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National Ignition Facility surpasses
long-awaited fusion milestone

physicsworld

wwwwwwwwwwwwwwwwww

[
" National Ignition Facility demonstrates net fusion energy gain
/ in world first

0O .. 000000 -
s




EC)A&)E/!@NSESAB?

I"HSU&H V' () (*+],%6-8.%6, " Yo/ +*+0/

NIF fusion yields versus time

.- .- .-
-~ - - e

12

- 18

|
lu
§|.

12

Max laser energy

)
: . !ll#$%&lll()*&$#$%&(+ll’_ll$*&(
“% /011 20134(5"6(789%%&(%8#-8#(
se 13(;

First
ignition

Second Third Fourth

Ignition

Ignition Ignition

I"HY& () *&#+,-(H#(/.

N130927
3 shock

N110914

High foot 4 shock

Low foot

300
200
S
O
8
" 100
0.0
0.0

- u.-du

L

=" 355"#"( #(,-"& $"&P* +((#)>=?/*-,1# 43- (6#3"*5 #I3'@-#(A

B"++*/*'#3613#(/-;CB:
B"++**'#&3- .[*-- [*

5.0 10.0

t (ns)

15.0 20.0

A-TH$#"0 5"39('5<
" H$* $(1$/3,9

D*5,0*5 $(1$/3,9 -"E* 3'5 6"&&* .*11*#

=9./(8*5 [35"3#"( "+

(19"#7

=0./(8*5 #3/&*H#F 31" #7/(,&$™*--<



8A8IM8B)*?&@+&+F?) @A

456(7)*'89,(:;9<+=> /56(75%,(MFN9<>
TFTR (Actual), JET (Actual), and ITER (Promised)
Simplified Reactor Power Values
H o, TFTR (11/2/1993) JET (10/31/1997) ITER (Promised by 2045)
X 10-15% of | 000 ,
. —~_  thelaser 900 : ,
3
' 800 40 MW | 10 MW | ‘:24 MW 16 MW |50 MW |
“’;‘3‘\2 | energy to 700 Injected Thermal |Injected Thermal /Injected
= Thermal| Output Thermal Output Thermal|
capsule S
w® S 600fgcq pawl Power | | Power | | Power |
N\ § 500 Sectaat Input | | Input | | Input |
700 MW
Hohlraum gnitior & 4001 Input | | Electric i
— 300 440 MW Thermal
I"#$%&' Xorgy, % 200 Inpet Electric Output
Input
=~ S 100 v v
_l— e j——
Y Qsci:  0.25 Qsci:  0.67 Qsci:  10.0
Qeng: ~0.01 Qeng: ~0.02 Qeng: 0.5
SBK 20221211
!Illl#$%&&*l()(l(+’_ll./($*l(ll &

2<@A9<(9BB@C@9;C=,(.2 2<@A9<(9BB@A@)=<FPICGIQ(!12-E

?2<@A9<(9BB@C @9:C=(FB('&89<3{0N@8 BB GBI (@K)<FAIKI:G()F8S@L'S



ECO@!&)E/C*B&@+&A)+&!S?FDB?

"t $9%&'()&%*$%68%+)$%,.)/$0'L/ 2304%5%$B7"89:;  78"<9 '&%=) I'#
I'"H$  00"&SHE &' (# )&, (H  4>) $%7?'>$%@YAER) $%A'&>0-8%,B)0%R:
¥:0@*(%D),$1%)&

¥F,88>5%),$1%)8G (OPA>1/ H @,)%$>%$+B/,@-%$.E
¥'H$>+EERE 1,>+='% )0 &)%*0AKHS,L BO+5%$&>D+
¥MNO(>)>B3E&'%&'% )0 )/% @>(>),SLP=%AIESE2%

") >&04 &,'#-. )010 -%L0+=!"# $%&'()&
01#2/1234/52.)#$6)2)%2(7T#$#/6 49@AT5 4@9IBA
6,,7(61% 8%#1%6/ ,7(5#92 )%2%6#/ 122929 (7
2127%: ,7(9:1)#(/

| <21%/(-($: 3 =9972.. )%2 2ISHI22THIS #..:2.
72-6)29 )( 4>73 C(*C )$28-(-(, )"$ /'#$)# @
SV $- 0$D$/.2+$,- @ O"+™$# - .2-(1#E
I(-(3+ F)$$0(* @



