshold ot such a diffractive component is same as the damage 
thre·shold or a high grade. thin. fused silica plane window. The transmission efficiency 
reaches 94% for polarization s or p The Image quality l s nearly perfect : this diffractive 
component acts as a stigmatic lens. lt separates the remaining first and second harmonic 
from the third one and In addition it creates a focused reflective order with 0.5% efficiency 
which offers the possibility to get a well recused sampling beam. 

KEYWORDS . 

INTRODUCTION 

LASER - GRATING - ION ETCHING - FLUENCE - FOCUSING 
DIFFRACTIVE OPTICS 

To focus l11gh energy laser beams, for example the third harmonic of Nd Yag laser at 
351 nm, the level of required specifications is in general very high : The laser induced 
damage threshold (LIOT) has to be optimised, the light losses have to be minimum and the 
rocuslng properties need 10 be nearly diffraction limited. In addition it is necessary to 
separate the remaining ffrst and second harmonic and also a well focused sampling beam is 
often required. 

A highly efficient focusing transmission grating which can be ion etched directly into a fused 
silica blank will present many benefits in comparison with classical optical solutions using 
aspheric lenses . 

Laser induced damage threshold (UDT) is optimised by engraving the diffraction grating 
into a thin high grade fused silica plane parallel plate, with supersmooth polish. 

The image quality is nearly perfect because this grating lens is stigmatic. 

2 

The groove profile can be optimised in order to obtain high transmission efficiency for s or 
for p polarization. The existence of a focused reflective order may be used to get a focused 
sampling beam. 

Let see the manufacturing techniques used to produce the focusing transmission gratings 
and the performances of such gratings which have been recently manufactured. 

MAJOR FUNCTIONS OF A FOCUSING TRANSMISSION GRATING 

FOCUSED SAMPLING BEAM 

E = 04°/o 

E 1 ~ = 94 °/o 
01F"FRACTION LIMITED 

I. HOLOGRAPHIC RECORDING OF THE MASK 

The manufacturing process consists to record a mask in photoresist deposited onto the 
fused silica plate and then to transfer by ion etching the mask modulation into the fused 
silica itself. 

The firs! step or produCiion is to polish a plane window made of best grode fused silica In 
order to achieve h1ghest damage threshold. The most important parameter for pohshrng is 
the mlcmfoughness as it seems that better Is the mlcroroughness speci rcation higher is the 
damage threshold. The flatness tor transmissive diffractive optic Is less stringent than ror 
reflective diffractive optic as aberrant optical path due to optlcal figure is 2 times lower !or a 
transmissive optical component than for a rellective one. 

The thickness of the fused silica plate may be choosen in the range of 15 to 20 mm even 
for large components (500 mm size), 

Second step Is to deposit a thin layer of photoresist. Thickness uniformity of photoresist film 
has to be well monitored as it has an effect on the transmission efficiency uniformity 
(efficfency depends on groove depth). Two methods may be used depending on size and 
shape of components : dip coating or spin ~ating . 
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During the third step the photosensitive layer is exposed to interference fringes created at 
the intersection of two coherent laser beams 

Then, fourth slep, chemical treatment of the photosensitive layer selectively dissolves the 
exposed areas forming grooves in relief. 

The geometry of the laser wavefronts used to produce the interference Fringes are 
calculated in order to produce a non linear groove distribution on the surface and so to 
perform the Focusing properties at desired wavelength. 

HOLOGRAPHIC RECORDING OF THE MASK. 

FIJCiFO Slll r: ll> MA'f.,-RII\1 
POLISHING PHOTORESIST COATING 

' .,' ,, ••• ~ •.J .. 

e 00 9 
HOLOGRAPHIC MASK 19 PRODUCED 

HoLOGRAPHIC REC:ORDU<4r. 
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2 . OPTICAL CALCULATION OF GROOVES PATTERN 

To record the transmission focusing grating we use interference fnnges created by 2 
coherent laser beams issued from 2 point sources, one is at infinity According to the 
holography principle, when we light the recorded hologram with one of the 2 waves we 
reconstruct the image of the other one across the blank (image- 1T) 

This image is perfectly stigmatic when the wavelength used to record the hologram is same 
as the one to light it. 

lt exists a slight diffraction of light at the grating surface (about 0 5%) in the rear direction 
which is Focused symetrically for same reasons. We call this image - 1 R. This image is not 
perfectly stigmatic because the focused light beam - 1 R is crossing the fused silica window 
Nevertheless the image quality is good enough to get the desired well Focused sampling 
beam representative of the entire wavefront. 

If we want to focus a multiple wavelengths light beam we will record the transm1ss1on 
focusing grating by using two spherical waves at a well choosen wavelength. The grating 
lens obtained will exhibit good focusing properties while some residual aberrations will 
remain Our optical calculation software permits to optimize the result and to give the spot 
diagram image at wavelength of interest [1] 

RECORDING THE FOCUSING CRATING PATTERN 

IMAGE RECONSlRUCTION 

RECORDING CONFIGURATION 



RECORDING O F A FOCUSING GRATING OPTIMI S ED FOR A GIVEN WAVELENGTH RANGE 

... ·~ 

lOCATIONS OF POINT SOURCES C AND 0 
ARE CALCULAT!:D TO OPTIMIZE 

RECONSTRUCTED IMAGE QUALITY OVER THE 

DESIRED SPECTRAL RANGE 

5 

SPOT DIAGRAMS OF IMAGE -IT SPOT DIAGRAMS OF IMAGE -I R 

JY slir.mrttic grating IT 
"DINT 5PWI<IO FUNCTION- WVI 

fRYOfBXO 
fOCUS D 

REfHI 7. 592e- 09 
P~TCII 0 197 

-----1 H sligmalic grating -U 
POINT SPRE~D fUN[]ION - WVI 

FBY D FI!X 0 
FOCUS 0 

24 )Lffi 

R[fHT 15.5 
P~TCH 0. 197 
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eo_ on~ 
3 . ION ETCHING PROCESS INITIAL MASK 

ll l ll jll l 
f=A=A ·O 9 

DURIN G ION ETC HING PROC ESS 

[Vlill\ '] 
IOH ETCHED GRATING 

The profile of the holographically recorded mask is then transfered inside the fused silica 
blank using reactive ion etching process. There is no more photoresist at the end of the 
process 

The etch rate of photoresist mask and of fused silica substrate are different. This etch rate 
can be monitored accurately by introducing some gazes into the ion etcher chamber. lt also 
depends on the angle of incidence of the ion beam with respect to the etched surface. So it 
is possible, using right parameters, to obtain a laminar profile with adequate depth of 
grooves and duty ratio to optimize efficiency [2] 

The focusing properties of the holographic mask are not affected by this ion etching 
process. The supersmooth polishing of the substrate remains the same or is even 
improved, which is an advantage for damage threshold value_ 

We calculate the required profile depth, duty cycle and aspect angle using electromagnetic 
theory equations. 

THEORETICA.L EFFICIENCY CALCULATION 

• T., 

• r 

EFFICIENCY 

ACCORDING 

GROOVE DEPTH 

I ! ~I ) ~~~' 

rU3F"O SIL! "':J\ AL".~-11' 

:N !";.IOF:~I\.F 2 5 OEG 

rrPtDr'l 400 NM 

GRATINC OPTIMIZEO FOR TM POLARIZATION 

r, n 

• . 1-• .... • ,.,..~H t •,o•r n•" ... •• 
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4 . MANUFACTURED FOCUSING GRATING 

4 I SPECIFICATIONS OF GRATING PRODUCED 

We have produced a focusing grating in dimension 150 mm diameter, ion etched into super 
polished fused silica blank 

o Number of grooves = 2500 g/mm 
o Wavelength of use= 351 nm 
o Period of the grating : 400 nm 
o Depth of groove : 700 nm 
o Focal length : 2.4 meters 
o Numerical aperture : f/16 
o Blank dimensions = 150 mm dia - 1 0 mm thickness 

The groove profile has been optimized to enhance the Tm polarization 

MANUFACTURED GRATIN G CONFIGURATION 

Focus 
POINT 

4 2 PERFORMANCES OF THE GRATING PRODUCED 

4 2 IMAGE QUALITY 

700 NM 

4 M 

I 50 MM DIA 

I 0 MM THICKNESS 

F/1 6 

We have measured the diameter of the first black ring and found 13 microns. This is in 
good accordance with the theoretical image size. lt demonstrates that this focusing 
diffractive element is well stigmatic at the wavelength of use. 

a 

SPOT IMAGE PHOTOGRAPHY 

13 MICRON 

4.2.2 EFFICIENCY 

We have checked the groove profile at each step of the production = holographic mask and 
laminar profile after ion-etching. We have used a scanning tunneling microscope for 
measuring the holographic mask and an AFM microscope for the ion etched profile. We 
have had also a measurement done on a sample grating similar to the large grating made 
with a scanning electron microscope 

MASK PROFILE 

(SCANNING TUNNELIN G 

MICROSCOPE IMAGE ) 

0tMENSIONS ARE IN MM 
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I O N-ET CHE D PR O FILE (SCANNING E LECTRON MICROSCOPE IMAGE) 

The measured modulation depth and duty cycle values are in accordance with the desired 
values 

Then we have measured eftlciencies at 351 nm for the Tm polarization. Efficiency 
measurement Is performed using a 351 nm laser beam at the nominal angle of incidence 
(25 degrees), These values are absolute efficiencies. The light reflection due to the 
reflection on the second Interface are reduced to nearly 0 by using an antireflective coating. 

o Order 0 3,5% 
u Order- 1T 94% 
CJ Order- 1R 1% 
u Order OR 0,5% 

M ANUF ACTURED LENS GRATIN G 

MEAS URED EF F ICIENCY 

i ~ rJ ,-, "':/'l j 

\0 

4 2 3 DAMAGE THRESHOLD 

The damaged threshold (LIDT) measurements made on sample gratings demonstrate that 
the diffractive structure threshold can reach similar level as the bare material threshold 

CONCLUSION 

lt is demonstrated that a single optical diffractive element : an ion etched focusing 
transmission grating, can be optimised to present similar damage threshold (LIOn as a 
sL:Jper polished fused silica window and performs 3 tasks : 

o spectral dispersion (separation of the 3 harmonics) 
o good focusing of laser beam (stigmatic image) 
o sampling capabilities 

We work right now to produce large dimension focusing diffraction gratings with cost 
effective methods. 

.. 



Developments in the Fast Ignition of Conical 
Implosion Concept 

P.A.Norreys, A.Djaoui and S.J.Rose 
Plasma Physics Group.Central Laser Facility. 

Rutherford Appkton Labor:1tory. 

A.R.Bell 
Blackett Laboratory, Imperial College. London. 

prepared for the 3rd lntemational Workshop on Fast Ignition of Fusion Targets. RAL Sept 
· 21-23rd 1998 

Conical Implosion Concept 

• Compression energy requirements reduced by order of magnitude [ 100 kJ to 
1 OkJ]. 

• Channel 

formation 

pulse I hole 

boring 

unnecessary 

lo••wcm·• 
~f?010rlsed 

Au 

• Use 45° angle of incidence for heating beam [maximises conversion to hot 
electrons ( -80%)] 
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Previous experiments with 
conical implosions - Los Alamos 

R.J.Mason R.K.Fries and E.H.Farnum. Appl.Phys. Lett. 34( I) 14 ( 1979). 

A DT filled cone of 190 ~m radius 

capped with 13 ~m thick PV A was 

irradiated with 160 J C02 laser, 

to compress the fuel in the exploding 

pusher mode. DT yields of 0, 7 .4x 104 

and 2.8xl05 DT neutrons were measured 

in three shots. Yex/ Y2dhydro -0.2 

were obtained. 

Previous experiments with 
conical implosions - Lebedev 

S.I.Anisimov et al. Sov. Tech. Phys. Lett. 4(4) 157 (1978). 

0.2 -1 atm. DD filled cone irradiated at 1 ~m, with a 54J I 22 nsec I 

I .5 x 10 11 W cm·2 laser pulse. 

Their conclusions: 

Yn = 4 x 104 were measured which were consistent with hydro estimates. 

Thermal conduction losses in liner small. 



Conical Guided Shock Compression 

• Potentially, higher densities and pR can be reached with convergent 
geometry and pulse shaping. 

.. 

1018 Wcm·2 

P"f?Oiarlsed 
45 
(25J /20 psec) 

Au 

Simple estimate of neutron yield from 
compressed CDT plasma 

If 25 J of CPA laser energy is transferred to electrons, then the temperature of the 
compressed material will raised to 2.5keY (neglecting thermal conduction into 
Au material). Energy out= Jl, (bum up fraction) x Emar (maximum from shell). 

Au 
fb ::::: 5.6x 103 

(pR) exp( -19.9 IT~~) IT~~ 

For a COT shell with 

l = 4~-tm.R0 = 200~-tm and rr= 20 ~-tm. 

p = 30 gcm-3 Enux = 77581. and 
pR = 3.0xlO-:!gcm-~ 
Assume that the reaction rate will be 

3p ;"; . R,~.t (pRJ = 3.p,,..Rgt reduced in prop011ion to the density of 
Pt = 4 J I 4 2 

.r, r! carbon ions. deuterons and tritons 

compared with a pure DT plasma. then the total pR for COT will be 4/9 that of 

DT. J;, - 2 x UJ-6 and Y
11 

- 8.109 DT neutrons. 



1-D MEDUSA simulations of guided shock 
compression using VULCAN parameters 

Spherical symmetry used. 

Cone length = 150 ~m 

Large hole diameter = 250 ~m 

Simulations stopped as 

the shocks coalesce at the 

centre of the CD sphere 

(no reflections). 

Pulse shaping 

give pR - 30mgcm·2. 

p 

~--- ~ 

----

2 · ; ... 
0 o~·· ~170~270~37o~47o~s7o~6~0~7.J 

Radius (;<m) 
2 5xLOI> ..---~-~~---~~-~ 

~ 2 OxtQ15 

! I 5x l015 

Further requirements needed for a 
successful experimental campaign 

I. Highly uniform COT foils to prevent hydrodynamic instability 
growth [highly uniform CH foils have already manufactured at 
RAL for R-T growth studies} 

2. Suitable choice of high density guide material to prevent x-ray 
preheating of material during the compression. 

3. Smooth cone for guiding either imploding material or shock 
convergence { excimer laser ablation followed by electroplating of 
Au: micromachining at RAL} 



Excimer Laser Ablation I Au Electro­
Plating Make Poor Quality Cones 

Front entrance of cone Apex of cone 

2001J.m 

--·- -·-- ---

Micro-machining of conical targets 
in progress at RAL. 



Summary 

The study of guided conical compression promises a route to 
overcome some of the problems associated with the Fast 
Ignitor, but provides its own technological challenges. 

The Rutherford Appleton Laboratory is vigourously pursuing 
this route and we hope to be able to present the first 
experimental results by the next Fast Ignitor Workshop . 

. , 



Workshop on Fast Ignition of Fusion Targets '98 

y-rays and fast electrons from high intensity 

laser-plasma interactions using ATLAS laser 

C. Gahn', G. D. Tsakiris', G. Pretzler', P. Thiro!f', D. Habs', and K. J. Witte' 

further contributions by 

PART 1: A. Saemann', D. Gassmann', T. Schiitz2
, U. Schramm' 

PART 11: A.Pukhov', J. Meyer-Ter-Vehn' 

1 Max-Planck-Institut for Quantenoptik, Garching, Germany 

"Sektion Physik, LMU Miinchen, Germany 

Outline 

PART I 

C. Gahn et al. 

generation of Me V y-rays from solid targets at 10Hz 

measurement of y-rays and determination of the fast electron temperature 

PARTII 

generation of fast electrons from gas-jet targets 

measurement of the electron beam divergence and the energy spectrum 



Fast electrons and Me V y-rays 

channel 
rormation 

I 

' . . - . ' 
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underdense plasma 

C. Gahn e1 al. 

h igh-lmaterial 

n acceleration 
MeVy-rays 

Experimental setup (Me V y-rays) 

vacuum 
chamber 

I laser pulse: 200 mJ, 
• 130 fs @790 nm, 10Hz 

prepulse: 30 mJ 
370- 750 ps aruer 

/ 

C. Gahn et al. 

focused intensity prepulse: I 0"' W /cm' 
=> scale length: 30-50 11m 

focused intensity main pulse: I 0" W/cm' 



Me V y-ray yield and electron temperature 
C. Calm et al. 

pusle height spectrum (Nal 2) 
mean deposited energy 
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Z-dependence of Me V -y and fast electron yield 
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• 4x 1 0 · Me V -photons (Ta-target) 
=> laser energy into [-ray conversion 
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Experimental setup (fast electron beam) 
C. Gahn et al. 

f/3 off-axis parabolic minor 
(1"""=3x I 01xW/cm1

, radius( lle
2
)- 6~m) 

CCD 

Evidence of electrons 
C. Gahn et al. 

laser 
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aperture 0 7 mm 

.•: .... _.d,•li ... 
B-field- 1 kG 
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Channel and electron beam images 

&descattered image at l co 

focus position in vacuum 
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C. Calm et al. 
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Experimental setup (fast electron energy spectrum) 

laser l 
gas jet 

550 keY 

® 
dipole magnel 

- 150 mT 
12 MeV L-------' 

C. Gahn et al. 

CCD-camera 

spectrometer 



3rd Fast Ignition Workshop 
RAL, Chilton 21-23 September 1998 

Combined PlC and MC Simulations 
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Outline 
----------------------------------~· 
Purpose 

• Otimization of hot electron production for Ka and bremsstrahlung X-ray 
source applications 
• "Clean" conditions, control of the gradient scale length 

Experiments 

• Angularly-resolved electron emission 
• Multi-layered targets 

Numerical tools 

• 1 D 1/2 and 20 PlC simulations 
• Monte Carlo simulations 

Experimental layout 
----------------------------------~ 

Laser Ti:Saphir 
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Spect r.l ~ 
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Enceinte 
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PlC code 

(PlC code: 1-Dim.) 
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( MonteCarlo code: 3~Dim.) 
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Backscattering coeff."" 13% forE= 10- 200 keV 
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plane wave 
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oblique incidence 
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Scalelength 0.2 - Longitudinal electric field 
-----------------------------------~ 
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f(E) 

Monte Carlo electron transport code 
----------------------------------~ 

• 3D geometry 

• Energies from1 keV to 10 Me V 

• Multilayer media, simple and compound elements 

• Calculation of transmission and backscattering 

• Energy and spatial distribution functions of transmitted and reflected 
electrons 

• 1 D profile of electron energy deposition and material heating 

• Calculation of X K-a (isotropic) and bremsstrahlung (energy- and 
angularly-resolved) emission with opacity taken into account 

Backscattering of fast electrons 
-----------------------------------~ 
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Distr. functions of backscattered electrons 
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• Optimization of scale length increases Ka yield by a factor of - 10, 
• 1-D PlC simulations give good agreement on absorption, 
• "Anomalously" high hot electron temperatures are obtained through 
resonance field electron acceleration, 
• Studied the importance of backscattered electrons, explain the 
shape of the edf, and give the right hot electron temperature 
• Combined PlC/MC simulations in good absolute agreement for the 
Ka yield 

• Scale length tailoring will be modified by ponderomotive steepening 
at much higher intensities, studies under way, 
• Need to incorporate collisions directly in the PlC simulation, 
• Ka source duration measured to be< 500fs, 1012 photons/sradJJ 
could be reached in the near future. 