G)!8*B&G!)N8&)*+

"HPYVE

L '$()*+,-  J/+0+.,01 235 6. 07, 0$8)#.%%
*TH#-# 87%%07)%(* % 7,9 6. ,.9 *$6.# WH.%%(#.%$ a iradlaion and T
-+ HHS, 2< =>TH 2UPAA<=>TH#0$8)7#.9 :$BC '“‘“"“"““j,,’;i"’;‘;;1",,,,
| %+8)* #:7#-.%D$:.,:+7**1 0$8)7:+>*, 6+ EE+-B#.).:+:+$, 1\ e [,f H.;\if
#7:. $).HT:+$, I$#+, #:+71(%+S,.,.#-1 #.70:$#%@ e
(- AB"*O#B/8* "- I(*  #($75/(2"-#36"1"#"*<D371*"&EGE371(/< /g \'?t:‘
5% #( 5"/F0# 13-% “l35"3#( ( 2"+(9"#™- 35 #3/&* e ,,\ s
"9.X+*0#"(- H targel ablated plasma

DT ice , _
C central ignition d burn and explosion

Doped foam
& DT ice hot}%
/ compressed fuel -
Ablator low density plasma burnmng: foel
>




B212/)&2C,27#+2/).&6)&HAIJKLLAE'@.1C$4-$)’

M,(D$)#(-NE'MOP6(8&6&.)269:&,7($72..&#/8&)%2& 7"89::Q078"<9Q
A9@AT5'4@IBA2C,27#+2/).3&212/): @&H#/1726.2&('& OKN9S"E9!:RO
12:)7(/8&:#2-9&D:&EF&)#+BIQ82/27$:&1(;,-#/$&)(&)%2& E
%()&.,()&D:&G&)#+RI7212/)&2C,27#+2/).&;.2986852" S;QTFOUSCQVWQXY
1$"),(,¥""22)."1C"  Y(&(,)#+#I2&H#+,-(#(].IK
1e14

L6.27&9#721)&97#5282C, 27#+2/).&1(;N2&M+2.&+(72& ¥
2127$:&)(&)%28&%()&.,()&1(+,6729&)(&)%2804>8H/IHT21)&  _ *5 N 2 .
97#52&2C,27#+2). 2 20

g 1.55 ﬁ:o
"(82527@&82&P/(88)%6)&Q#721)&Q7#528&%#.&+(72&.;DR21)& W& o o
)%2&$7(8)%&6/98)%2&#+,6 OROR'(#-"F(/(-($# A'
8Ub#1%&9#.)(7)&)%2&)67$2)&9; TH#/$&H+,-(#(/&6/98+6:& Y T T TR 5
|-#/6“&D726P&#) Hotspot Eneray (kI)

4#$%)9'6'(M'KNS;L$'6#$"LD.;$?0<=
4#$%)2E0'.)*$PQR,SD(1)2$(;K12'.+$207?

#$%&'()'1%*
Y+ 2 (L *()'196*(/0%*&%" 12!
3014%*11"-(,.(5,26%!"%*



N%<00%0=/0/5-0#00"#O/=@-+00%*0")1'%0/(.0-2/,/0/#.0/(Ol/'#+001'/8#P
HBY%&' &()*+","(-$" */%'$S00)*+"%-&0$"&+1"(-$")2+) ) *+"%-80$3

fast ignition pulse
100 kJ, 7000 TW
s ™~
4%()*+05 . wi - Tism
g 50: ‘ -Sﬂ;aln ulse
6&0("72+)()* i 0%35% ( 2031361+9%.$7-0- e 7‘1&3 i
PFEIP% 968 rHseemO)he 3/ M
0 5 10

shock ignition pulse
100 kJ, 170 - 270 TWI

300-500 ps.

#-*.8"72+) () +" (- 1$80)*18 96$#$2* 3" +&I"#$%6&*$(12,,5+&

laser power (TW)

|




?2:@*L&)MA)B) @AQ&KC?)*?