2. 

Theory and Simulation of 
Ultra-Intense Laser-Plasma Interactions 

Present in the PetaWatt Experiments at LLNL* 

S. C. Wilks, B. Lasinski, A. B. Langdon, M. Key, S. Hatchett, 
T. Cowan, W. L. Kruer, J. Sefcik, and M. D. Perry 
Lawrence Livermore National Laboratory, Livermore, CA 94550 

For presentation to the Abinglon Fast lgnitor Workshop 
Sept. 21, 1998 

*Work performed under the auspices of the United States DoE by LLNL under 
contract No. W-7405-ENG-48. 

Outline 

I. Introduction to Fast lgnitor 
A. Laser-plasma emphasis. 

B. Main technical issues. 

11. Recent Underdense Modeling 
A. Channel creation /rei. & pond. filamentation issues. 

B. Beam propagation issues (SRS/sidescatter, break-up.) 

C. High energy electrons near critical. 

Ill. Recent Overdense Modeling 
A. Absorption at critical surface. 

B. Generation of hot electrons: T hot and fhot? 

C. Channeling: straight or bending? 

scw/09/14/96 IV. Conclusions and Summary 



The suprathermal electron range is comparable to 
an a particle range for laser intensities of interest ~ 

~-1093-36898 ·--

Electron energy {Me V) 

_ PlC slmulations 
_ • s-pol 

• p-pol 
• Experiment 

The electron range is also set by the self-generated 
electric and magnetic fields 

PlC simulations were critical in 
determining estimate forT hot· 

1019 

T hot as function of laser Intensity 
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• We use this electron distribution as input for 
both ITS and Lasnex. 

scw/xdlv 02116/97 7 
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Laser ........ ~ - \.:.. 

2-D PlC simulations of the underdense laser-plasma interaction 
show that eneries higher than Upond can be produced. 

Typical ponderomotive scaling predicts That- 2 Me V. 

However slope temperature measured from simulations 

gives That- 7 Me V for an intensity to2° Wlc~, 
agreeing with experimental electron spectrometer data. 

sew 06/07/98 
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What mechanisms could explain 10-100 Me V 
electron energies in these interactions? 

scw/09/14196 

Lawson-Woodward Theorem : 

No net energy transfer from EM 
wave to eledrons possible if: 

1. tbe laser fields are in vacuum. 
2. tbe electron is relativistic. 
3. oo static E orB fields are present. 
4. the region of interaction is infinite 
5. Nonlinear forces (pond.) are absent. 

However, we are violating 1,2,3,4, and 5! 

Laser focus: Intensity contours 

relativistic 
electrons. 

A focused TEM laser beam,has an Ex field, as well as 
vxB for acceleration. 

Contours of Bz Contours of Ex 

x(c/co0) x(c/co0) 

lt is possible that this electrostatic field can also accelerate electrons 
near the critical density, leading to a "super-hot" distribution. 
scw/09/1 4!96 



Ex still present in presence of plasma, similar to Ey still 
present: if electrons get trapped in this Ex, they can be 
accelerated to very ~igh energies. 

::>4 Jlm 

0 Jlm 

24 Jlm 

scw/09/141'96 
Thus, we are essentially doing a modified, foil-terminated, 

free wave accelerator experiment on Peta Watt! 

50 Jlm 

Transverse and longitudinal E-fields of 
focused laser pulse in vacuum. 

E~ · . 

x (~m) 

1:7 

y ( !lffi) 

This is the electric fi~ld 
used to accelerate e 's 
to high energies in the 
free wave accelerator: 
They are still there 
when plasma is present. 
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11 

Physical mechanism proposed: A combination of 
longitudinal laser electric field + plasma waves. 

100 
S-pol (No E,) P-pol (E,) 

lOO 

)'l!y )'l!y 
me me 

-lOO -lOO 

me me trapped electrons 

1. Electrons in presence of electromagnetic wave 
make a characteristic "C" motion in phase space. 

2. Phase velocity of the EM wave is ordinarily loo 
large for electrons to be trapped: they stay in "C". 

3. If (somewhat dense) plasma is present, the phase 
velocity of the EM wave is slowed. 

4. The electrons can then be trapped in the longitudinal 
wave and accelerated to well beyond a couple ~pond. 

~f Motion for Transverse: 9JJ~ 
d V B 

m-(yv) = -eE +e~ 
dl y y c 

d vYB l 
mfii('Yvxl = - e-c-

me 

Electron distributions for 2 different polarizations: clearly 
focusing field Ex increased maximum energy. 
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Pukov and Meyer-ter-Vehn hypothesize that Bz 
helps to increase electron energy. 

(I) 

Phase velocity of the wave: vph = c~ph = k 
Represent the longitudinal syrrunetry of the 
wave, by combining the particle kinetic 
energy and it's longitudinal momentum. 
This will give the first constant of the motion: 

E-C~phPx=Ea (2) 

The 2nd follows from l·D planar geometry 
and is an expression of conservation of the 
transverse generalized momentum. 

(3) 

Consider a plane EM wave in vacuum, 
with the speed c CPph =I .) For an electron 
at rest, before the hght wave hits it, one 
has £ 0=0 and Ptr = 0, ~d 

2 
a 2a (4) 

p .L = mca;p, = mc2 ;E = me 2 

Thus, the KE of the electron within the 
light wave equals the ponderomotive 
potential!P=mc2a2/2. 

However, if the electron already had a KE, 
or initial momentum of p0 , then it's momentum 
inside the pulse is 

P.L= mca;p, = p 0 (1 +~(1 +~)) (5) 

where 

Yo=J!+p~ 
and in the ultra-relativistic limit Yo>>l, 

Y = YojJ;;}- (6) 

This holds only for an EM wave in vacuum. IF the laser pulse 
prpogates in a plasma, or is focused, it Pph > I. Starting from 
(3) and (2), you actually gel a modified version of (5): 

Px = mcrp{ l+a2+(1+ ::2]\~h-(l+ ::2)Jy!h+l) 
where a new y factor has been introduced, Yph = I I(J~!h- I) 

Equation (7) has two limiting cases: 

Case 1: I<< Yo < Yph (slow electrons) 

Y = Yoj!;';l compare with (6) above 
(is identical). 

compare with (6) above 
(much less energy gain.) 

The energy at which this "limiting" energy sets in, is: 

(A- unity) 

Electron energy spectrum similar with/ 
without azimuthal Bz field.· 

without Bz 
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Conclusion: Electrons interacting with EM wave in a 
plasma can break Lawson-Woodward theorem, thus 
allowing very energetic electrons to be generated. 

Relativistic laser-plasma interactions by multi-dimensional PlC simulations 
A. Pukov and J. Meyer-ter-Vehn, Physics of Plasmas, 5, 1880, May 1998 

Magnetic field ass i ted part.icle acceleration ("B-loop" mechanism) relies 
essentially on electron gaining energy from EM wave similar tO vacuum 
case, but due to the prescocc of the azimuthal B-field, electron is "dephased" 
in EM wave, and thus gains more energy than it otherwise would have. 

Electron Beam Characteristics from Laser-Driven Wave Breaking 
K-C Tzeng and W. B. Mori, Physical Review Letters, 79, 5258, 29 December 1997 

Observed tl18t for extremely intense laser light shot into plasma, 
the electrons can gain considerably more energy then the 2-D 
de-phasing limit would predict. We have also observed this phenomenon 
in simulations for free wave accelerator deslgn studies for Petawatt. 

Trapping and Acceleration in Self-Modulated Laser Wakefields 
E. Esarey, B. Hafizi, R. Hubbard, and A. Ting, Physical Review Letters, 
80, 5552, 22 June 1998 

Trapping and acceleration of the background electrons can result 
from the coupling of Raman backscattering to the wakefield. 
(Threshold much lower than even the cold 1-D wave breaking limit.) 

• u lV8L tur ......... ru~uss•ng errects ana not-electron 
spectrum effects of pre-plasma, we use LASNEX to 
calculate the plasma conditions from measured ASE 
(amplified spontaneous emission) at main pulse time 
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Results in regions of interest are input to PlC code. 
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Note that even in the underdense, a significant number of 
high energy electrons are produced in the direction of the 
laser. We can now send these electrons into a solid w/ ITS. 

Cmnparison of LLNL-NASA/lVISFC-UAH electron 
spectron1eter data, with LASNEX/PIC/ITS results.::~ 
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We can estimate the number of electrons as follows: 

.--------------- - -- . -· - ·---.- -- - ----- -- . 

Volume= 1t (15xl0-4)2x50xJ0-4 cm3 
- 4xl0-8 cm3 

Number= 2xl019x4xl0-8 
= 8x 1011 electrons 

(Assumes 10% of the electrons 
heated to an average energy 7 Me V) 

N<E>- 8xl011 x7MeV 
Compare this to Spectrometer data: 
d2N 10 
--- 8xl0 @ 7 MeV (Expt.) 
dEdQ 

or the total energy is roughly 1 Joule, 
or 112% of the initial energy of 2001. 

d2N 11 
-- - 8xl0 @ 7 MeV (Est.) 
dEdQ 

wilks.llnl. gov 

At -0.5 ps, a single channel is apparent behind the 
beam front. 
---------------------------------------------------------
Have we seen the evolution of the Weibel instability into longer wavelengths? 
Some de B-field structure is still evident in front of the beam. 

Plots of (Bz)dc and (Jx)dc from the simulation in p-polarization at 
1021 W/cm2 , n8 =50 ne, at 0.5 ps. 

(Bz)dc at 0.5 ps 
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B-field bending over time is observed, 
e_f_f_e_ct_is_i_ll_u_n_d_e_r_s_to_o_d_. ________ ll 

Contours of Bz 
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Beam deflection occurs in many ZOHAR simulations 
of laser penetration through plasma slabs. 

-------------------------------------------~ 
• An example is a pair of simulations at 1019 W/cm2 

The initial plasma density was 5 ne which is overdense at this intensity. 

• Here, the beam deflects in the same direction in both polarizations. 

p-polarization, Bz, 1.2 ps s-polarization, Ez, 1.65 ps 
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Relativistic filamentation occurs and the filaments 
coalesce at higher density in these Zohar 
simulations. 

density 0 to .?ne in 60 wavelengths 

intensity 2x1 019 W/cm2 red light, 

Gaussian beam, 15 micron waist 

I I 

Langdon, 4/98 

light s2 t = .3 ps 
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I. Reviewed plasma physics issues relevant to 
the recent PetaWatt experiments: 

~ Underdense: 

1. B-tields, channeling, electro-static fields, etc. 
2. Quasi-TEM modes in underdense plasma. 
3. "Beams" of electrons possible? T hot? t(e)? 

=) Overdense: 

1 . Absorption in overdense channel a worry. 
2. Bending a potential problem? 
3. Weibel seems to seed the B-field. 

11. Fully relativistic PlC simulations confirm theoretical 
prediction of large energy gains: provide useful input 
to design and interpretation of experiments using 
ultra-short, intense lasers. 



Enhanced and correlated 
stopping of relativistic Me V 

electrons in supercompressed 
DT targets 

C. DEUTSCH AND P. FRO MY 

LPGP, Biit. 210, Universite Paris XI, 
91405 Orsay, France 

RANGE CALCULATION 

Now, we consider the effective range 

J
Emin=E0 /10=0.1MeV dE 

R= 
Emax=Eo= 1MeV dE/ dx 

(1) 

which is not an a priori rectilinear quantity (~=v/c). 

The stopping power is then taken as the sum of 

4 
dE 2nnpe [ IJ 1 ¥ 't" ) (2H1) IJ IJ J dx 2 2 X -tn~+8 H 1 - 1"+1 -tn2+1--tn2 

me~ c mm 

li(projectile) I 1 where 'tmin = mv f\.,D (target electrons) 

"t = y -1, and 

Eq. (1) thus becomes (V = ~2) with E = (y- 1) mec2, 

( 2 )2 J0.8836 d 1 
R= mec 4 x vv x--=35 m 

4nnpe 0.3025 (1- v)312 D(v) J..l 

with 

D( v )=fn( 68.53v )+fn( 68.026v112 )+ 

+ (1-,fvi -(2v+v-1)+1-£n2 
2 



• Stopping 2-cluster calculation for 

the excitation of langmuir modes 

(collective contribution) 

• Bohr impact parameter approach 

for single particle stopping 

adaptated by D.W. Rule/M.H. Cha 

Phys. Rev. A24, 55 (1981) to 2-

cluster projectiles 

• Supercompressed DT fuel mimiked 

by drude dielectric function 

• 2-cluster ---7 N -cluster corrections 

to Me V REB stopping in dense DT 

• Two electron projectiles in close 

vicinity ( R = R12 :<: :P J of each other 

may combine their separate 

stopping through target polarization 

• Output: mostly positively enhanced 

energy loss 

• Extension to relativistic velocities of 

the low velocity enhanced correlated 

stopping 

• N -clusters taken as linear super-

position of 2-clusters dynamically 

correlated 



TARGET DIELECTRIC FUNCTION 

-
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• E(ro)= 1- P 
ro( ro + i v con) 

r = _!_ dP o(x'- x) + ~vx Mo(i'- x) 
N dt N 
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Following Jackson's discussion of the Bohr 
method, we write the total work done <?n an atom 
in the medium by a passing cluster of particles 
as 

In the usual way, this can be written in terms .of 
Fourier transforms in frequency as 

1 (00 -+ 

tJ.E= 2rrNRe Jo (-iw)[E(w)jEj 2 

+M(w)/H/ 2]dw, 

having introduced the linear relations 

- 1 [ -+ P(w) =- E(w) -1]E(w) 
4rr 

and 

- 1 -M(w) = 4;[11(w) -1]H(w). 

The work done by a . cluster in passing through a 
slab of medium with thickness dz is then given by 

dE=N dz £
1 

dx dy 
2
!N ["' dw w[ ImE(w) J.E j 2 

+ Imll(w) I Hj 2]. 

Therefore the energy loss per unit distance is 

dE 1 1 ["' [ ,- j2 -d = -2 dx dy dw w ImE E 
z rr n o 

+ Im11l H !2
], 

where 

n 

= 2: IJ( /2 +.2 Re LLEf · Ei · 
i=l f<i 

ThaS form suggests defining the following 
stopping-power components dEii (Rfi)/ d-: .. which 
are functions of the separation vectors Ri~' from 
the ith to the jth part icle in the cluster: 

dEii = _!_ f"" bdb [
2

,. dcp ["' wimE(w)jE;(w)j 2dw 
dz 21T a 0 0 

and 

dE (R ) 1 f"' · iz,. ["' . 
· if if =- bdb dcp wlmE(w) 

dz 2rr a o o 

XReEj(w) · Ei(w)dw, 

where a is the radius shown in Fig. 
The energy loss for a cluster can then be ex­

pressed as 



(a) 

(b) 

FIG. 2. (a) The coordinate system and the palr of 
particles at timet =0. (b) The e1e.1- plane showing the 
vectorsb, R1=R 1e1+R2e2, andp=b-Rl 

I > 

(a) 

z. 
• J 

(a) The coordinate system used to calculate 
the energy loss by a dicluster using Fermi's method. 
(b) The view in the e1e2 plane shows the vectors and 
angles used in the analysis. Also shown are the fields 
H.Li and H.LJ generated by particles i andj at the sur­
face of the cylinder of radius a. 

~ v: -:,V 



If the velocities of the two_ particles are equal. 

dE, _ i e2 i DO Ime: (wR3) I A.l
2 

dz - 7TZtZj 1J 
0 

dw w "j""EjT cos --;;- Re A.2 _ A.*2{K0(AR.L)[AbK1(A.*b)I0(Ab) + A*bK0(A.*b)I1 (Ab)]~ 

- 2il0(AR.L) Im[aAK1(A.*a)K0(A.a)]}. 

:v= ~(1-131€)112 (ReX1 > 0, lmX1 < 0) v, 

with 13
1
=v/c, and the K. are modified Bessel 

functions. 

----- ·-------·- --

•,, .. 

- - --------·-- ... 

i DO dw w ~(Ree-iwR3Iv 1 l'fA.,*2{K0(A.
1
R.L)[A1 ;bK1 (A.fb)I0(:X1b) + A;jbKo(>...fb)lt (>...1b)1~ dE, -~zizill 

dz - 1T V;Vj 0 
I El A.J- >-; 

+I 
0
(X

1
R1)[ AfiiK1 (Xi a)K0(A.j a) - Ai ;a.K o(>-iz)Kl (>..fa)]} 

. +'Reeiw R31v I ;t A; >i2 {Ko(A.,R .L)[.L\. ijbKl ex; b)Io(A.;b) + A7;bKoC>-; b)Jl (A.;b) J: 
/1. 1 - >...1 \ 

+ J
0
(X.R.L)[A'!';a.K1 (A.1a)K0(x;a>- A;1aKo(A.ta)Kl (A.p)]}, 

I J - -------

-------- ··--"-

. {R1, RJ. > a 
11 = - a, RJ. < a 



,\ 

In the limit R- 0 

where 

S=- ;~ i~ dwwim[Ko(Aa)(~ -132
)] 

~.f. r~< I f~'· p.._l[ ~I '-1 cs-( -1 /{<to) 

"'C ~v+svh, tJ,'_{:~VII~pt/ ~. n,'--<CtJ f\'1. f?t<.ta~ti~ 
o.."'J k. N ~·~ht:kcut),. 1 pity<;. f4v. Leltti-,'lfcts -

(1qfli) 

A 

a 

---J 

REGION I 

REGION 11 

The separation of the medium into a close-col­
lision part anc;l a distant-collision part. The vectors n 
and - n are unit normals to the surface u surrounding the 
current r. 

1'4 
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Stopping of Me V REB in Supercompressed DT 

Te = 5 keV, Ne =1026cm-3 , Rj_ = 0, Ru= AD 
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Lf(Beta 1 beta 2) 
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1 Me V REB in 5 keY, 10 26 e-cm-3 DT Target 

~1= 0.94 
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1 Me V REB in Supercompressed (DT 5 ke V, 10 26 e-cm -3 ) 

~Maximum Correlation for overall extension 

~ ~ = 5.32x10-8cm 
p 
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N Unit charges longitudinally correlated (RJ.. = 0) 

---------- - -·--
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SUMMARY 

• Full relativistic calculation of 2-
cluster stopping 

• Correlation length much larger 
than target electron screening 
length, up to c/rop 

• Transverse correlations W.R.T 
projectile velocity always produce 
significant stopping enhancement 

• Longitudinal correlations are 
strongly modulated W.R.T number 
correlated beam electrons 

• Globally, one expects range 
shortening by a factor 3 W.R.T 
uncorrelated stopping 
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Particle Simulation and Experiment on Plasma Jet 
Formation and Magnetic Field Generation 

Y.Sentoku, H.Ruhl<t), K.Mima, R.Kodama and K.A.Tanaka(2) 

Institute of Laser Engineering, Osaka University 

(I) Theoretische Quantenelektronik, TH-Darmstadt 

(2) Department of Electromagnetic Energy Engineering and 
Institute of Laser Engineering, Osaka University 

Outline 

Experiment 

~EOSAKA 

Long-scale jet-like x-ray emission was observed in experiments on 
the interactions of 1 00 TW laser light with a long scale plasma. 

Simulation 

Two dimensional parallel PlC code has been used to analyze the 
_ experimetal results. 

·Electron acceleration was investigated both forS- and P-polarization. 

·Electrons are accelerated up to Me V outward in plasma corona. 

·Strong quasi-static magnetic fields are generated and collimate out going 
high energy. 



X-ray image with the large aperture pinhole camera 
showing a mm-scale jet-like emission. ~EOSAKA 

Experimental parameter 

Power 100 TW 
Pulse duration 0.5 psec 

Preformed plasma created by 0.3 TW/1 OOps laser light. 

X-ray image with the high-sensitive pinhole camera· ~LE osAKA 

the target front veiw 

: 0 0 

~b. J?.~· 4l<li-··""l· ····· 
...... '\· :·; •. A:) 0 0.. 

~-· · · ·· · · o··~--·;__ ... = 
{/)·.\ @ 

- /'\ QV' ... ,,~ 
V"-" . . '; 0 

Hot Spot ~ ''t<~· .. ~OO TW 

· ' Jet 

the side veiw 

The position of the hot spot is far from the 
beam axis and out of the original focus con. 

S-polarized 1 00 TW laser light was scattered 
in the preformed plasma and hit the target 
surface directly. 

This jet-like emission was always appeared 
when the hot spot was observed on the target. 



MeV-electron acceleration to the specular direction 
occurs in the case of S-polarized laser. ~L•OSAKA 

These plots are time averaged in a laser cycle 
Bz/BzO max=0.421470 

Laser 

(S-poralization) 
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(a) quasistatic magnetic fields at 200 fsec 
L <<A. : Steep Profile 

Initial Plasma 
Temperature 10 keV 
Peak density 4 ne, 4.46 ·1 021 cm-a 
Ion spiecies 0+ 

Laser parameter 
Wave length 1 11m 
Spot size 7 11m 
Pulse shape Gaussian 
Intensity 2•1Q1B 
Angle of incidence 30 deg. 

Simulation Time 200fsec 

'E 
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5 10 15 20 
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(b) Electron energy density at 200 fsec 

The modulated reflected laser light accelarates 
electrons toward the specular direction 

S-polarized laser 
Laser intensity 2 ·1 01a W/cm2 
at 200 fsec 

The laser is modulated in front of the critical surface, especially 
the reflected part. 
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~EOSAKA 

The instantenous plot of laser intensity with the electron energy density. 



The high current density of electrons are genrated at the 
critical surface by the Brunei absorption mechanism ~E osAKA 

P-polarized laser 
Laser intensity 2 ·1 Q1 B W/cm2 
at 120 fsec 

(a) 
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Bz/BzO max=0.619761 
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The quasi-static magnetic fields (a) and the electron energy density with the positve laser 
Bz fields (b). The average energy of jet electron is about 1.5 MeV and the quasi-static 
magnetic fields are up to 60 MG. 

The outgoing electrons are extracted from the surface once in a laser oscillating period. 

The angle of jet is 17 degree, smaller than the specular angle, 30 degree. 

Scaling law for the angle of electron jets 
(P-polization Laser) ~EOSAKA 

Specular direction of Laser Since the parallel component of the canonical momentum 
along the plasma surface is always conserved, it is 
equal to the total momentum of the laser photons which 
interact with the electron. 

The pararell component 
of momentum along the surface 

The number of 
photons 

The pararell component ot 
X photon momentum along 

the surface 

then, the angle of jets electron is given as following , 

2 
The kinetic energy of an electron : (y -l)mec 'll' Pn y-l.ll smo =-= --smo 

The momentum of an electron : p:::: ymec 
in the relativistic regime 

The specular angle 8 

The angle of jets 9' 

. ll kll 
Stno =-

k 

sinfJ' =ElL 
p 

P r 

For 2·1Q1B W/cm2, the averaged, not time averaged, 
enegy of bunched electrons is about 1.5MeV(y::3), 
so 8'=18 degree.This is the angle certainly observed 
electron jets at 120 fsec in PlC. 



The electron jets are observed close to the specular 
direction in the case of higher intensity laser ~LEOSAKA 

P-polarized laser 
Laser intensity 2 ·1 Q19 W/cm2 
at 120 fsec 

Bz/BzO max= 0.890956 (y-1 )ne/neO max= 3.06869 

1.5 
20 20 

15 15 
E" E" 
:S ~ 
>- 10 >- 10 

5 5 

0 0 
0 5 10 15 20 0 5 10 15 20 

X[A.m) X (!lm) 

The time averaged electron energy density profile and the quasi-static magnetic fields . 
The average energy of jet electron is up to yz6 and estimated angle is 28.2 degree, 
close to the specular direction. 
The quasi-static magnetic fields are growing up to about 250 MG. 

--------------------------------- --- ·-----

Without the corona plasma, no jets electron 
are observed. ~LEOSAKA 

P-polarized laser 
Laser intensity 2 ·1 01s W/cm2 
at 120 fsec 

Bz/BzO max=0.389212 (y-1 )ne/neO max= 0.249857 
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15 15 

E E" 
~ 
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~ 
>- 10 

5 5 

0 0 
0 5 10 15 20 0 5 10 15 20 

X [!lm] X [J.tm] 

The time averaged electron Emergy density profile and the quasi-static magnetic fields. 
The magnetic fields are localized on the critical surface and couid'nt extend to outside. 

'" 



Absorption ~fficiency and energy ratio of forward 
electrons to Jets ~L• OSAKA 
--- at the end of simulations. 

,, 
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15 
'E 
::1. 

;:::- 10 
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0 

Absorption Energy ratio (forward : jets) 

P-pol 26.% 1.5: 1 

S-pol 7.8% 2.1 : 1 

("y- l )ne/neO max= 0.224553 

0 5 10 15 20 
X~m] 

P-pol 
at 120 fsec 

0.2 

'E 
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20 

15 

>- 10 

5 

0 

(y-l)ne/neO max= 0.226492 

0 5 10 15 20 
X ~m] 

0.2 

S-pol 
at 200 fsec 

In the overdense plasma, electrons run toward target normal direction for P-polarized 
laser and toward the laser incident direction for S-polarized laser. 

12. 

The angular distribution of hard xray emission 

The hard xray emissions from hot electrons are evaluated in the PlC simulation. 
The photons, whose energy is from 1 keV to 1 OMeV, are calculated. 

90 90 

310"1 5 10"2 

210"1 410"2 

110"1 3 10"2 

010° 180 
2 10"2 180 

270 270 

(a) for P-polarization (b) for S-polarization 

These plots are in the unit 1 0-29 /Z2nine W · cm3. 

The total emission power of S-polarized is 3 times smaller than the 
case of P-polarized. 
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Conclusions ~LEOSAKA 

We have observed mm-scale jet-like x-ray emission in the direction 
of the specular reflected light at 1 00 TW laser plasma interactions. 

Two dimensional PlC code have been performed to demonstrate 
the electron jets formation and quasistatic magnetic fields. 

• Collimated electrons could be emitted from an overdense 
target with a low density plasma corona. 

P-pol. : Brunei absorption mechanism 
S-pol.: Ponderomotive force of the modulated reflected laser light 

• Electron jets are propagating throgh the plasma with the 
guide of the quasi-static magnetic fields. 

• P-polarized laser accelarate electrons into the overdense plasma 
toward the target normal direction. 

This is the good news for the fast ignitor!! 



Optimum particle range for 
triggering fast ignition 

A. R. Piriz and M. M. Sanchez • 
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13071 Ciudad Real, Spain 
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Abstract 

An analytic model for the dynamics of fast ignition is developed for the 

case in which the particle beam heats the fuel by generating a supersonic 

heat wave. It shows that the beam energy and intensity required for ignition 

increase with the particle range R. These results, together with previous 

ones for the subsonic regime of heating, allow for the determination of an 

optimun particle range value (R "" 0.25 gjcm2 ). By decreasing the range 

below this value the ignition energy no longer decreases. 

'Fellow of Junta de Comunidades de Cestille.-La Mancha (U.C.L.M.) 
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I. INTRODUCTION 

Fast ignition has been recently proposed as an alternative to the tra­

ditional central ignition concept currently considered in target design. 1 AI-

though it is still in a rather speculative phase, fast ignition has attracted 

considerable attention essentially due to its potential capability to yield a 

higher energy gain than the central ignition. In such a scheme, the fuel is 

first ablatively imploded and, at a time close to maximum compression, a 

hot spot is created by heating a small part of the fuel direct!:~;: with a particle 

beam. Because of the small size of a typical hot spot, which is of the or-

der of lOO Jl-m, a beam of relativistic electrons appears as the most suitable 

candidate for triggering fast ignition. Nevertheless, a couple of simulation 

studies have considered a 15 GeV Bi ion beam of range R = 0.6 g/cm2
.
2

•
3 

Regardless of the feasibility of using heavy ion beams for the generation of a 

hot spot, those investigations are relevant for understanding the fast ignition 

physics. Indeed, it only depends on the fuel density {!o and on the parameters 

which characterize the beam, namely, the beam focal spot r0 , intensity So 

and energy E0 , and the particle range R. 

Apart from the previous studies in which the beam energy and intensity 

required for ignition were addressed for a particle rangeR= 0.6 gjcm2
, no 

further attempt has been done for understanding the scaling laws that rule 

the fast ignition dynamics. In fact, most of the work following the proposal by 

2 



Tabak et al. 1 have dealt with the problem of the beam propagation through 

the ablative corona surrounding the compressed fueJ. 4-6 In spite of the fact 

that this is clearly a very important issue for fast ignition, it is also of interest 

to assess the dependence of the ignition energy and the beam intensity on 

the particle range. We have recently shown that, for a given range R 2: 

0.2- 0.3 g/ cm2, the ignition energy is a minimum when the fuel heating 

proceeds subsonically.7 Besides, we have found that this minimum energy Eom 

decreases with the range as Eom ex R2 . However, for a rangeR:::; 0.25 gfcm2, 

the heating process becomes supersonic and the model developed in Ref. [7] 

breaks. Thus, it remains the concern regarding the behaviour of fast ignition 

for relatively small values of the range. In particular, it is of interest to 

analize the posible existence of a lower limit for the particle range below 

which the ignition energy cannot be further reduced. 

In order to set the existence of such an optimum range, the supersonic 

regime of heating has to be studied. In this work we present an analytic 

model for the ignition of a precompressed fuel which is supersonically heated 

by a particle beam. We see that, for a range R > 0.25 g / cm2 , the energy and 

intensity for ignition are higher than those required in the case of subsonic fuel 

heating, in agreement with the conclusions of Ref. [7]. Besides, the minimum 

ignition energy Earn and intensity Barn increase with the range as Earn oc R4 

and Som ex R2
, respectively. The minimum values are achieved when the 

fuel is heated in a regime marginally sonic, for which the particle range is 

3 

R"" 0.25 gfcm2• For a range shorter than such a. value, the ignition energy 

becomes independent of R a.nd, then, it no longer decreases. Instead, by 

reducing the range below R = 0.25 gfcm2
, the bea.m intensity Sarn increases 

again approximately as Som ex R- 2
. Therefore, optimum conditions for fast 

ignition are found to occur for R"" 0.25 g/cm2 when the fuel is heated in a 

sonic regime. 

IL IGNITION MODEL FOR A SUPERSONICALLY 
HEATED FUEL 

We consider a precompressed DT fuel of density 12o which is driven to 

ignition by directly heating it with a particle beam of focal spot r0 , parti­

cle range R and beam intensity S0 , so that the fuel heating proceeds in a 

supersonic regime. That is, a supersonic thermal wave is launched from the 

region directly irradiated by the particle beam and it heats the surrounding 

matter. In these circumstances, no change in the fuel density g takes place 

during the heating (g = g0 ) . As in previous models,8 we assume that ignition 

will be achieved if, at the end of the bea.m power pulse, the number of fusion 

reactions is so high that the power deposited into the fuel by the alpha par­

ticles is able to sustain the fuel temperature. Therefore, the volumetric rate 

of heating by alpha particles Wa must compensate for the energy loss from 

the hot spot: 7•8 

(1) 

4 



where 

( 
erg ) 2 Wa --3 = Aa < O"V > g0 , s .cm Aa = 8 X 1040

. (2) 

Here eo is in g/cm3, and the Maxwellian average reactivity < uv > for DT9 

is in cm
3
fs. Besides, p = (2/3)g0€ is the hot fuel pressure, e = 3kT/A£Yl'TTI.p 

is the specific internal energy, T is the temperature, k is the Boltzmann 

constant, ADT = 2.5 is the fuel mass number and m, is the proton mass. 

The term pV.v represents the mechanical work performed as the thermal 

wave propagates outwards from the region directly heated by the beam. On 

the other hand, q'T is the thermal conduction flux: 

(3) 

(if the Coulomb logarithm is lnA = 5); and w 8 is the volumetric rate of 

energy loss by emission: 

( 
erg ) 2 1/2 ws --3 = Aseae , 

s .cm 

where eo is in gfcm3 and E is in erg/g. 

A8 = 9 x 1015 , (4) 

If the alpha particles are completely deposited within the hot spot, we can 

perform an approximate integration of Eq. (1) over the hot spot volume. Such 

a volume is demarcated by the position of the heat wave at the ignition time 

and, therefore, thermal conduction can be neglected in the energy balance. 

Nevertheless, thermal conduction drives the heat wave and it has to be taken 

into account for the description of its motion. With these considerations, the 

5 

integration of Eq.(l) yields: 

(A A 1/2) 2 3 3 2 a < uv > - sE g0n:r1u ?: pv n:rh, , (5) 

where we have assumed that the hot spot is a cylinder of radius and length 

equals to rh., and v is the velocity of the heat wave at the ignition time. 

Since it is driven by thermal conduction, we can find a relationship between 

the heat wave velocity and the fuel temperature by considering that the heat 

wave motion is governed by a self-regulating mechanism for the character­

istic length of the temperature gradient lr = E//VE/.7•10 According to this 

mechanism, the length IT must be of the order of the heated region size r. 

We will take lr"" r/2 and then, we can write:7•10 

xe(t)'l2 r lr= ___ ,-
pv(t) 2 ' (6) 

where f( t) is the instantaneous value of the specific internal energy, and 

v(t) = dr/dt and r = r(t) are, respectively, the instantaneous velocity and 

position of the heat wave at a timet before ignition. Using Eq.(6) when r = 

rhs and introducing it into Eq.(5) we obtain the following ignition condition: 

H = R.x > XE 
( 

6 7/2 )1/2 

- Aa < uv > -As€1/2 ' (7) 

where H = eorh, represents the inertial confinement fusion (ICF) parameter 

of the hot spot and x = rh,/r0. Actually, the ignition region is limited by 

the condition that, at igniton, the heat wave velocity v must be larger than 

the sound velocity c "" e112
• We can calculate the velocity of the heat wave 

6 



by considering the self-regulating process expressed by Eq.(6). Then, in the 

supersonic regime, we have: 

(8) 

In Fig.1 we have represented the ignition region delimited by Eqs.(6) and 

(8). As it can be seen, the minimum requirements correspond to the sonic 

limit for which H "'=' 0.27 gj cm2 = Hm and T "'=' 13 keV = Tm. This ignition 

region also determines the energy necessary to reach the ignition: 1- 3·7 

rrH3 f 
E0 =mE= --

2
-

eo 
(9) 

where m = {!orrT~, is the hot spot mass and, since ignition takes place forT ~ 

13 ke V, we have neglected the energy loss by bremsstrahlung emission. This 

energy is a minimum just in the sonic limit. Similarly, we can consider that 

during the heating process, the beam energy is converted into fuel internal 

energy: 

W0t = m(t)f(t) , (10) 

where Wo = rrr5So is the beam power and m(t) = rrr3e0 is the instantaneous 

mass of the heated region. In this way, the fuel temperature can be found 

from Eqs.(6) and (10): 

[Cr/ro)l9/2- lr/7 

f(t) = fo (r/ ro)3 
fo = (!..... SoR) 2/7 . 

57 X.{!o 
(11) 

At the ignition time, r = rhs, {!or= eorh, =Hand f(t) = f, and these mag-

nitudes are related through Eq.(7) [with the restriction imposed by Eq.(8)]. 

7 

Therefore, the beam intensity S0 results from Eq.(ll) : 

(12) 

Notice that in Eq.(12) the specific internal energy f of the fuel at ignition is 

given by Eq.(7) as an implicit function of x. In Fig.2 we have represented the 

intensity needed for ignition as a function of x = H / R, for different ranges R. 