DC6&'&"8)$8%$9&;"(E"F5'G&THSI&)K<ARX7"BL5"MIFN"*?".-44@/0"BA;"BA7<C<8EQ@5DBEC6 &) (BKIH%B"ILBI'B"IJ6E95"*H"-34".1*?1/0O,

K "L'2?%#3$ #ME#FL2"EE%o#$&( YoN$% AUAES O
P(19%0BQ"PS&(F'EEY%J"(?"2N"2E((((((((
& 6&#R"2( %FLSHEYHBHBIYLTEVW( : P ke
( QPXE(JE*(YZIVWW(QERHM (66(1#2(ELHINS60%+#S " o A 5 i iy
( P(#R"2(N2#R2HM (4 ( Y0$E?'7%8%?S O amme /N
K ?22#3N(EH#BQT ("S&(HNVBHFL2"EEYRA'E" (P#(N"$"2'?2"(1#2( J ‘, /"\‘,
EL#?@$?"SEDQRB/[\W* (]XBF $0 ey e T R
K +"#F"?2%B'8FL8%M%B'PahEL1"2%B '8ES$J"2N%NA#BQ( —’ f - ‘—
LS78?2%#E2"EEA2"("YWW(G7'20 . Loo /
K /%NI"2N'%3(HEE%78" - .
c {am
i shock agmtzon pulse I
10 TW
= WO i‘"l'_‘_’ é Tl,l—>
= 5o == i s T
g A9"B;<B(B7$C" A
j::<£ I C$'8)&99<$,T ’ ——
- o s T8

t;lnc (ms)

"#$%$&'(&)""*+&,-./0/'.&,12

mploding

shock wave

ablated plasma /

.'s;_:{-./'
B &
—> ‘< | &

Jdrvergent

shock wave

p1GBan

_— ’

=+ 0.0)

0 X0 400
rim)

imploding
wk wave




QRSQTBUQGNWOQXBIQGCQOYDO7NYCZOB[GB!BYG

)'*+  3-/0/'. %45%6/7%.0$. 89:;< "#=% $">. [756'=%7 5%6('67#.*%
>/0" # 3"+ @#A.*"[.- $5/+%#00"%%.? '( 0"%@#$Y6RA@$%

&\ UR
FS@ ) LLE
- _ 45 25 12 8 4
E; =19 kJ, & = 1.3, Power spike -ttt +
V; = 1.7 x 107 cm/s, SSD off 20 ' . ' i Pressure (atm)
- —~— 15 I | I 1 T
Y, = 2+0.2 x 109 \ . = @ With spike
g & Without spike
_ 51y, -8:08x10° T6e 2 73— o
E £ " oo O -
= 10 a8 2
2 = 5
a > 5 5t .
5 TPL» *QQ’
3
[ »
o - 0 L “ L 1
-1 4 5 100 15 20 25 30 35
Time (ns) . CR
The neutron yield increases considerably when The measured-to-
a shock is launched at the end of the pulse. calculated neutron-

yield ratios are close
to 10% for a hot-spot

I"#$%& ()*+,&#)*#.96/0"#.*)01)0#234456# | Sonvergence ratio of 30.




Concept:

l R9;9<&G9(&(A9<=(8G<F;+(8HFCS(N@C
AI<=(H@+H()FNI<(F<(@:G9;:8@G=(

1 | @G@+&G9(GHI(CH&"9;+98(<9'&GIQ(!
)&<&KIG<@C(@;8G&L@' @G@98(&;Q(H

Method:
T(?@)(@;(&89<()FNIxQ @G @F;8(
&L'&G@F;()'&8K&(
T(U@89(@;('&89<()FNI9<,('&*;CHI98(8G<F
8HFCS(

M<9'@K@;&<=(9J)9<@K9;G8(QF:9(&G(V
&;Q(W46

J- " ['01) 204$%& ()*+,%0+-). +//+BEP4460

Radius (um)
[o-]
o
o
o

Shock collision and merger

Time (ns)




A88G&@+8&DC?86DC?EC&)ABS!C*B)@A&?BFG)8?

Physics issues to be understood!

I"HSUH& () *+,-. ) I&tt/* &, Ot(#,-1(.2#-.)/
I#(#%1-(.,&./$-#3.".-.1$&./&.%" ) B)H1&H#/* &S0/ .-.)] 4 51&THB ¢S%o#&./-1(#,-.)/8

I 9-%+"#-1&(."")+./ & #--1(./6&;9:9<

I 9-.%+"#-1&#%#/&9 ,#--1(./6&;9=9<>&$.¥1&9=9

I ?2@)&!"#$%)/&1 #B

| CO$BLHYD/1(6B&?(H/SEL(&;C:D?<

| F.H%%L-#-)