It shows that H > R for any finite value of the beam intensity. This express 

the quite intuitive fact that we cannot ignite a region of size exactly equal to 

the particle range unless we heat it instantaneously, that is, with an infinite 

intensity. Besides, we can see that for practically any interesting value of the 

range R, the minimum intensity Som corresponds to an ICF parameter H for 

which x = l.lO -1.15. For this optimun value of x, the ignition temperature, 

and thus the ignition energy, is determined by the particle range. In Fig.3, we 

have represented the minimum ignition energy Eam as a function of the range, 

when the fuel is heated in a supersonic regime. For R"" 0.25 gj cm2 the sonic 

limit is achieved and Hm = 0.27 gjcm2 and Tm = 13 keV. For higher values 

of the range , the minimum energy increases with the range as Eom ex: R4 

and the minimum intensity increases as Som ex: R 2 For R < 0.25 gjcm2 the 

beam energy Eom remains constant and equal to the value corresponding to 

the sonic limit [R"" 0.25 gjcm2
, Eom(kJ) "" 10/ e:, e. = eo/(100 g/cm3

)] . 

Instead, the beam intensity Som increases again approximately as Som ex: R-2 . 

For comparison, we also show in Fig.3 the results of Ref. [7] for the subsonic 

8 



regime of heating. We can appreciate some differences for R ~ 0.25 gjcm2 

between the energy given by the supersonic and the subsonic models. In fact, 

for such a range the heating proceeds in a regime marginally sonic and both 

models are expected to yield a rough approximation. 

III. CONCLUDING REMARKS 

On the basis of a relatively simple model for the ignition of a DT fuel 

mass which is supersonically heated by a particle beam, and from previ­

ous results which consider subsonic heating, we can set the existence of an 

optimun particle range R for triggering fast ignition. We find that such a 

value is around 0.25 g/cm2 and it corresponds to a marginally sonic regime 

of heating. For larger values of R the ignition requires a higher energy, if 

the heating proceeds subsonically, and a higher energy and intensity if it 

proceeds supersonically. For ranges shorther than this optimum value, the 

ignition can only be achieved in a supersonic regime. In such a case, a higher 

intensity is necessary but the beam energy cannot be further reduced. 

A more precise value of this optimum range should be assessed by numer­

ical simulations but the present model show that a range between 0.2 and 

0.3 g/cm
2 

may be reasonable. In any case, more important than its exact 

value is the result that this optimum has to exists and it corresponds to a 

marginally sonic regime of heating. The existence of this optimum range 

arises essentially from the requirement that a minimum value of the ICF pa-

9 

rameter Hm is needed in order to reach ignition. Thus, if the particle beam 

heats directly a region of smaller size (R < Hm) the ignition will not occur 

until the thermal conduction propagates the heating to a region of size Hm. 

Furthermore, ignition will not take place if the minimum energy determined 

by Hm and Tm is not transferred to the fuel. Conversely, if R > Hm , a larger 

hot spot must be created and more energy is needed. 

Finally, it may be worth to point out that the rangeR= 0.6 g/ cm2 has 

been suggested in Ref. [3] as the optimum value for fast ignition. But it 

cannot be confirmed by the present study. 
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FIGURE CAPTIONS 

• Fig.l Ignition region for a supersonically heated DT fuel mass. 

• Fig.2 Beam intensity S0 as a function the dimensionless hot spot size 

x = H / R for different ranges R. 

• Fig.3 Minimum beam energy Eam times g~, and intensity Sam divided 

by g. as functions of the particle range R for supersonic heating (label 

a) and for subsonic heating (label b). 
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Analytic model for the dynamics of fast ign,[ion 
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A relatively simple model for the dynamics of fast igniters is presented. The model describes lhc 
processes taking place when a precompressed fuel is heated by a particle beam (ions or el~ctr.o_ns) 
characterized by its rangeR, and the focal spot and intensity of the beam. As a result, the Jgmllon 
conditions are calculated in terms of such parameters and of the fuel density. The model provides 
scaling laws for the ignition energy and for the beam intensity in which the dependence on th~ 
particles range is included. Besides, it gives a simple interpretation of reponed simulallons and 
explains the apparent discrepancies between them and previous analytic estimatio~s . -~he 
importance of using particles with R~0.3 g/cm2 turns out to be from the dependence of the tgnmon 

• energy and the target gain on the range. © 1998 American Institute of Physics. 
[S 1070-664X(98)0 1907 · 7] 

I. INTRODUCTION 

The economical feasibility of inenial confinement fusion 
(ICF) energy may depend on the possibility of finding new 
schemes requiring a relatively low driver energy for achiev­
ing ignition and high gain. Clearly, any alternative to the 
central ignition concept currently considered 1 has to appear 
today as highly speculative. However. the present confidence 
of the scientific community in the success of the National 
Ignition Facility1 for demonstrat..ing the scientific feasibility 
of the inertial fusion during the next decade may indicate 
that the time for proposing unconventional approaches is 
coming. Probably for such a reason, the fast ignition concept 
recently advanced by Tabak et al. 2 has attracted the attention 
of many researchers . Generally speaking, fast ignition con­
sists of the formation of a hot spot by means of an electron 
beam tha< directly heats the deuterium-tritium (DT) fuel pre­
viously compressed during an ablative implosion. This 
method has the potential capability to yield higher-energy 
gain with lesser driver energy than the cenrral ignition . 

Following the proposal by Tabak et a/.,2 several numeri­
cal investigations have been reported that deal mainly with 
the physics of the hole boring in the corona of the ablatively 
imploded fuel.3

•
4 Besides, Deutsch et al, 5 have addressed the 

important issue of the interaction physics of a relativistic 
electron beam (REB) with the precompressed fuel. As a re­
sult, they find that, for a REB with panicle energy below 1.5 
Me V impinging on a fuellarget at 5 keY, the effective range 
is less than 0.3 g/cm2• 

On the other hand, a couple of two-dimensional (2-D) 
simulation studies have treated the ignition process when it is 
triggered by an ion beam of range R = 0.6 g!cm2, which im­
pinges on a DT fuel mass of density p0 • 6·7 Such studies have 
examined a 15 GeV Bi ion beam instead of a REB as in the 
Tabak et a/1 proposal, but, since the only beam parameters 
relevant to the ignition physics are the panicle range R, and 
the beam focal spot r0 and intensity S0 , their results are of 

•1Fellow of Junra de Comunidadesrde CastiJJa-La Mancha (U ,C,L,M ,), 
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great interest for understanding the fast ignition dynamics. 
These results show that for R = 0.6 g/cm2 the minimum beam 
energy required for ignition is much larger (a factor of 5) 
than that estimated in Ref. 2. Atzeni7 has argued that this 
discrepancy is due to the ignition conditions assumed by 
Tabak et al., 2 which would correspond to an isobaric fuel 
configuration (in Ref. 2 a hot spot temperature T= 10 keY 
and an ICF parameter H= 0.4 g/cm2 have been used for cal­
culating the ignition energy)~ Atzeni proposes somewhat 
more severe conditions that would result from an isochoric 
configuration: T=l2keV, H=0~5g/cm2 • 78 Nevertheless. 
the observed discrepancy cannot be completely explained 
with such ignition parameters. Thus, 2-D effects are 
invoked,7 although a physical discussion about the nature of 
these effects is not attempted. Besides, as those simulations 
are restricted to R = 0.6 g/cm2

, no insight of the scaling of 
the beam energy and intensity with the range R can be ex­
tracted. This scaling can be of imponance to the light of the 
recent results obtained by Deutsch er a/. ,5 and in order to set 
the adequate energy of the panicles used to trigger the igni· 
t.Jon. 

Scaling laws, as well as a physical picture of the fast 
ignition dynamics, can be assessed more suitably by means 
of analytic models. In this paper we present a simple model 
for the description of the processes occurring when a pre­
compressed DT fuel is driven to ignition by direct heating 
with a beam of particles. We find that in the regime of inter­
est in which the beam energy required for ignition is a mini­
mum, the fuel heating proceeds subsonically. So, the density 
in the hot spot region decreases, new mass is incorporated by 
ablation and a shock wave is launched into the cold fuel. 
Therefore, at the ignition time, the mass within the hot spot 
turns out to be larger than the mass directly heated by the 
beam. Besides, the hot spot temperature and density are de­
termined by the beam intensity S0 and the particle rangeR, 
for a given density eo of the precompressed fuel. For the 
lowest intensities, the hot spot temperature is low, but its 
mass becomes considerably larger than the mass m0 directly 
heated by the beam. Thus, ignition requires a relatively high 
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amount of energy. For rhe highest inrensities, the hoc spot 
m.:~ss is not much larger than mo, bur its temperature at ig­
nirion time is high. Again, the hot spot contains a relatively 
large amount of energy. There exists an intermediate situa­
tion for which the hot spot is driven to ignition with a mini­
mum requirement of energy. In such a case, it has a moderate 
ignition temperature and a mass somewhat larger than m0 , 

both determined by the heating dynamics. This description 
provides a simple explanation of the simulation results and 
seems to show that 2-D effects are not relevant. 

Finally. the ignition model is used for calculating the 
limiting gain by means of a modified Kidder modet.'· 10 

which includes a density jump 8= et eo between the hot spor 
of density e and the surrounding cold fuel of density eo. We 
sec that the energy gain depends on the panicle range R 
through the ignition parameters of the hot spot, namely, T, 
H, and e. For R = 1 g/cm' it becomes a factor 2 lower than 
the estimated in Ref. 2 but, for R = 0 2-0.3 g/cm2, there is a 
good agre:!menc. 

11. THE IGNITION MODEL 

We consider a mass of DT fuel that has been previously 
compressed to a high-density eo and it is driven to ignition 
conditions by using a beam of charged particles (REB or 
ions) characterized by its focal spot radius r0 and intensity 
S0 , and by the panicle rangeR. for simplicity, we assume 
r0=R!e0. as in the simulations of Refs. 6, 7. We will also 
assume that the heating proceeds subsonically, and we will 
see that, in this regime, a minimum beam energy is required 
for reaching ignition. Then, the beam heats directly a cylin­
drical volume of radius r0 and mass m0 = 1Tr~eo, and the 
mass surrounding this volume is heated by thermal conduc­
tion. The thennal conduction drives an ablative wave, which 
is preceded by a shock wave launched into the cold fuel The 
volume enclosed by the ablative wave contains the mass m 0 

directly heated by the beam and the new mass incorporated 
by the ablation process that occurs in a tamped regime.11.1 2 

This volume defines the hot spot and it has a mean density 
e ~ e 0 and a temperature T. The ablation surface expands 
with a velocity v equal to the fluid velocity behind the shock 
wave, which is assumed to be a strong shock: 11 •12 

v=(3p•)'" 
4eo ' 

(!) 

where p 0 is the ablation pressure and it is, in general. some­
what larger than the mean pressure p =fee (c 
= 3kTIAoTmp is the specific internal energy, k is the Boltz­
mann constant, A oT= 2.5 is the fuel mass number, and mP is 
the proton mass). 11 We will take p 0 =ap with a-L2. and 
thus Eq. (1) reads as 

(e)'" u=0.77c 1n. ~ • (2) 

On the other hand, during the heating process, the hot spot 
loses energy by bremsstrahlung emission at the volumetric 
rate: 

A A. Piriz and M M Scinehez 

and fusion reactions occur that generate alpha particles at the 
volumetric race: 

w.=A.(c:H)e'. A 0 =8Xl040 ergs-' cm-3, (4) 

where ( a-u) is the Maxwellian average reactivity for DT, and 
we will adopt here the expression given in Ref. 13. The alpha 
particle's energy is considered to be deposited within the hot 
spot, contributing in this way to the heating process. 14 

In order to tuCh Ignition. lire power W ~ deposited into 
the foci by lhc alpha pamcles >t the end of the power pulse 
has to b: •ble 10 susta n the fuel temperature. For simplicity, 
we auum10 os in Rer. 14 that lhc o.lph• pnniclc energy depo. 
sition risu 10 • relatively high ••lue just cl0se to the end of 
the beam pulse in order to ensure the uansition from heating 
supported externally to the self-sustained alpha heating. 
Then, at the ignition time we require14 

(5) 

where W0 is the beam power pulse and the integration ex­
tends over the total hot spot volume V h'. Besides, ignition 
will occur if the volumeuic rate W a of heating energy de­
posited by the alpha particles compensates, at least, for the 
energy loss from the hot spot: 14

•15 

(6) 

where p V. v represents the energy lost by expansion and qr 
is the thermal conduction fiux: 

q,=x•"2'1'<, x=3.82X 10-J• gs4 cm-6 (7) 

(if the Coulomb logarithm is In i\=5). 
Since the hot spot is composed by the mass m 0 directly 

heated by the beam and by the mass incorporated by abla­
tion, we perform an approximate integration of Eq. (6) sepa­
rately for the mass m0 and for the rest of the mass of the hot 
spot, respectively~ Then, for the mass m0 we assume that 
energy loss by expansion take place mainly through the free 
surface -rrr~ and that it can be neglected in the other direc­
tions, where it is tamped by the ablated mass. 11 Therefore, 
integration of Eq. (6) over the mass mo yields 

(8) 

where we have assumed that the free surface expansion oc­
curs to the sound speed E tn Besides, taking into account 
that at ignition th~ alpha particles must sustain a uniform hot 
spot temperature. we have neglected the losses by thermal 
conduction from the mass m 0 toward the rest of the hot spot 
mass. Equation (8) gives a necessary condition for ignition, 
and it is satisfied, for a given particle range R, for a suffi­
ciently high temperature. For instance, for R = 0.6 glcm1 it 
turns out to be T'i=5 keY. 

In the same way, we obtain another necessary condition 
by integrating over the rest of the mass of the hot spot, 

(A.(O'v)- As<tn)e(m- m0 );> pv47rr2 , (9) 

where m= 1Tr3 e is the total hot spot mass, r is the radius of 
the cylindrical region containing the hoc spot, and we have 
assumed that its length ls l = r. This is a reasonable assump­
tion for the case we are studying in which z0 =Rte0 =r0 , 

11 

L 
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and taking into account that, in the present situation of 
tamped ablation, the expansion velocity of the mass origi­
nally heated by the beam is much less than the ablation front 
velocity v. 11 Therefore, since the volume increase of the hot 
spot is dominated by the ablation front expansion we have 
z-z0-r-r0 , and then it turns out that z-r(z0 =r0 ). 

In writing Eq. (9) we have assumed, for simplicity, that 
the whole surface surrounding the hot spot expands with the 
same velocity v. Actually, a part of this surface, which is of 
the order of 1r(r2 -r~), faces the vacuum region and should 
be expected to expand with a velocity of the order of E

1n. 
However, it can be checked a posreriori that the simpler 
expression used on the right-hand side of Eq. (9) gives a 
good ~ccount for the total energy lost by expansion. 

In order to close the problem we need another relation­
ship connecting the expansion velocity u with the fluid den­
sity e behind the ablation front. As is well known, the propa­
gation of a heat wave is governed by a self-regulating 
mechanism for the characteristic length of the temperature 

gradient17 = <!IV •I · 12 Such a length must be of the order of 
the dimensions of the heated region: 

Ill. MODEL RESULTS 

A. The minimum Ignition energy and hot spot 
parameters 

(10) 

The previous set of equations allows for the calculation 
of the b:am energy, of the parameters of the hot spot and of 
the ablation front velocity at ignition. in terms of the beam 
power W0 , its focal spot radius r 0 , the panicle rangeR, and 
the fuel density eo. In particular, the total power required 
for ignition can be obtained by adding Eqs. (8) and (9) and 
introducing the result into Eq. (5): 

(11 ) 

For the following calculations it is convenient to introduce 
the parameter x 3 =m/ m0 • Thus, we can write the ICF param­
eter of the hot spot H = er in terms of x: 

( e )213 v"' 
H= eo Rx-1.42 ?J Rx, (12) 

where we have used Eq. (2) , Inserting this expression into 
Eq. (10), we find the velocity u of expansion of the ablation 
front: 

v- .l38(.i_)

317 

•'
9
'
14 

· Rx · (13) 

On the other ho.nd, by introducing Eqs. (10) and (13) into Eq. 
(9) we obtain an implicit expression for the hot spot tempera­
ture in terms of the parameter x (for a given range R): 

x3 -1 1.7 E 11114 

-:;rw-~ (A.(O'v)-As< 112) · 
(14) 

Po. R. P\f'!:t and M M Sam:het. 

w" 

~· 

10 15 20 25 30 

AG. I. Beam energy £ 0 required for 1gniuon times e! a;~- a funct1on of the 
characi.Uislic velocity u0-($0 /e0) 1n . for different values of the •ons range 
R Here e.., is a dimension less fuel density and S0 is the beam mrenslty 

In a similar way, we get the beflm intensity So= W 0 17rr5 in 
terms of the parameter x from Eq. (1 1): 

50 ( 0.35 V 1/)) W B 
--3 2u 513.r2c213 I+- -:TiQ + -:-----! · 
eo X C eo"TT"ro 

where 

W8 u 113 

-::--z-0.53A 8 Rx -:m. 
eorrro E 

(15) 

(16) 

and v is given in terms of x and • by means of Eq. (13) . Note 
that Eqs. (15) and (16) determine the ratio S 0 te 0 instead of 
the beam intensity S0 and the density eo separately, Then, 
we introduce the following characteristic velocity: 12 

V =(~)Ill 
0 eo ' 

(17) 

and we will solve for the hot spol parameters in Lerms of u0 

through the parameter x such as it is given by Eq. (14). ln 
particular, we find the hot spot energy as follows: 

R' 
Eo=m€=-7T -:-7' E..tl , 

eo 
(!8) 

In Fig. 1 we have represented the product E0 e~ as a function 
of u0 fo .. different values of the rangeR . We can see that, for 
a given range, there exists a panicular value of the ratio 
S 0 I e 0 for which the beam energy is a minimum. For the 
case R = 0.6 gjcm' the following results: 

( 
I 00 gjcm') ' 

Erru"-155 ----
0 eo 

Som(W/cm
2
)-2.5X 10

19
( lOO e;cml) • 

(19) 

(20) 

These values are in good agreement with the simulation re~ 
suits of Refs. 6 and 7. As can be seen in Fig. !, the energy 
required for ignition increases considerably for intensifies 
lower than that given by Eq. (20). This is because the fuel 
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FIG. 2. Dtmensionk.ss hot spot density et eo and temperature T as a func­
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heating proceeds relatively slowly, allowing for a long abla­
tion time before ignition. Thus, although ignition occurs to 

the lowest temperature (Fig. 2), a relatively large amount of 
mass is incorporated by ablation (Fig_ 3 ), Nevertheless, the 
hat spot temperarure is always above the value imposed by 
Eq. (8), which is then satisfied automatically. This is shown 
in Fig. 2 for R=0.6 g/cm2, where the hot spot temperature 
T( T;;; 5 ke V) and the density e have been represented. 

For the highest intensities S0 ~Som, the ignition energy 
increases again. In this case, the hot spot density is closer to 
l?o as the beam intensity rises (Fig. 2), and the heating may 
eventuaJiy become supersonic. The mass of the hot spQ[ be­
comes slightly higher than m0 (Fig. 3). but its temperature 
becomes rather high, and chis fact leads again to a relatively 
high ignition energy. Then, in the regime in which a mini­
mum beam energy is required for triggering the ignition, the 
fuel heating proceeds subsonically. 

R = p
0 

r
0 

vo = (So/po )'" 

a: 0 4 g/cm1 

b: 0 6 glcm2 

c: 0 8 g/cm2 

AG. 3. Dimensionless hot spot mass m/m 0 u a function of u0 
=(Soleo) 1

fl far diffe11:nt values of the panield nlflge R, 
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flG. 4 Minimum beam energy£;;'" times e!, and intensity S0• divided by 
e • as furKtions of the ions rtnge R 

Figure 1 also shows that the minimum beam energy in­
creases as the range does. However, because of the depen­
dence on the range R of the hot spot mass [Eq. (14)], the 
scaling of the ignition energy is weaker than that expected by 
assuming a hot spot ICF parameter H proponional to R. 2 

This is clearly seen in Fig. 4, where the minimum ignition 
energy and the beam intensity S Om have been represented as 
a function of the particle range R. From this figure, we can 
infer the following approximate scaling laws: 

E0.(MJ)-4.3X IO'(f)'. (21) 

(22) 

where R is in g/cm2 and eo in glcm3
• In the same way, we 

find the scaling laws for the hot spot parameters: 

T(keV)-8.54R- 035• (23) 

H(glcm2) -0.30R- 0075, 

a= i_=O.I4R-t 25• 
eo 

(24) 

(25) 

So far, we have obtained the minimum energy of the 
particle beam needed to drive to ignition a precompressed 
fueL But, in order to calculate the total energy spent far 
ignition, we have to compute the energy E0 of the driver 
used to compress the fuel tO a density (1 0 • Sinee the hot spot 
is heated subsooito.lly, the mass of fuel m, compres~ by 
implosion must be, ln general, larger than the hol spot mo.ss 
m= m a-<'- In fact, ignition has to occur before the inward 
rarefaction wave generated in the external surface of the fuel 
(of radius re) anives at the ablation surface. This rarefaction 
arises when the outward strong shock preceding the ablation 
front reaches r= re. Thus, the time ti available for ignition is 

(26) 

where rl is the transit time of the shack wave from r0 tor,: I 
L 
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_3 J'• '!!_ t,-4 '"O U • 
(27) 

and rr is the transit time of the rarefaction wave from r t. tor: 

t =J'• '!!_ , (28) 
' ' c 

Here, c={5p/12eoltl2 is the sound speed behind the shock 
and it is the velocity of propagation of the rarefaction in the 
shocked matter of density e,=4e0 • From Eq. (2) we get c 
-0.9lu, and from Eqs. (26)-(28) we obtain, approximately, 
r~-r. Thus, the ratios between the minimum fuel mass mF 
and the hot spot mass become 

mF eor! eo I 
-;;;-=--e;:r-e-=8· (29) 

and the minimum energy E'!fn is 

. mFEc ~n3a e~ (eo) 
E'i)n=q;;-Eo 2a TfD€ e ' (30) 

where e,={3a/2a)e~ is the cold fuel temperature, a is the 
isentrope parameter that denotes the deviation ~f3 the c~}3d 
fuel from complete degeneracy, a=4.35X 10 cm g I 
erg, and 1'/D is the total efficiency wirh which the driver 
couples Lo the fuel. In order to obtain the minimum total 
energy required for ignition, the driv~r energy E7;n must be 
added to the trigger energy £ 1 = Er;n/1};, where 7}1 is the 
efficiency with which the trigger couples to the fuel. For an 
ion beam 7Jr = l, and for a REB generared by a femrosecond 
laser 1}, < l, and it depends on the laser absorption and on the 
efficiency with which the hot electrons are transported from 
the subcritical corona to the fue1.2 For the particular case of 
R=0.6g!cm2, a=2. 7Jo=O.!, and e 0 =300g/cm

3
• we get 

E~n/~n-1. Of course, this fraction can be reduced by m­
creasing the trigger intensity in such a way as to produce .a 
supersonic heating of the hot spot. But, as we have previ­
ously mentioned, it would lead to an increase in the trigger 
energy, with the consequence of increasing the total energy 
required for ignition. For a shorter range, h?wever, this frac­
tion decreases as well as the value of £0n and then, rela­
tively shon ranges R of the order of 0.2-0.3 g/cm

2 
should be 

preferred.2 Nevertheless, it is worth noticing that if the ran~e 
is reduced below 0.2 glcrn2 the heating becomes supersomc 
and the present model is no longer valid. Thus, the problem 
of setting the possible existence of a minimum range requ1res 
the study of such a regime. and this is beyond the scope of 

this paper. 

B. Target gain 

As we have shown, the ignition conditions are deter­
mined by the hot spot heating dynamics and they depend on 
the range R of the particles used for triggering the ignition. 
Since the target energy gain depends on the particular values 
of the hot spot temperature and of the ICF parameter, it may 
be wonh analyzing the effect of the range on the limiting 
gain. For this purpose. we use a modified version of the 
isochoric model. which allows for a density jump li= et eo 
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AG 5 Limiting gain G as a function of the total energy £ r required for 
igntuon and compression of the target (a) C<~lcul:lled in Ref 2; (bl for R 
=0.2 glcm1; and (c) for R= I glcm1 

. 

between a hot spot with density e and the surrounding cold 
fuel with density e0 • 10 After some straightforward calcula­
tions similar to those of Refs . 9 and 10, we gel the following 
expression for the limiting gain: 

1J ( TJEr1Ec)t 13 

G-l.3?X IO' T [ 1 + (0 SlH 8 oli3tH)(Ecl 1JE r) tl'!]' 
(31) 

where Er= E 0 + E, is the total energy of .the drivers used for 
compressing the fuel (£0 ) and for triggenng lhe igniuon 

(£,) . H,=7 g/cm2 and 

Ec=37r(;)' ~- (32) 

The hot spot parameters o=eleo. Hand T (or e) are func­
tions of the range R given by Eqs. (23)-(25). BeSJdes. 1J 1S 

the total efficiency with which both drivers couple to the 

fuel: 

(33) 

From the previous calculat~on of the limiting gai~,9• 10 we 
also obtain that TJ£T-4E0n and then, the followmg rela­
tionship among 7'/. 7'/o, and 7'/i is found: 

47Jo 
7J= 3+ 1Joi1J, • 

(34) 

From this equation we can see that the real value of 1} 1 has a 
weak effect on the total efficiency 7J for a given driver effi­
ciency TJo. For instance, if we take 'i'o=O. l and 0.1~ TJ; 
,.; 1. the toral efficiency 1J turns out 10 be 0. 10~ 7J"'0.13. We 
hove n:pre.sented Eq. (31) in F'.g • .S for R ~ 0.2 glcm

2 
and. for 

R= 1 g/cml (with "17=0.1). together with that calculated in 
Ref. 2 (with T~SkeV OU!d H~0.3glcm1) . Ascan be seen, 
the limiting gain decreases with the range and, for ~ 
= 1 g!cm2, it becomes about a factor 2 lower than the gatn 
considered in Ref. 2. We can obtain the following approxi­
mate scaling law, which includes the dependence of the lim· 

icing gain on the range R: 
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( 
71£ ) 0.42 

G-l.3Xl04 '7 -;;rk , (35) 

vatid for R~0.2 g/cm2
• In the previous equation Er is in MJ 

and R is in g/cm2• Once again, the advantage of using rela­
tively short ranges can be perceived. 

IV. CONCLUSIONS 

We have developed a novel analytical model for the ig­
nition of a precompressed DT fuel, which is heated by means 
of a beam of charged particles characterized by its range R 
and for the beam focal spar radius ,.0 , We have shown thar 
the ignition conditions are detennined by the dynamics of the 
heating process and that it depends on the particle rangeR. 
In the regime in which minimum beam energy is required for 
triggering the ignition, the hot spot heating proceeds subsoni­
cally and, in general, its mass becomes larger than the mass 
directly heated by the beam. Th.is fact leads to scaling laws 
for the minimum ignition energy and beam intensity in terms 
of the range R and allows for a a simple interpretarion of the 
simulation resulls of Refs . 6 and 7~ Besides, the discrepancy 
obst.:rved between those simulations and the calculations by 

Tabak er al. 2 is seen to be caused by the larger range used in 
lhc simulat io ns. In facr, by taking a more realistic panicle 
rangeR= 0.3 g/cm2• 

5 and for eo= 300 g/cm2, Eq. (21) yields 
£0U"=4.3 k.J . T!us number compares very wet! with the 3 k.J 
estimated in Ref 2 Similarly, for R=0.3 g/cm2 target gam 
rums out to be very close to the value obtained in that work 
(70% of such a value for T/, = 'lo = 0 I and practically equal 

Lo ''for T/,"'0 5). 
The situation IS somewhat different for a relatively large 

R( • 1 g/cm2) . In this case, the ignition energy increases 
considerJ.bly and the target gain is approximately a factor 2 
lower than that considered in Ref. 2 , These results show the 
convenience of keeping the particle range below 0.3 or 
0.4 g/cm2 in order eo ensure a higher-energy gain than that 
achievable with the central ignition scheme with the same 
energy 

It may be wonh nmicing that since our model is based 
on integral conservation propenies, we can expect that the 
present results obtained for the situations in which ro 
= R/(2 0 , will not be very sensitive to the detailed shape of 

A. A Piriz and M M Sanche: 

the hot spot at ignition. On the other hand, it should be clear 
that the scaling Jaws given by Eqs. (21)-(25) will change i1 

different values of the range R are considered for a fixed 
focal spot r0 • 

In conclusion, the present model seems to give an ad­
equate physical picture of the processes involved in the hot 
spot heating that lead to the fuel ignition. As occurs with 
central ignition, static models are not suitable for the calcu­
lation of realistic ignition conditions. 
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Petawatt laser target physics studies 
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• Studies of the electron source 

• Fast ignition and NIF 

• Studies of heating by electrons 
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PW laser generated 1-10 Me V electrons ffi11 
--~d~riv_e~fa~s~t~i~g-ni~ti~o~n_o_r~h_a_r~d~X~-~ra~v~s~o~u-rc~e~s--~ 

Light 
pressure 
bores hole in 
coronal 
plasma 

'l 

1 MeV electrons 
heat DT fuel to 

keV 300 glee 

Laser Pulse _A_ SOOJ, 0.5 ps 

Au target 

10 MeV 
electrons 

Me V 
X-rays 

--------------·- -

The PW target chambers has a wide range of diagnostics 

Streaked x-ray 
crystal spectrometer 

X-ray mono- ~ 
chromatic imager ~ 

X-ray 
spectrometer 

I TLD's I 

Optical target 
diagnostics 

y-counters for n 1-mode 
activation Pin-hole detectors 

camera 

X 

l e· spectrometer I 
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For short pulses(< 5 ps), Petawatt is focused using an 
on-axis parabola in combination with a plasma mirror 

• Debris shields cannot be used below - 5 ps pulse length 
- accumulated B-integral for double passing a 1-cm thick fused silica 
debris shield is 28 radians for a 500 fs pulse! 

On-axis 
parabolic 
reflector 

55 cm 
diam. 

Secondary ·:mirror" 
(fused silica with 
'JJ2 Hf02 overlayer) 

Wavefront correction system 

Final control sensor is located at the output 
of the amplifier chain prior to compression 

37 actuator 

~ Incident pulse 

0 
Beam on secondary mirror 
Outer diam. = 3.25 cm 
Inner diam. = 0.65 cm 
Beam area = 8.0 cm2 
Fluence = 1 00 J/cm2 
Irradiance ··= 2 x 1Q14 W/cm2 

deformable 01( )r 

nwlnr.uo;:c; :~i 
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Deformable mirror (OM) gives reproducible smaller focal 

spot relative to a typical repeat shot with thermal effects 

4000 

0 i 3000 ~ 
• 
~· 2000 

0 1000 -.. .. 
I 

12 25 38 so 62 

!lm 

25000 -

20000 

15000 

10000 

5000 

contours to 10% 

Deteriorated 
focus in 
second 
shot 
without 
OM (291J) 

Stable result 
with 
OM (626J) 

(3x intensity/J) 

contours to 100% of 
peak show focal spot of peak show pedestal 

0 .. _____ .. 1 

Line outs A-B thro focal spot 
showing ccd image counts 

For moderate pre-pulse levels, gold blowoff at main 
pulse time has developed a .. ridge .. of 0.1-0.01 ne 
plasma along f/3 angle. 
-------------------------------------------~ 

om 

1 o-5 Pre-pulse 
J 1 I a I 1 I 1 It I 1 I 1 It I I I I lt I 1 I 1 I t I I I 1 L A: plc, ptcen( 
- - fl . eden(2 : ,2:) 

0.000 

- A: le+22 
- B: le+21 
:- C : le+20 
- D t le+l9 
- E: le,.lB 

, 1, ,, , . , ... 1 , ,,,, , . , , r 
0.005 0.010 0.015 

0 .0 15 

0.010 

1 o-4 Pre-pulse 
J 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 L A: plc, ptcen( 

0.000 

- f2 . eden(2:,2:) 

- ~~ i::~i 
: C: le-+20 
- D: le+l9 
- E: le+lB __. ____ ...,__"': 

Plasma scale lengths in "channel" range from 1-10 11m at ne=nc 
to 13-35 11m at ne=.001 ne-

sph_mk01_9-17-98 



Petawatt intensity exceeds 2x1 020 Wcm-2 

using deformable mirror wavefront control 
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Fraction of power 
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Analysis of 16 bit CCD far field 
image to give on target spectrum 
of intensity ( shot 1708) 

Petawatt focal spot has lower peak intensity than 

diffraction limit and about 28% power in the focal spot 

Energy Density vs . Displacement 

1.00E+06 -.---------------------------, 

" i ·;;, 
; 1.00E+04 !-----
"' in focal spot 

0 20 40 60 80 100 120 

Displacement (microns) 

1 E+21 
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Analysis of CCD images gives the spectrum of intensity 
(using also pulse shape data ) 

Energy Delivered at the Corresponding Intensity 

1.00E+02 r--------------------------, 

,.. 
Ln 
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Gl 
Q, 

Diff Limit 

3 1.00E-01 -t------------------1 ~'R~IW\dlt;: 
:::n 
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Prepulse has been varied from 4 x1 0-6 to 4 x1 o-2 • 

0.5 
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0 

28081202 _ 2 

Prepulse 
6.9x10-4 

-0.1 L-~~~-~-~--L--L-~~ 
40 42 44 46 48 50 52 54 56 

Time (ns) 

Laser system prepulse 

minimum is 1 o-4 and ASE is 
a few 10-4. Use 

of 4% relecting Si02 

plasma mirror 
gives minimum prepulse of 
4 x1 o-s and ASE of 1 o-5 



lnterferograms (at 2 coo> taken a few ps before the main 
pulse are a sensitve indicator of the plasma blown off 
by ASE and any pre-pulse(s). ill! 

1.4 J.!m thick CH foil 

002~ 

0 01-: 

00~ 

-0 01-: 

-00~ 
-0 02 -0.01 

Experiment Calculation (LASNEX) 

Model, assuming a 30 )lm spot, reproduces the experimental results for 
thin foil very well. 

L 

simulation parameters: 1) ASE before main ramp for 1.5 ns, flat for 1.5ns, total energy of 1.1 mj. 
2) Prepulse: 2ns before main, 0.5 ps duration, 3.7 mJ, Gaussian spot 

of 30 ll m FWHM. 
sph_lppac:01_05_12_9B 

Lasnex modelling of the preformed plasma on Au targets 

shows a ridge of higher density surrounding the focal spot 

~===================================L~ 
1 o-5 Pre-pulse 

Radius J 1 I 1 1 1 1 1 1 1 1 1 I 1 11 1 1 1 1 11 I 1 1 1 1 1 1 1 1 1 L A' p l c, ptcenl 
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0.010 
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0.01 0 0.015 

Plasma scale lengths in "channel" range from 1-10 Jlm at ne=nc 
to 13-35J1m at ne=.001 ne-

sph_mk01_9-17-98 
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A magnetic electron spectrometer confirms rrr. 
the generation of electrons with< E>=7MeV ~ 

Electron data 9/97 PW.KD 
I I i I I If 

• 30 degree 

••••• • • •• • • 
95 degree • • • ·• • : • . , . t • 

forward peaking I • 
• 

I I! 

10 

Electron Energy (MeV) 

Electrons 

1 

= .. J 
100 

Hot tail electrons penetrate target and escape to vacuum 
,­.. 

The forward peaking seen in the electrons ism-. 
also seen in the Bremsstrahlung . ~ 

6 1012 
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, .. 

90 

120 60 

Bremsstrahlung of a relativisic 
electron is in cone angle of 1/y 

Diode 
filtered to 

1MeV 
approx 

300 J on 
0.5 mm 

Au target 
n • in 0.5 ps 

• and 5 ps 



Collimated source of electrons* in radiography targets 
produces bremsstrahlung with a distribution of angles. 
-----------------------------------------~ 

Response of Snavely TLD detectors 
H!~·HH!~-~~~·~!Hfl ·HH~Hf!.J­
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Angle [deg] 
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1()i'.s1 1llllllllllllllllllllllll1111 r 
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• electrons assumed to have exponential energy distribution 

----- ~----

(y,n) activation of array of Au cylinders 
has pronounced off axis peak 

Activated atoms I 
target atoms x 1014 

Error range 1.9 to 5.1 % 

(shot 28 09 0116) 

6 

r:: 
~ 4 
:;; 
> 
~ 3 .. 