I 9'1,5"1%&()%%20))-0./6
"H$6&Y6'H(")*$+%6)%(#-")$,). $#/%-($-01, #
2"%1#,3&%9%.%+(%%%$"4$)")$5)-4"(0-#6%-)$-((,.-,#-")$.5(-)+$"01(%**-")$7$-+)-#-")$1/,*%*
85&#-1&%%$3%,08-((,.-,#-")
9(",.3,).%,).$:/-(1%.$15&*%$-((,.- #-")
&, (B<-(%'#B<(-=%
16.(".6),0-*$,).$>/""?$+%)%(,#-")$=*@ A, *%($15&*%$1("4-&%
B1#-0-C#-")$"4%,3&,#"(*$4" ($DEF$#, (+%0#*
G*%$"4%54",0$#, (+%0#*
<-,+)"*#-"*$.%=%&"10%)#$-)'&5.-) +$ &%) $*%™)., (6 $*"5('%*
01, (-*")$I-#/$,.=,)'%.$*-05& #-")*$#" &*$J16. ("KS; D:1(



*@AB8SAB?

[01,2#,&'3&49%,"5 @049, 7$&2(-"5%#-2'(,



I"H$%& $Y6()*+

I"HSY0& ("HH+

a rradiation and

e d'Ml:,:::::l;:n”m Critical Surfa"ce Electron Ablation Front
i/ '\\ ' 8 ! "# " )1&- : . * * ! "# a ),&' !"-
b o Absorption Front { ! i Radiation Ablation Front
AnD - kTe \Y | | *
-1 kTe | I |
T, (keV) | (cms) [ o LA
/ ? N\ —_— : [ W/ |
hollow shell "\ | , 1
targel : | : p .3
7 N ! (g cm™)
| A
b implosion vV : | 10
1F 510 I :
! l 2
\ / I I 10
2 ! 5 | i
> ) - LASER : |
« S~ a
-»iHot Electrons { 10
J/’Z/ ? {L& - X-Rays
Preheat
ablated plasma

I"#$%08 ' B(Yo Y&+, %-.$-%/"OH($, 1 #OHRBIHA' & #58/((%,%/'1B6,/17-%/18%"9'1,'#:1";,,-1$3(."2<#'$1 #3'#61%- 4B H00- 5
C1=86 . (M1 #9) $ &&(&) VT #5"84.66', %9 (SH3H " 1254%81S", 7/1-'& #IH#-3HSA($-YokELI"-0B%" (59%BHL; $( #
'('6-1/", #31/.23 #3'#6/"&.6-%/"HI"">

« T& . Lo ¢ t”
) % s J,(*,)*-./)&O+&l E$ 0/(&#$" +)*’/_|:$’%(&O!+.!--)&’%




"HS%  SIMH(")+ S *

Laser coupling Preheat
_f\ J‘\

r \
Backscatter Filamentation Cross-beam Two-plasmon Absorptio

(SBS/SRS) transfer decay
- I'n.l., e In,. - L,y I LAl
CGsps o= xe S5 o l".\ Geper e = P i rit.' Electrons

Density

W Plasma
Waves

E('5&,%#$,& @K$;&,*0,$;/6*@$:")4
E5*-")$MN$IJOPQOL$QONPQR

Radius

D)®6,8:ED.-#-")* K$4T%, S~ 4 5+ KH)6ST!"I# $"%%&'&UGHH'/,)-*0*  VB(SL,(,0%H#(-' $)*#,3-&-#-$6"
(%K-=%B)$#/%$1&,*0,$" ("), KK".5-)+ W

7 #1%$* HHY%(-)+$ 1S BA- HH % (%), +FAS&, *%6($%) %(+6$I>X>K$>9>L

7 #%9)3,&,)'% $4$05&#-1&%SRUHOB((,.- #-") F:9FYL

7 >0,88$* 80658 #") $48%,08((,.-#") $4-&,0%)#,#-'])

7 >51(,#/%(0,&5"($/"#HLB &Y' H(' WK ".5'%. B6$.,01-)+$"4$>X>$,).$Y;<$1&,*0:D/6* K%/ #-)+#/%86%&



JC!CE8B!)*&)A?BCK)D)B)8?

| 25135 -1%6%-$4%(Yo-MLH@BSO' #6/.7(%"H 1/6',,!, #B3'1 #3#
>SS, 1HE6%-90/ 186/, -Y6H 1# (6-1/"#7($, $BS9', #

. "1, "I
I D31',3/(&,#112%95#-3'#&S$; 7%"2#&5t23-'11B3$9', _ﬁ_’ " ;&’ " ﬁ_’
' ( ™)
632", H($,:$, 0#-381',3/(& #=16/"0'6-%9W0" -$4% (L',
&7"&, #'#-3'#1',/'$"6" #A'2%/18L! 219<
EMWo EMW1
-"(C?)1"/AQ1C1*0-.1"/=(*E03-,-6  gRs HE7]
10129+ 83 +&(3+ Ep—w Lt g
EFGHIG; > EFGHIG, 2 oo )
E M wo E M w 1 Refracted