2 

0 '----'-----'----L----J 
·40 ·20 0 20 40 

4mm angle along A·B B degrees 

Solid ange correction shows peak 
along A-8 is at 

40 degree edge of range 
of measurement 



Array of 97 TLDs (filtered to respond at hv>0.2 Me V) 
shows multiple narrow peaks on a diffuse background 

Shot Number: 280901 . 14 
:S!~\ Humber 280901 16 

.95 

.12 

Possible correlation of jets 
with three spots In x-ray image 
for this shot 

Different pattern from that seen on 
this shot in nuclear activation 
( order of magnitude difference 
in photon energy ) 

Variation of target position relative to focal plane shows 

evidence in x-ray images of self focussed channel formation 

Target 

surface 

t 
120 11!1 

rei. x-ray phc 
peak intensity 

3.9 20 14.9 17 

.90 

- \44 

Data strongly suggest self focussed channel formation when focus is in front of target 

: . 
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Total yield of photoneutrons drops sharply 

when laser is focused behind target surface 

Laser energy /100J 

• 
• • 

• 
• 

• • 
neutrons/1 0"8 

-3 00 -1 0 0 100 
target plane relative to focal plane I 1 

300 
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Absolute spectral intensity at high energy ~ 
is deduced from Photonuclear Activation ~ 
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t
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Mechanisms influencing the electron source 

• Off axis jets- several possibilities 
hosing type instability of a filament at near critical density (PlC modelling ), 
Weibel type break up of relativistic electron flow ( PlC modelling) 
refraction of filament due to structure of preformed plasma ( Osaka effect) 

• Hot tail in the energy spectrum 
- subcritical acceleration processes (PlC modelling ) 

------. 

The wide angular distribution of the hot electrons in 
overdense simulations are identified with the broad 
experimental x-ray spectra. 

-----------------------------------------~ 
• T hot determined by the ponderomotive potential and oc (1 19 A.~ 

2) 112 Me V 

• Early results suggest that the hot particles are produced at large angles. 

Energetic (E> 1 0 Me V - Very energetic 
T hot) electron positions. (E>25 Me V) electron 

positions. 

l doldoloL J • I 1 lolololol o I o I o I o I o I ol 1 lol' lot,. 

150-: :- Simulation at 

·., ~-~:ii~~ ... : - ~ · 
1 o21 W/cm2 

(.) 
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8 "o ~ ~ ,~ ~ f:~~~ : -:i' 
8 . , ., r'fl~t:. , .,~ ~ ' .__.. o' :e. ,=~f I ~ J/ , 

>- 50 ~ 
.__.. . .- :·,1·~4:f.:· y, . 
>- so-: . .,.,,/fi. {, 

Results at .: ....... 
. - t=125 fs. 

o-; • I ' I' f t f • t• I. 'I ' I • I+ I • I' I I I o 1 ' 1 ' i-
100 150 50 100 150 

x(ro0/c) x(coofc) 

• Hot electrons occur in bursts and produce current filaments. We identify 
these bursts with emission at 2ro0, associated with the J x B force. 

ang 9128/98 I of I 



Beam de'flection occurs in many simulations ot 
laser-plasma interaction in the overdense region. 

----------------------------------------------------------
Results from a simulation at 1021 W/cm2 , 50 ne, 12 A-0 long x 25 Ao wide 
plasma slab. 

0 100 

x(roofc) 
200 a 

There is also 
evidence of a 
"kinking" instability 
in the propagation 
direction. 

lt is tempting to associate the off-axis x-ray features with the beam 
deflection. · 

deft 9/28/98 
?. · -

1 of I 

2-D PlC simulations of the underdense laser-plasma interaction 
show that eneries much higher than Upond can be produced: in 
fact, we see substantial10-100 MeV electrons and photons. 

~ 
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Longitudinal component of laser electric field acce./erates electrons, 

which then collide with ions in the solid target, producing y's 
sew 06/07/98 



We use Monte Carlo modelling to test our understanding of how 

the x-ray source is related to the spectrum of laser intensity 

Intensity Spectrum pond. El S scaling ,. ectron pectrum IT7 ,... Photon Spectrum 
ea c. 

% of Etaser > I 
1 QQ.O I I I I I I I I I lt I I 1 I I I I I I I I I L-

shot 28061708 _ 

-
10.0-:: 

1.0-: 

-
0.1, ., ••• ,. , , I ' ,,,'''' • I'' r 

0.0 0.5 1.0 

I [HJ20 W cm-2] 

from equiv. plane image 
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PIN diodes, 
TLDs 

10 15 

Ey[MeV] 

(y,xn) activation 

We are developing a Monte Carlo based scaling model . The phys 

basis needs more investigation but initial results are interesting 

1.00E+1 0 .-------------------, 

Model x-ray spectrum assuming 

Boltzman electron energy 

spectrum with 

kT = (ponderomotive potential ) 
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~ 1 .00E+09 Filtered TLD's 
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for each component of the 

intensity spectrum of the focal spot 

"'r 
< 
;! 1.00E+08 

c 
> 
Q) 

:E 
> 

a> 1.00E+07 
:: 

Au/Ni activation 
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Scenario satisfying physics 
constraints for Fl at NIF scale 

lgnitor pulse, 
0.53 micron , 

200kJ in 20 ps 
delivered in 

19 off cluster 
of 25 1-1m focal 

spots 100 
micron from 

dense core at 
1020 Wcm-2 

Collimated· transport is predicted by modelling 
penetration to within 100 1-1m may be a problem ! 

]· 

Reduced density eases constraint 
on IA-2but increases ignitor energy 

Fl gain 

1.0E+03 c------ -------------, 

1.0E+02 

1.0E+01 

t Good operatin~npoint ? 
300x gain ' 1.2 rv•J drive 

-200 glee, 200 kJ, 2.5 101\19 

-300 glee, 92 kJ, 4 101\19 

-150 g/ee, 330 kJ, 1.8 x10A19 

1 . 0 E + 0 0 ...___...L.__,___.__..J.......J........_._.......__ _ __.____._..._..._...._._....._.. 

1.0E+02 1.0E+03 1.0E+04 

Drive energy 



1• 

The gain advantage of Fl over DD depends IU 
on difference in adiabat and density ~ 

fast Ignition cf Direct drive 

1.0E+03 -·---·----------, 

1.0E+02 

1.0E+01 

-· ; 
·"•,.; 'r,,• 

1.0E+02 

-DD at 500 g/cc, alpha =5 

- Fl at 200g/cc, alpha =2 

1.0E+03 

Drive energy kJ 

• DD Gardiner/Bodner calc . 

1.0E+04 

High resolution neutron TOF spectra show 
thermal D-D fusion by electron heating 

Neutrons•l,, .. 1, ~ ~~''' 11 ,,.~~,, .. 1, •• ~~ •••• 1 .... ~.~~· ~ 

per bin -
1~ Thermal peak 1-. 

Laser 
1o-= 

s...: 

a 1o MeV 

2.45 MeV DD fusion 
Neutron time of flight energy spectrum. 
Emission of 6x1 04 THERMAL neutrons 
indicates heating to temperature 
approaching 1 keV 

CH 10 ~m 

Data from 5 ps, 180 J 
irradiation of layered 
solid target 



Scaling_ of DD neutron yield with temperature g 
in 10 m1cron CD

2 
layer from Lasnex 1 D model~ 
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temperature 

~ approaches 
1 keV 
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• 

Background neutrons may be from ~ 
electro-neutron effect in Deuterium ----
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Experiment and modelled electro-neutron yield . 
assuming 11 J of electrons in hot tail with <E>=8 
Me V 
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Accelerated deuterium target ions generate a fusion 
peak in a deuterated catcher foil. L\1 

90 ~----;::=::=::::::::=~ 
C02 target 

80 

70 

1/) 60 -1: 50 
:::J 
0 40 

(.) 30 

20 

10 

35 

30 

1/) 25 -1: 2U 

5 15 

(.) 10 

En (MeV) 

En (MeV) 

DD yield= 1.7 E06 
DD peak= 2.7 MeV 

n 'l;; C02 catcher 

n n 
The velocity shifted DD 
neutrons are measured 
using LANSA in the 
forward hemisphere. 

Background subtraction will be necessary 
for all nuclear-based signal interpretation. 

Conclusions 

• Petawatt laser with OM mirror gives much improved 
reproducible focal spot 

• Electron source at 1 020 Wcm-2 and PW power has hot tail and 
complex angular pattern - several mechanisms may contibute 

• Assessment of fast ignition at NIF scale is encouraging 

• Initial studies of heating by electrons will be continued 
with current better laser beam quality 



Studies of Intense Laser-Plasma 

Interactions for the Fast lgnitor Concept 

r-----.1 R. Kodama. K. A. Tanaka, T. Yamanaka, Y. Kato, Y. Kitagawa, Y. Sentoku 
H. Fujita, T. Kanabe, N. lzumi, K. Takahashi, H. Habara, 
K. Okada, M. lwata, T. Matsushita and K. Mima 
ILE, Osaka Universily, Japan 

for the 3rd fnlernalional Workshop on the Fast Ignition of Fusion Targets 
at RAL in UK on Sept 21-Sept 23 1998. 

Outline of Intense-Laser Plasma Interactions .........,..;~.____ 
Related to the Fast I nitor at tLE 

• Introduction to the Fast lgnitor 
What do we need to study the feasibility of the Fast Ignition 

~ Laser-hole Boring into Overdense Plasmas with 100 ps /1 TW Laser Light 

Propagation of laser light into overdense plasmas 

Generation of high energy particles in the channel 

Demonstration of laser hole boring into implosion plasmas 

~ Ultra-Intense Laser Plasma Interactions by using I OOTW/0 .5 ps Laser Light 

Laser propagation in long scale-length plasmas 

Long scale specular jets - by Y. Sentoku 

Hot electron generation and transport 

Generati~n of high energy ions 

Summary 



Propagation of Intense Laser Light 
into Over-dense Region 

0 Laser channel boring wit~ photon pressures 

0 A few 1 0 to 1 00 psecs will be required to bore a few 1 00 ~m hole 
into over-dense plasmas. 

0 L X 

o Snow plow model 
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1pm laser light With a lOOps pulse d~ation interacted with a long 
scalength plasma prefQrmed on a l&o-pm thick plastic((}{) target. 

Channeling beam 
(a few lOps- lOOps) 

· main 
(a feW ps) 

. Experimental simulation 
of Laser-'hole boring 
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· 1·-D Electron Density· Profile Obtained 
with .the XRL-GIR and UV Interferometer 

The density profile from \he XRL-GIR is consistent with that extrapolated from the profile obtained l7f the UV 
interferometer. Solid ines present one-dmensional hydrodynamic smiula11ons (ILESTA) fol' different lnillal target 
diameters (target radius in 1 D simulation: R .. oo and· A·2Rs(spot radiusi ) to take acoount of a 3-0 8ttect on the 

plasma expansion. 
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from u~derdense into over dense r~gio.n. 

19.6nm laser 263nm laser 

80ps.l + lOps 

xuv uv 

1~-tm, 0.5~-tm 

scattered lights 

ne=io21 cm· 3 

X-ray 

1mage GIR image interferomete 



IR & UV drilling beams show totally 
different behaviors 

200f11Tl t 

#20045 

IL=2 x 1o17wtcm2 

#02 3w,8.1J,d=-900 
#07 3w,10.4J,d=-900 
#08 w, 130.5J, d=+21 0 
single pulse 
Target CH200um 

#20015 

IL =1.2 x 1o17w/cm2 

#03 3w,5.2J,d=-900 
#05 3w,6.6J,d=-900 
#09 3w,84.8J, d=+250 
single pulse 
Target CH100um 

ILE OSAKA 

Backscattered light spectrum and x-ray pinhole picture ~ 
ILE OSAKA 

-100 ..-.. 
u 
Cl> T VI 
a. - E 
Cl> ::1 

0 
0 

E 0 
(") 

1- 1 
100 

1050 1060 0 250 500 lum\ 

Wavelength (nm) 
Backscattered light spectrum: large Doppler shift, indicative of the laser drill 

penetrating into a plasma with a very high speed. 

X-ray pinhole pictures: the drilling laser reached the original target surface 

keeping a very tight spot size, indicative of whole beam self focusing. 

7 • 



Formation of Laser-:Channeling in Overdense Plasrrias 

Cross section of the electron density profile at 55 ~~ far from the initial 
target surface estimated from the XRL-GIR image. · The original center 
axis of the channeling beam i'~ l~ated at 0 j.U11 on the horizontal axis. 
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-100 -50 0 50 100 

Radius (tJ,m) 
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Supersonic Propagation of the Channel Front 
was Proved by Observation of a Mach Co~e 

' i" 
•'' •'!. 

~ '" 
J·~:~ 

:~~ 

I 
I 

Propagation speed of the channel 
front from the Doppler shift of the 

backscatter spectra was 7x1 o7 cm/s. 

~a= sin (1/M) 

Mach cone angle: 43 deg. for 3keV. 

Mach cone angle: 45 deg. 
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-100 

Backscatter Spectra Indicates 
Three Types of the Propagation 

Mode A 

The spectra is consistent 
with a calculation. 

Mode B 

The strong red shift implies hole 
boring into over dense region. 

-100 -100 

ModeC 

The modulated spectra may be 
ascribed to the filamentation . 

0 0 .9: 
Q) 0 
E 
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\ l 
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100 100 100 

1050 1060 
Wavelength (nm) 

1050 1060 
Wavelength (nm) 

1050 1060 
Wavelength (nm) 

~---1 X-ray lmgaes Show Three Different 
front view 

Mode A 

No hot spot 

Propagation Modes 

ModeB 

Single hot spot on the target 
surface implies the whole beam 
self focusing. 

ModeC 

Many hot spot may be ascribed 
to the beam filamentation . 



· Hot Electron Energy vs Laser Intensity 
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laser lnten11ty 1).2 W11m2/cm2 
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Mat/~ !I (kl 
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• P.V.Nickles 
"Hot electron generation• 
Summary of Fast ~gnitor Physics Workshop 19973.23-25 in U.C. Berkeley 

jl 

~ l~O~s 
~L_illDP~r-----------------------------~ 

X-Ray Images Indicate Additional Heating of the Shell ...._ _ ____,., ... 

1 pm laser light self focused when a CD shell target was imploded by 10 beams of 0.53pm laser 
11 ght. 

1 0 beams I mpl osi on 

ILEOSAKA 



lgnitor pulse 

'" 

Ultra-intense lgnitor Laser Pulse Propagation, 

Absorption and Creation of High Energy Particles; 

g Propagation of the ignitor pulse in the channel 

Will igniter pulse filament in the channel? 

Will paramelric instabilities cause beam break-up? 

g Absorption into high energy particles. 

What is the absorption eHiciency 
to the high energy particles? 

Where is lhe laser light absorbed in the channel? 

Q Generation of hot electrons/high 
energy ion(T) at a correct temperature. 

Dependence of T hot and/or T ion on I,? 

o Transport electrons to the core. 

Magnetic lields? 

Eloctron and ion transport? 

angular d1stnbution of the electrons and ions? 

.. 



Peta Watt Module 

·Pulse Duration: 0.5- 1 ps 

•Peak Power: 1 OOTW 

ILE Osaka 

·Energy: SOJ (limited by gratings) 

·Focused Intensity: 1 e 1 9 W I cm2 

·Synchronization with GEKKO XII: ·1 00 psec 

·GEKKO XII: 1 2 beams green or blue 

·Pulse :1 00 ps - 2 ns 
·Energy: 8 kJ total ( in green) 

-- ----- ·-------- ------------------
' . . . 

I 
Prlnclpie 1 The spectrum of neutro~s refleCts the 

. - momentum of fast deuteron. 

The velocity of neutrons are shifted by center of 
mass velocity of reaptlng deuterons. 

· ~~etector 
Neutron .. 4) 

Fa t nAut on £!/ neutron 8 ~ er · ./ observation 

1 
., • .• ~ ... / angle In lab. 

W ,: system. 

background~: 
deuteron 3H. 
(stationary) 

backward 
down shift~ (i) 

forward 
up shifted ... 

c 
0 ... -::I G) 
z 

ll.EOSAKA 

detector A 

o~~~~~~~~~ 

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 

i<\. 

Deuteron energy (MeV) 

The kinetic energy of neutrons were decided by kinetic energy 
of deuterons and observation angle of neutrons. 



I Principle I 
The energy spectrum reflects the direction of fast deuterons. 
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expanding ions 
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Neutron energy (MeV) 
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Neutron energy (MeV) 

lil. 

A large neutron time-of-flight detector array "MANDALA" 
was developed for ion temperature and fuel a real density 
measurement In ICF Implosion experiments. 

SHIELD 

E 

Scintillation 60coy source and coincidence 
detectpr array trigger probe for timing calibration 

---LE:::::::::::~::::::J 
(b) detector front view (c) detector side view 

Highly efficient neutron spectroscopy Is crucial for 
the diagnosis of the Ion temperature and the a real 
density measurement. 

The "MANDALA" consists of 842 (421ch x2 port) 
elements of the plastic scintillation detectors 
(Bicron BC408) and the data acquisition system. 

The "MANDALA" enables us to obtain accurate neutron 
spectra for yields higher than 1.2x1o5. 
(With more than 100 detectors hit by the neutron.) 

The energy resolution Is 29 keV for D-D neutrons and 
270 keV for D-T neutrons which is enough for the Ion 
temperature and rho-R measurement. 

ILE OSAKA 

11...£ OSAKA 

JiUII! J,/998 N. /uuru 
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pWtv1 + CD plane 

gj .. ljJ 
pWM ~ e 

We observed fusion neutrons from CD target 
irradiated by ultra-high inten~e laser. {ff 

ILE OSAKA 
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Angular distribution and energy spectra of D-D neutron ,. 
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Summary 

a Laser-hole boring details have been studied by 1 OOps laser light. 

Self focusing of 100 ps laser light into overdense plasm as 
was confirmed by UV and XUV laser probes. 

Channeling of laser light enhanced the hot electron terri'p·erature and 
generation efficiency as well as the high energy ions. 

Channeling was demonstrated in the implosion plasma. 

Ultra-intense short-pulse laser interactions have been experimentally 

studied at 1 0 19w/cm2. 

Laser propagation in a long scale-length plasma was investigated 
from x-ray images. 

Neutron spectra was obtained to study details of the high energy ion 
generation (energy and spatial distribution). 