(C?)LIAF=()+20:1"/=(E03-F-60G SBS oy
H=+;;B8/1C 0*/=E@0I=1*;</=03HF716 1AW

Plasma

EFGHI6; 2 o
EMWo EPW1
1&+0J)1;C+*K/.1@ TPD s

EFGHIG; 2 EPW2



1
HO
20 40 -40 -20 0 20 40
X (microns)

Y

0
c
o
=4
S
3
X

-40 -20

BEAM SMOOTHING WITH PHASE PLATES

71 1SR & #1

B"8)CDAE)#HEF@GG)#-
1 1S L 41" 1)

"#$" Yo &G YoH* &+ HE&-"

#=s /(g "(1)" "

A(S6H#+859(2%:)" 1 01(2)

0.0H

S
L

10

Reflectivity

--- 16

e ST o
B ESIEE, 7 =R Y A 3/6

@:2A'B&8Y <=>?)®

7&*B&BY%

H+*:/."(:/ 0,-
3+:/*B)?"l B6OCH)(<(.1"(+
— Multispeckle

— Non smoothed beam

0.5 1.0 2.0 5.0 10.0 20.0

N/ G/IA QL@ ?)"(:#.L) C+A)20.)2ACE)+ L/ ("@L*AGL"2=1"(+*

I"H#$9%"#8$'() B8 HSI6&' ()*) Yo+ (&HHEBOLH2) 3 +Y6#4, +YoH568+T 6+, 78HI7 OB +HOSFID 23$4+$&5.



/NYCZOB|GB!BYG\OSVTVUQ!TBCOBG/7/VFBWB!BQ7

A, ¥, %0, $D)HY6(, #-")$"49)-#-" Y 5&*FQB KD Z7'0 "LE$'0-),#%. B6S,(+*,&S$ #&!'*(/&%&*&)F&5§+$>#-05&,#%.
O(-&&"5% ##Y%(-)+$I>O>HMIE & #U8K,0,)$>" ##96(-)+$I>X>LS$,). SYI"$;&,*0"396' 68 Y ;<L¥).$ 4-& 0% )H-"®

Laser coupling Preheat .

A A .%. D:
» ¢ Qe

Backscatter Filamentation Cross-beam Two-plasmon Absorplio 5 O

(SBS/SRS) transfer decay © CZ)
: £ - In. = Loy I Lyl -
Gsps o= i " R T, GepeToc = 7":4 b P’i(; Electrons 9 {il’:}

3 O
' A4

Jht way > ¥
—_— S i B ® O
Drive @ 3 2

= - &

Plasma 6:[:?: Z

sckacetirsd [INES %S
S b o Waves oL &
yii g <

it : LO
< LO

W

Radius

+14+ OLRH(S2' S(+,+3 #1HASAETSOH(I3HA: B9 .&* & <B=<>HH)S -)'(%, "V, *Uo($%6) Yo(HEB-(Y60%)#*

SX>$,). Y :<$+9%6)V6( JY6H %o+ S+ "IKH #8)S 1(%/%,8/%A5UERT"(S ,A4%B%S " 2$1(%™5(%
480688 @ LOF (G*<;(FBBEE@BIH<FNGFB(XM4A(Y

IA,*%(B6(%) %P, )-158& #-") K$9(",.3,).$&, % KS3 $".% B, *%{t

e



-$#."$3"#1(.-"419%05*0)6"$%"#7*

9"$&5(.&,880,"#),33+"7&,)&2,*+8.+"7 &+"Yott(-+3+#+$%&0, "% +%#% & +"&+"0)$(%+"7 &?
+:$)8*10+"7&#4$&3," 7T+#1*+"(3&0,4$ ¥ RP&, 8&#4$&*)+6+"7 & 3(%$) &<13%$=

>4$8),388,8&-("*5+HA&LS(U&SIHS Yo +6$3.8+" 6V + T (HS*&+" EHASE TIASLHITRE, ¢
+'#$"%+#+$%&BCDEDFG&("*&3() 7$&1"*$)*$" % $&<3(%2(%: &(%&#$2<,) (3&("* &Yo< (#