Long scale jets to the direction of the specular reflected light was 
observed on x ray images. 
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CIIARACTEIHSTICS OF THE LASER liSEH IN THF 
I~XPERII\'1 ENT 

LMA oscillator 

5-30 J 

focal spot size using 0= 12 ~ 111 

44 Clll 1/4. (. off axiS 

parabola 

Power 30(TW) 
--'------"------1 

Maximumjntensity 3.8x I 0 19( Wcm-2) 

• ;\ plasma jet at the rem· surface of the tat·get exactly in line with the 
lase•· focus. The cm·liest time that such a plasma is obset·vable is at 
22 ps fm· a 140 fllll thick C02 tat·get and the diamete1· of the plasma 
al 1 his time is vet·y small (,..., 6ftm). 

• Fo•·lower intensities on the tar·get (<1018 Wcm-2) the plasma on the 
l"l'm· sm·face is observed to diverge from the focal line indicating that 
an instability has probably developed. 

• Thl' estimated temper·atures of the plasma at the rem· are consistent 
with calculations. They are in the range I - 3 ke V 25 psec after the 
inte•·action pulse, depending on the areal densit_y of th(' bu·get mate.-ial 
il-nul iated. 



laser _____.. 

Experimental Layout 
electron spcc.2 

electron spec .. ~ 

probe beam: 527nm, 2ps 

electron spel' . L 
CCD dele ctor 

Shadowgrams of CD2 targets from experiments on Vulcan 

front rear 

time: 22ps 
energy: ll.5J 

time: 207ps 
energy: 20.2J 

l~ser _____.. 

140 jlffi 
210 jlffi 

Wavelength: l.0541J.rn, Pulse duration: 0.7-1.3 ps, Energy on target: 5-30 J 
Spot diameter: l2!lrn, Power: 30 TW, Maximum intensity: 3.8xlOl9 Wcrn-2 
Probe: 0.527 11rn, 2 ps 
Targets: 5mrn x 5rnrn slabs 

plasma 

M. Tatarakis et al. PRL, 81(5), 999 (1998) 



Al Targets 

For lower intensities the plasma on the rear surface is observed to move randomly 

~-•' .. ,, ' 
, • :~~ r 

, i-;Jr , 
., I ! F: ~ ,. .; ·' · - of , \~ , ... ... o.. .• • 

~1~ 

kl018 Wcm·2 1>1018 Wcm·2 1<1018 Wcm·2 

? 

How can this plasma be generated? 

• The prepulse at -1013Wcm-2 is above the target damage threshold 
( -5 to lOjlm scalelength preplasma has been observed). Formation on 
AI and AI coated CH targets rules out the possibility that the leading 
edge of the prepulse is transmitted and sharply focused at the rear. 

• The quick formation(< 22ps) and the small plasma size rules out 
transport around the target and shock breakout. 

• Transmission of fast ions is ruled out by the target thickness. 

• The reproducible diameter and formation on AI rules out electrical 
breakout. Also see F. Amiranoff et al., PRA 32(6), 3535 (1985). 

,._.__ 
laser 



Fast Electrons 

• The measured fast electron temperature is - SOOke V at 1019W cm-2. 
An electron with this kinetic energy has a speed of 0.88c, so can 
account for the rapid formation. 

• A 250ke V electron has a stopping distance of - SOOj.lm in plastic. As 
a result of angular scattering the mean ran2e of electrons in the 
target is at most a factor of {6 lower than the stopping distance. 

• Therefore the bulk of fast electrons will pass through e.g. the 210f.lm 
thick plastic target or SOf.lm Al. 

However ... 

l· 

• Resistive inhibition could prevent penetration. A mean penetration 
depth from 1D model (Bell et.al, Plasma Phys. Control. Fusion 39, 
653 (1997)) including only the electric field and assuming Spitzer 
resistivity is: 

T 312 1/3 
z ~0.0026[-1-][_12_] ( 20 11.8xlo19wcm-2] f.lm 
0 f b eV ZlnA I a s 

• But this will rapidly heat the background lowering the resistivity and 
allowing the fast electrons to penetrate further. 

• Ifjabs20J heated every electron in a cylinder of CD2 with a diameter 
of the laser spot and a length of 210f.lm then kTb=lOiabs keV. This 
gives z0 = f~b~2600J.1m. So for z0 >210j.lm requires labs> 6.5x10-3. 

Similar for SOf.lm thick AI, kTb=l9fabs ke V and labs > 5.4x10-5. 
Even for labs - 0.1 fast electrons are transmitted and can heat the 
target all the way through sufficiently to form a plasma at the rear. 

ll 



Rear surface ionisation 
• As the fast electrons leave the rear surface they set up a space charge 

electric field which reflects them, forming an electron sheath with a 
scalelength given by the Debye length. The electric field in this 
sheath is: 

T 1/2 
E- 1 ~L3x1o-4(n/TJJ vm-1 

• Field ionisation of hydrogen requires an electric field of Sx1011 Vm-1. 
ForE> Sx1011Vm-1 the fraction of the generated fast electron flux 
leaving the rear surface has to be: 

f >0 oos[__M:_][1.8x 1o19wcm-21 u f l 
rear · f o.&& 

abs 

• If the fast electrons propagated freely then for this not to satisfied 
they must be emitted into a full cone angle >510 e.g. in the 140 j.lm 
target 

tl-

Magnetic field 

• However, the observed radius of the plasma at the rear is small, i.e 
6j..Lm for the 140j..Lm thick plastic target. This can be explained by 
an azimuthal magnetic field in the target. It is generated by the 
finite radius of the axial electric field generated by the fast 
electrons in the target. An estimate of the magnetic field growth 
rate in this situation (Davies et.al, PRE 56, 7193 (1997), M.E. 
Glinsky, Phys. Plasmas 2, 2796 (1995)) is: 

[ ][ ]

3/2 2/3 
aB -1.3 f abs ke V (ZlnAJ[ I l [6j..LmlkTps-1 at 0.4 Tb 20 1.8x1o19wcm-2 rs 

• Thus a large magnetic field will be rapidly formed ==> 
High degree of collimation is not surprising. 

(7 



Modelling 

• To investigate the fast electron propagation in the solid target a 2D 
plC code is developed by Bell and Davies treating the electrons by a 
relativistic Fokker-Plank equation. Collisions, electric and magnetic 
fields and changes in resistivity due to heating of the background are 
~Iuded . 

• The results show that the fast electron flow is strongly collimated all 
the way through the target by the azimuthal magnetic field generated 
by the radial variation in the axial electric field in the target. The 
collimation of the electron flow can explain the small radius of the 
plasma formed at the rear surface of the target and its alignment with 
respect to the laser spot. The radial extend of the heated region on 
the rear surface is in line with the experimental results (e.g. - 6J.Lm 
radius for the case of the 140J.Lm thick CD2 target). 

Conclusion 

• Given that formation by fast electron transmission appears to be 
the only reasonable explanation, the experimental results show 
that: 

• 

• 

The fast electrons that generate the plasma at the rear 
surface of the target are strongly collimated. 

Give indirect evidence for the presence of a large magnetic 
field in the target. 
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hydro simulation with multi-f~ 
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ATLAS performance at 2m 

contrast at 1 ps: 
prepulse contrast: 
energy: 
pulse duration: 
peak intensity: 
mean intensity: 

-N 
E 1E17 
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-
::> > E16 

Ti:Sapphire 2ro 

106-108 at 2ro 
1012 at 2ro 
?OmJ at 2ro 
150fs 
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1 x 1017 W/cm2 (0=20~m) 
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Absorbed energy 

peak intensity: 
mean intensity: 

5 x 1017 W/cm2 (0=4-51-lm) 
1 x 1017 W/cm2 (0=201-lm) 

normal incidence: 

absorbed energy = 7% 

oblique incidence at 45°: 

s-polarisation 
absorbed energy = 4% 

p-polarisation 
absorbed energy= 49% 

the amount of diffuse scattered Hght is negligible 

04 06.98 absorplion2.cdr 

.... 
Source s\ze measurement 

plasma 

razor blade 

SOJCe diarreter. 22. ?J.m 
1.0 wavelength range: 10- 15A 

0.8 
::::i 
~ 0.6 
~ 
·~ 0.4 

c: 
·- 0.2 

100 150 200 250 

distance (J..fll) 

wave+ength range (A) diameter (Jllll ) 
s" 

1(}...15 
15-20 
45-50 

6.7 
22.7 
29.2 
53.9 

CCD 

wavelength 
D [> 

300 

intensity (W /cm2) 

~5x1017 

~5x1016 

~5x1015 

~2x1015 

gold M-band 

Sourcesize.cdr 05.03.98 



heating of sodium under /\1-laycrs or dillcrcnllhickncss 
confirms free-stream limit (1'=0.6) 
(compare G. Guethlein et al. PRL 77, I 055 ( 1996)) 
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Time-integrated K-shell 
emission of aluminum 

1Q-1 

1Q-2 

6.4 6.6 6.8 7.0 7.2 7.4 7.6 7.8 8.0 8.2 8.4 

wave6ef"9h (A) 

subsequently we wiJt analyse the 
Al-La and AI-He13 "nes and satellites 

04.06. 98 uebersicllts-spektru m2.cdr 

The art of generating a high density 
plasma by using tamped targets 

AI tamped by 300A MgO 

6.4 6.6 6.8 7.0 7.2 7.4 

wavefength (A) 

04 06.98 veral-npp..woo-moo2 cdr 



l. 

duration of AI K-~hcll (I krx.l c1nissio11 

filters along the slit: 

lOJ..lm Be +0.7J..lm AI 
'A< 15A 

0.7J..lm Al 
'A<30A 

1.0 

........, 
::::i 
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0 experiment 

time 0.0 

iL-

0.30 

0.26 

~ 
0.20 

j 0.15 

1··" 
0.08 

0.00 
111<10 

" 

streak recorded with axis-px. camera 

in jitter-free triggering operation 
( 100 shots were accumulated) 
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duration (FWHM) = 2.5 ps 

ITICfrm . ~l16. 9& 

----------------------------------------

comparison of measured spectra with theory 

N,=7x1o" cm~ 
T,=300 ev 
Thlcknes8= 1400 A 
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L·on c lusion li '(llll \j)L'CII 'il illlalysis: 
Tc = 300 - -tOO L'V , Il l . = ((l. 7- 1.0) x 1024 cm - ~ 
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Hot electron temperatute 

.. ..._ nooral irciderce 

~ Z! 1E-5 

LUuJ" 
<l 

~c: 
N <l 1E~ 

\ T = fi.X}. 700eV 
\ e 

·······················~. 
T =6keV •••••• ••• 

e ~ ·····-... 
• 

1 E-7 L__..___ _ _.__~_.__~__.__~_,__~_._....J 

0 2 4 6 8 10 12 

cutoff energy (keV) 

~ 
I p-polarisation, 45• ! 

~ Z! 1E-4 

LUuJ" 
<l 

i:!C: 
N <l 1E-5 

l T = 5006XleV 
~ e . 

it. 
\ T =2.3keV 

·•• ..• e 

1E-6 

••• T = 35keV 
........ ., e ....................... ..... 

0 10 20 30 40 50 

cutoff energy (keV) 

estimation of the total energy (normalized to Elaser) 

carried by fast electrons propagating into the solid 
target 

for normal incidence 1.5% 
8.5% for oblique incidence and p-polarisation 

(using x-ray tube formula: YJ "" 10-~ Z c[keV]) 

hot-<!lectron 1 cdr 
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Fast electrons deposition experiment 
with the new LULl 100 TW laser . 

... ----P_art_I_:_Ka-._s.;,p_e_ctro_s_:-:-.:-.:-da-t ------£t/i. (E) 
3th lnternutional Workshop on Fast Ignition of Fusion Targets 

Rutherford Appleton Laboratory, Didcot, UK. 21st-23rd September 1998 

F. Pisani, L. Gremillet, 
M. Koenig, F. Amiranoff, E. Martinolli (LU LJ, J;rance) 

(1\ i \L, UK) P. Norreys, A. Djaoui 

T. Hall 

D. Batani, A. Antonucci 

C. Rousseaux 

H. Pepin, H. Bandulet 
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(Univ. ul l ~ sscx, UK) 

( U n i v . o I ~~ i I an, 1 tal y ) 

(C:EA, Fr~nce) 

(IN RS, Canad1.1) 

(Univ. of l3ristol, UK) 

Work supported by the Europen11 TMR Progrn111 
under contract munber ERBFMGECT950044. 

__ P_u_rp...._os_e _______ r;({Jf.CEJ 

Improve the under~ta!lding of the suprathermal electron 
transport, their prop-agation and their energy deposition. 

In the interaction of a 2w short pulse with a solid target, 
through Ka spectroscopy: 

• different kind of materials- insulator (CH) and 
conductor (AI) 

• with a preplasma 



Experimental set-up 
----- -----.f;(Jti•o:n 

Short pulse (2w): 
't = 350 fs 
I::::: 1Q18 W/cm2 
contrast ~ 1 Q8 

Creation beam: 
't = 500 ps 
I= 3 1013 W/cm2 

Probe beam ( w) 

-----------------------

Target configuration for Ka spectroscopy 

-----------------~·CED 
Polyethylene 
11x =50, 100, 125, 150 !J-ffi 

fsbeam~ 
(normal incidence) "" Polyethylene ----}> ~ detector 

;~ 

Aluminum 
11x = 6, 11, 26,37 !J-m 

Mo20 ~ll 
Pd 20 ~m 



tots W/cm2 intensity on the target 
~~---------;t(fti·ce:J 

*kT hot (keY)= 100 (117)113 ... k.Thot,. 215 keV 
,~~~~~f.i.~h for_:.. ............_ kT 160 1...-'' 
:I z~;1(}18 W/~m2. **kThodMeV) = 0.511 {(1+118/1.37)1/L 1} ~ hot~ .u~.., 
.. L>.-.:~·,,_ ·• · ~ · ;,;... * Beg et al., Phys. Plasmas 4, (1997) 

*"' Wilks et al. Pll s. Rev . Lett. 69, 1992 

Ka spectroscopy: obtained spectrum 

-----------------~•an 
+ 

1:::: 1Ql8 W/cm2 100~ 

K0 .: l7.47 keY 
I 

Mo 

10 15 

Ku: 21.17 h:eV 

I 

20 

keY 

1\1 

25 30 



• • 
_ _:R~e:sul:::ts:.:i=n:..:A=l:.:.u_m_t_n_tu_m ___ tlfl. CB:l 

2.5 • 

0 

~ 0,5 I 

. 

• 

400 keY 
300 keY 
200 keY 
100 keY 

0 ~~~~~2~~~~~~:6~~~8~~1~0~~12 
·2 o mg/cm2 

• 

Results in polyethylene -----------£(JI•cm 
2,5 

2 

1,5 ' 

~ 
0 

~ 0,5 

• 
• 

• ....... 

... mgcm-

• 

.'10() kc V 
2!)() keY 

I 00 kcV 



__:_A:l=um=in_i_u_m_:_T,.::h_•_2_o_ok_e V--.£tfti. CED 
~ . f K photons from the Pd on 

h ratiO o a . h 
'f e 1 er is weakly dependtng on t e 

Mo ay ~~~~~~~~~~~-.~~~~~ ~;get depth (mg/cml). - T .. ~00 keV 

. g this ratio with simulations - • - - - • 
BY compdana~ electron temperature in the _- ... -- .- - -- T =_3~0 1\.eV e foun .-
w · ·urn of~ 200 keY 
Alurntru o o 7 

~ . 
~ 0,6 

"' Q 
0 
0 0.5 

-a 
0 0.4 
~ 

0.3 

0,2 

-2 

r 

.-

• • 

.-

0 

----·-
• 
--t-----

~-'1 • 
1 
• 

2 4 6 

mg/cm2 

• 
- -· 

• • 

--' .. -

T=2001\.eV -· • 

T = 100 1\.cV - -- ... 

8 10 12 

Polyethylene and Aluminium £fJJI• CED 

_1_ dE ex: - 4n' ln 4E 7oo 

pZ dx E I eoo 

'" 

500 

"' '--' 400 
0 

~ 
'0 300 
;>, 
. t:: 
"' Q 200 
(\) 
+-' 
Q ....... 
0 100 
~ 

0 

• 
• 

• 

• 

-20 0 

• 1\)lyeLhylene 
• A lumi ni urn 

• 
• • • • • 

• 
• • • • • • • 

• • 
20 40 60 80 100 120 140 

z mg/cm2 



Hydrodynamic of the preplasma -----------.£1Ji•cro 
l=JIOl3W/cm2 
-,; = :iOO ps 

l = 1018 W/cm2 
T = J:iO fs 

time 

102":! 

0 

Density profile at to (MULTI simulation) 

density gradient length::::: 19 JAm 

20 40 60 80 100 

x (j..tm) 

. - - --------------

Very small difference in 
__ p~r_e_s_en_c_e_o_f_a_p=-r_e_p_la_s_m_a __ M • Cffi 

• experimental points 
missing 

• saturation of the CCD 
camera 0,7 

• too short density scale 0
'
65 

length 0 0,6 

~ 0,55 
0... ..._, 

~ 0,5 
2 
.8 0,45 
0... 

.J 0.4 

• 

'0 o 35 • with 
.8 ' • without 
~ 
~ 0,3 

55 60 65 

• • 

• • • 

70 75 80 85 90 

E(J) 



Conclusions -... ----------£tfi•CED 

Very pr~liminary analysis of the obtained results . 
. ' :·, 

• estimation of the electron temperature :::::: 200 ke V 

• dubious c9mparis~n with Monte Carlo simulations 
' • • ... ":. -)~-t··:· -~ .: . 

• no evideri~~ of sfr~ri:g change in presence of a preplasma 

~ ~ -



.deposition with the new LULl 100 TW laser 

Part 2 : Shadowgraphy through transparent targets 

Prcscnll'd ut • the Jnl lnte m a tiona I WorkshoJI 011 1:ost lg 11 i 1 io11 o( F11sion To rge Is 

2/ 11 -23'" Scplc/1/hcr /CJCJ8 
RutheJj(m/ Apple ton Lohoruton·. Chif/011. f) ideo/, U K 

--------------- ·----··· --·-------------------------
F. Amiranoff, L. Gremillet, M. Koenig, F. Pisani, E. Martinolli LULl, France 

P. Norreys, A. Djaoui RAL, UK 

T. Hall Univ. of Essex, UK 

D. Batani, A. Antonicci Univ. of Milan, Italy 

C. Rousseaux CEA!Bruyeres, France 

H. Pepin, H. Bandulet INRS, Canada 

P.Fews Univ. of Bristol, UK 

This II'Ork H'os.fin<llll'cd hr t/1(' 1-.'tfl'(lflt'l/11 FMR fll'ogront 
under collfmcl 11111/lhf'r UW f-'t\1( ,FC/V"i0044 

Rear heating of a 30 ttm thick solid CH target 
if self-similar expansion~ 50 keV + half-angle"' 20/25° 
--------........... --------- ce:t /$ INRS 

• itllcraclion hc;ltll <n '1:H> Hill . I A.2 # 3el8 W.cm-2.f.!m2 
• transverse interferometry beam @ 350 nm, 1 ps duration 

• interferogram taken 5 ps after the interaction beam 

3 Hi'0 

~ 2 ld'0 

:::__ 

i::' 
~ 1 1020 

" " 

original rear side 
position 

.. . ... 
o~~~~~~~!~~ 
20 40 60 80 1 00 1 20 

laser ax1s (fA Ill) 

interaction 
beam 

~ 

30 JliD solid CH foil 



Purpose of the experiment 

0 Growing body of evidence as for the generation of collimated electron jets in laser-solid 

interaction at relativistic intensities 

0 If confirmed, this behaviour is critical for the success of Fast Ignitor 

0 Need of a new diagnostic visualizing directly what is going on into the target 

with a time-resolution 

Experimental set-up ( 1) 

fs beam 

" r',· .. 

. .- .~::: = ·: .• 1 ~· 1oi(wtcm2 
• ,, .. : ~ 0 ( • oO o • I '. 

k:W.CSJ 

Creation beam 
at 45° 

Probe beam ( w) 

---------



E~P e
rimental set-up (2) 

transparent 
silica plate 

2 pm Al coating ~ 
to prevent burn through 

Interaction 
beam 

500 pm 

Transverse 
probe beam 

Formation of a relativistic collimated 
_je_t_d_et_ec_t_ed ____ ________ ,($/cm • 

Bright spot at Lh = 0 
~stimulated down-conversion of 

the interaction beam ? 
Lh = 1 ps 

V jet:::::: c 

filament width< 30 rtm (#focal spot) 

==>not spatially resolved 



Following the jet, a diffusive cloud is seen 
to expand on later times at v ~ c/3-c/2 

!'J.T = 2.5 ps 

1 

diff;actio;; .. ~ 
. frin ges • · 

~T = 3.3 ps 
dust or glue 

--------------- --

A laser filament seems very unlikely • 
--------k:N cm 
0 20 PlC simulations show no laser transmission through 2ttm AI at 1Q18Wfcm2 

and the bulk of the SiO target is highly overcritical as soon as the ionization 
takes place 

0 2w conversion allows a contrast ratio of the order of 1 ()8: I 

0 2w coating reflective optics located between the KDP cryslal and the target 

reduce the residual 1 w energy by a factor< 1 Q8 

f< 
of 



• 

• 

fii.i Vi~J~!c~~~~~ ~!!!'!:!~~~ 
LABORATORY Relativistic 

Massively Parallel Processing 

CRAY-T3E 

· .. 
Periodic I absorption X 

We use up to 109 particles and 108 grid cells, 
when run on 512 PEs of T3E. 

Single PE performance: 3J.1s per particle per time step 
Parallel efficiency: more than 90 %. 

Numerical Dispersion Free (NDF) algorithm 
A.Pu.khov, TC~f$P Pv()'-J>'.f8 (19~?) 

Fi.:lds: 

- ta£ 47t-. 
rotB = cat+""C"J 

- taB 
rotE=--­

c dt 
divE = 47tp 

divB = 0 

Parti.:ks: 

• 

• 

Fast electron generation by 

relativistic self-focusing and 

Detailed studies show, that fast electrons are produced 
when P > Pc· threshold behaviour. 

Per = 11( o:? /w!)aw 

R.Wagneret al., PRL 78,3125 (1997) 

R. Fedosejevs. X. F. Wang, G. D. Tsakiris, Phys. Rev. E. October ( 1997) 



Fast electron energy spectrum 

electron density: ne= 10
20 

cm·) (helium) -
wensity: lmax= 3Xl0

18 
W/cm

2 
and radius(l/e

2
) ~ 6~m 

1~~~~~~~~~~~~~~ 

0 2 

• experiment: 1£2= 1 o·3sr 
-- VLPL 30 PlC 

4 6 8 10 12 

electron kinetic energy (Me V) 

14 

C. Go/m et al. 

total fast electron number in 2n:: 7xl0 10 (assuming Lorentzian angular distribution) 

------------------·----------------··----~~----~--~---=·=- ~=-~ 

gas jet 
B~l.O~G B-field 

laser beam 

'· 

C. Gahn, G. D. Tsakiris er lll. 
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Wi Virtual Laser Plasma Lab 
~ . ' 
LABORATORY 

3D PlC simulations. 

..., 

Fast electron generation in underdense plasma 

Plasma deosil)' In the simuladon De= 3.9xi01
' cm·J; lenglh "'0. 7 mm. 

Crldcal power Pc= 0.470 TW 
l..aser par~~~~~eten: l. "' llf.JII: r =8.5l. (Gauss, lnlensll)' e"1

): 

FuU pulse duradon: 4410 rs (Gauss, lnlensll)' e'1). 

0.0 20.0 40.0 
E,MeV 

Enerv spectra of acaleraled r.ear-

Depledon of !Mer pube wllb P "'4 Pc 
after paslna of0.66 mm of plasma. 

• 

!Jiii Virtual Lase~ Pla~ma Lab 
~oRAroRv 3D PlC stmulatJOns. 

0. 

" Ill 

-0 . 

~ -" "" 

..-< 

Fast electron generation in undenknse plasma 
A~Y ...... j.Meycr-ler· V dui, Phy1.Pkumas, 5, p.l880. ( 1998). 

Plasma demit)' in the simulation 11e = 3.9xlo'9 cm·J: length= 0.7 mm. 

Laser wllh P = 6 Pc 

when pas:sed 0.4 mm of pbtsiWt. 

,-

300 Xfl. 400 

1012~----------------~ 
(b) 

~5MeV 

:r=IMeV~ 

0 20 40 
E,MeV 

Plasma wake E .. - rldd, aH mudes 
shorter lhan ~r wavelength 
are filtered out. 

Electron phase space • 
Longitudinal ..-ntum Pr vs X 
Two diiTerent "'!lions are evident. 

Quaslstatic magnetic field B, 



• 

Electron acceleration 
in a relativistic channel 

V/A. 

10 

-10 

10 
LUer 

~ 
/•101'w/cm2 -10 

.-

,, 

10 

-10 

10 

-10 

Plama, n.•1.7x1o20 cc·1 

; nefnc j 
~ .............. --- - -- --------------""'' • 1 
; !i 

• . I 
=------= 

' 
f lcclro•.:.tt : 

0 50 100 
X/A. 

eo 

. Forward 
40 

G.2 

0.0 
20 

D 

D.5 ... 
-&.5 

u 

0.0 

-0-5 

acceleration 
20 

0 

~100 

• 

• 

Peta Watt Laser Pulse Interaction 
with Preformed Plasmas 

1<.> 



Energy Spectra of Fast Electrons 

• 
1012 .---...... --..... - ............. - .... --VLPL3D 

-• ~ 

,, 

• 

• 

100 

i 10 

~ 

1 

1011 101
• 1ol' 1oZ' 

...... lelly. w1f:rtr2 
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~-

10 TW laser: 0=9 J.&tn, T =150 fs, /=1019 

Energy Spectra of Fast Electrons 

i 
- 1o' 
~ 

1o' 

Variable ecale L 
of plama denalty gradient 

• 

• 

~-

Energy Spectra of Deuterons 
Accelerated by Channel Expansion 

1011 ..... --......,,..---------
VLPL30 



• 

• 

Relativistic Magnetic Self-Channeling 
A. Pukhov, J. Meyer-ter-Vehn, Phys. Rev. Lett., 76, p.3975 (1996). 

Relativistically strong, a>> I. laser pulse propagating in 

slightly underdense plasma accelerates the electrons 

in forward direction to 1- 10 Me V producing a net current 

1 = -enc 
and a toroidal magnetic field 

8 
B- wpmca / e- 10 Gauss 

Laser Beam 

I = 1019 W /cm2 

1-10 MeV electrons 

The magnetic fleld pinches the relativistic electrons 

and the light follows the modified refraction index . 

This results in filaments coalescence 
and the Super-Channel formation. 

\ ( 

lle'tiMstlt:" gntlr WO JIZJ!I•r ... rGIIi*.s/rJIIIM• 
A. ,....._,I. .,_.,.ve~~~r,~~~~p. aev. /#., ,~, p.3975-(J996). 

!11-·D·/ De • 0.36 

• 
.. • Wf.l. 

• 

• • 30.m,40 

I M •t~aa. 



• 
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!'-~AL~ 
... ~t; Yi_rt~~t~aser _Pl~S_ltl~a_L~b 
~-~~ LABORATORY 

30 PlC simulation 

PetaWatt Laser Pulse in a Preformed Plasma 

"Real" laser: 0 =30 J.lm, T =330 fs, I =1 o20 W/cm2 

Time= 330 fs 

Strong fllamentatlon 
occurs at 
n8 - 3x1o2° cc·1 

Time= 660 fs 

Tree-like coalescence 
of the filaments 
Into larger ones. 

Preformed plasma on a surface of a solid state body, 
exponential density profile, scale length 30 J.lm. 

17 

• 

• 

Virtual Laser Plasma Lab 

3D PlC simulation 

Peta Watt Laser Pulse In a Preformed Plasma 

•Jdear laser: 0 =9 J.lm, T =150 fs, 1=1o21 W/cm2 

Single filament 

Preformed plasma on a surface of a solid state body, 
exponential density profile, scale length 30 J.l.m. 
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A. Pulchov and}. Meyer-ter-YeJJ-, PRL, 19, p.2686 (1997) 

·~ 0 

10 

0 : . ~ . : 

10 

0 . 

Hole boring in I Ox overdense plasmas by 
laser pulse with /=1020 W/cm2 

•• ' a.: 

£m·t--
Bl3 

I • 

i i 
UIJ uml 

~ 

Bl.l BIAI 

f -~--;. .... . . 

-

10 

0 
2 

1 

1 

J:dfil0 Wlc,; 

11 

-
Electron power jba, 
%from lluer power 

' ' 

• 

• 

CONCLUSIONS 

1. The fast electrons appear as soon as Iuer power 
overcomes the critical ooe for self-foc:usiag 

2. In near-aitical plasma eledroos are accelerated 
at betatroa resonaace to multi-Me V energies 

3. A PdiiW_, laser cu accelerate -1010 elec:troDS 
ap .. :>100 Me V mergies oo a distance -100 J.llll· 
Aecdentioll rate:> 1 TeV I m 

4. Tbe fast eledroaS propagate through the overdense plasmas 
as mapetlzed jets. Strong collec:tive stopping due to 
aaoaaalous resistivity is observed. 

S.Ioos are accelerated to Me V energies by radial expansion 
ol'the c:hanDel produced by the laser. 
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____ /FAM -----> · <----Pisa 

t~eeriments performed@ LOA- Palaiseau 
0" 150 fs ~·~-· to•s• 30 fs ~t • p lo• 30 fs joo!·~·20 o 30 fs 

MEASllREMENTS no ASE-plasma no ASE-plasma with ASE-plasma with ASE-plasma 

Transmillivity ~5% up to :::::70% s 1% s 1% 

Tra. back2round 12-3% :::::1% :::::1% :::::1% 

Tra. vs intensity D ot 
Tra. vs targ. pos. D ot 
Tra. spectra broaden,modulat. b ue shifted 

Tra. near field spati~Jjltering diffused diffused 

ReflectiYity very hi£h very low::::: 1% very high 

Specular image boundary refl. full spot 

2c11 specular observed absent observed 

2(1) vs polarisation 1Plot 
2(1) spectra laser band limited spat.& spec.mod. 

3/2 w specular absent observed 

3/2 w spectra very broad 

2w at 40" 
modulated 

hard X-rays :::::60 keV ::::: 100 keV ::::: 100 keV 

from the target I olot vs polarisat. 
hard X-rays > 1 MeV :::::400 keV :::::400 keV 

from outscattercrs 

I IFAM - CNR - Laser-Plasma Interaction Group · http ://xray .if am .pi.cnr .it I 

COIISiQiio 
nazionale 
rloll" ricerche -----·- · ·- •• ·- ..• IFAM -----> · <----Pisa 

Ti-Sapphire A::::: 815 nm 
duration FWHM 150fs 30fs 30fs 
bandwidth AA::::"! nm AA.:::: 40 nm At...:::: 40 nm 
focusing f/4.0 f/7.5 f/7.5 
spot diameter ::::7ttm :::: 10 Jlffi :::: 10 Jlffi 
contrast ratio > 10"7 > 10"7 :::: 1 0"6 
target 0.08 Jlffi plast. foil 0.1 & 1.0 Jtffi p.f. 0.1 & 1.0 ttm p.f. 
angle of inctden. 20° ~t -~ .. t() ·s· 20° t<'( .. ~" 20~p"& 0° 
intensity 5 10" 17 5 1 0A 16 - 3 1 0A 18 1 0" 17 - 3 1 0" 18 
ASE pre-plasma NO NO YES 
plasma scalelen. < 0.1 ttm << 0.1 Jlffi >> 1~tm 

IFAM - CNR - La er-Plasma Interaction Group - http://xray .ifam .pi .cnr.it 
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TRANSMITTED PULSE SPECTRA 
4xl 017 W/cm2 

>-­...... 
·~ 0.4 
Cl) 
...... 
E 0.2 

0 

SPECfRUM: l-D profiles 

---- 11/o target ( #1 72 2 ) 
-Target (#1721) 
-Target ( #1723) 

#1724) 

740 760 780 800 820 840 860 880 900 

Wavelength (nm) 

IFAM - CNR - Laser-Plasma Interaction Group 
htto://xra .ifam . · i.cnr .it 

~----> · <----- Pisa 

TRANSMITTED PULSE SPECTRA 
3x1018 W/cm2 

>-­...... 
'Vi 
c:: 
Cl) 

...... 
c:: 

SPECTRUM: 1-D profiles 

740 760 780 800 820 840 860 880 900 
Wavelength (nm) 

IFAM - CNR - Laser-Plasma Interaction Group 
htto :J/xra _lf a m .oi .cnr .it 



IFAM -----> " <----Pisa 

C INTERACTION WITHOUTPRECURSOR PLASMA 

IMAGE OF THE LASER FOCAL SPOT (specular direction) 
Laser i : :::::: 3xl018 W/cm2 

\o 

consiglio 
nazionale JF' A M p • 
delle ricerche ____ _ M -----> • <----- IS8 

Evidence for ultra-fast ionisation 
The blue shift of the transmitted pulse is a clear signature of ultra-fast ionisation. 

\Blue shift: :::::: 13 nm @ 5 lQ16 W /cm2 20 nm@ 4 1017 W/cm2l 

Let us attribute the shift to self-phase modulation of the laser pulse. namely to the ultra-fast 
decrease in the refractive index due to the laser induced ionisation. 

~(I) :::::: (Lie) (8p/ t\t ) <'lo. 

Taking the interaction path L equal to the foil thickness 0.1 pm. we found 

J~t :::::20fs ~t ::::: 13 fs I 
The absence of shift in condition close to the full transparency, namely@ 3 1018 W/cm2, 

suggests that in this case the ionisation involves a negligible portion of the pulse, \vhile the 
spectral variability observed at intermediate intensity may be due to the proximity of a sort of 
threshold for the effect leading to the transparency . 

[ IFAM - CNR - Laser-Plasma Interaction Group - http://xray .ifam .pi.cnr.it 

q 



IFAM -----> " <----Pisa 

SECOND HARMONIC EMISSION 
SPACE RESOLVED SPECTRUM OF SPECUL!\R SH EMISSION FROM 30-fs 

INTERACTION WITH THIN Fll.MS IN PRESENCE Of PRECURSOR PLASMA 

(] ·uw•t 

\ 

Ntl .<;lll r--!l<;<;ltiNWI\<;(lfl<;rPVI ·IliN 11li.';INII · I~.\('IIt>N<;IN 1\li';l Nr I ''I 1'1~1 r lll~<;tll'l ' l \';f\1\ 

IFAM - CNR - Laser-Plasma Interaction Uroup - http 1/xray,ifam .pi .cnr it 

IFAM -----> · <----Pisa 

INTERACTION WITHPRECURSOR PLASMA 

IMAGE OF THE LASER FOCAL SPOT (specular direction) 
Laser intensity: :::::: 3xl018 W/cm2 

IFAM - CNR - Laser-Plasma Interaction ()roup · http ·//xray .ifam .pi.cnr it 

\] 



IFAM-CNR 

3/2 HARMONIC EMISSION 

SPACE RESOLVED SPECTRUM OF SPECULAR 3/2 w 

EMISSION FROM 30 FS INTERACTION WITH THIN 
FILMS IN PRESENCE OF PRECURSOR PLASMA 

NO 3/2 co EMISSION WAS OBSERVED IN 30 FS 
INTERACTIONS IN ABSENCE OF PRECURSOR PLASMA 

IFAM • CNR laser-plasma Interaction group I 
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Experimental set up: 
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• Uncollimated detectors: diffused background 

·Collimated detectors: target emission 
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• Discussion and theoretical issues at 
Pisa SIT .AST "TOP" Summit- Transmitti,·it~ of Q, crdcnsc Pl<lslna'i .1uh 2:'ith. 1998 

• Teychenne et a/ . PR E (Rapid Comm.) 58. 12-+:'i ( 1998) based <111 

S.C. Wi lkset a/ . PRL 61, 117 (1988) 

• Problem of ultrafast (virtually single-cicle) ionisation of an initiall) lransrarcnt 
medium (magnetic field, etc.) 

• Data from other experiments: Kodama eta/, Fast Ignition W .. Clarching 1997: .I.Fuchs 
et ol. PRT, 80 D2fi ( 1998). Jena group (in publication) ........ ....... . . 

• lt is crucial to characterise each e.'\perimenl in terms or the ellccl or the prepulsc on the 
target. e.g. intett'erometrically 

• How to measure magnetic fields into overdense plasmas? 
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