>4$&)13+"7&<()(2$#$)&2'8$"$1% <3(%2(%8+Tb&# o54$)S&, +U0&HASET),5#A&)(HS&
BRHASE+" Vot (-+3+1. B FO&HAS& (%) &-("*5+#4

0*0*12!3/$3'14'510*6*74+2¥91-3$.;$13<1=>8.5391? @AB1C?DEFG
"€"4,2,75'$,1% <3(%2(HASESBESOHEAYE<(H+(33.80,2<5 Yo(H$*& &HABE-),(*"+"
0,1<3+"7&)$7+,",; PSR ()-H ) " +H1/01"H2. & BEHBBE 5478908 H

H("*5+*#4&0("&%#+33&3+2+#&(2<3+8+0(#+,"&7(+"&,0&KNVo#&BR2EBSHR P "#(#+,"&
%$$*$*&-.&3(%F5) &%<P0A3P%E& B/ @RATERIGBI8  ;#<"#=>1,+#/01"#.)1?) 14558 @#7899A:"#

$0$"#8"12$)+0(38.%6+213(#+," QYoH 1*+$%88%64,5&1"+6$)%(38&%0(3+" 78, 8&H#ASE+"Y

+'#3"%+#.&5+#48&#4$&3(%$)&0,48)¢ R5"S$LL&7"& 7IBESE"JLBY'BY"->H"4>- 111" -41%/,"




*@AB8SAB?

| 89%"527"(-$4&%4%$-3'57,&$(:&!'$: 7$%



EKIE/'LEM>N'&/9NOLNI&>9PN/OQ&QRIST&IUM!ISIOM&!IVE

"H#$96"$&" ("&)*$$%*+$, . &/$0"&/F LG 3-.0$4*")5$-0.-%-".$6+3".4%(8%-".$+7'+(-3+5%9$

2/&.&($:+"3+%(;$$$$SI%$$$$$$$$$$$$$$$$$<'*+(-)&/$Z+"3+°/0(;

~ e KIC+*"=1"(+*0+<

0
J0*01$H#*€2(&"UoHO+83&H&SUy - [07015#&2(
4-3(-5(6-#($3524*-"% & NHO+E&3EHESY
76-28(9-*10#&-" 4-3%(-5(6-#($3$2#*-"9
- 76-28(9-11048"

/PR@A:+QOO;;?/;$\

PR@A=+Q00;;?/;$ . T1--#6&" G (+0 e
. T1--#6&™ C)(&"%#HO+8&3EHESY ek
C )% (&"%HO+&38HE&S% . 11<3-%&-"

="&5-*1&#'(2-"#*-3(

\' 55(81<3-%&"




DC?8!&+C*)D)B)8?

),-'%9$%&

2020 ULTRAMION INTENSITY LASER FACRITIES -t “‘%
PPN SRSa—— __.“—--._.__.J mam 3 LA La;e”ab
’ urope

RS A The International Committee | ~JUPAP
B@@D on Ultra-High Intensity Lasers 87

- T s b —— -— - L s —— - 1 ¥ e -
! - . — ——— . - -— - o= — -
-— - ——— -— - —— — L. —
- .- - - N N - - R e I e L —- - e b - b -
—— — _— - — — — — P - e . o —— ®  ———e | — — —— e — - ——
— - —— -— - —— e e - - [ ——— - - ————— — — - -~ — . -
- - b - e —— - . - .- —— o C—— . .- N R ————— — - —— o ———— - ——— —
- ————— - — —— - — - - — ———— . - ——— - - — - — -
- e — -— S e —— — p— . ———— . ———— — - - - —————e - i _————— -
- P bl n - T — T - R . e BT " - A -~ - — - Rt b v Tw . e - -~ ..*..._\.ﬂ“-l‘. - -
— ———— — -— - —— - - - ——— e - - - — - — e ey —
T ———— — —— - - —— -— - ——————— c— - —— ——- — PRSI S A — -_—
el — - - *5-*.‘5“ - -e e St S - .. S ——— e -~ e . ——— o — - -
- ——— - - — e ——— = - —— . —— —— - - —— oy .- - — -
— — — —— — - - —— - - — i —— — — - ——— -—
- e — - —— —— .- —— - — - - .- - T —— —— — - - - ——— e ——— - - i & —— . —— -—
- T —— e — Lad T —— . ) G ¢ - - - - gee e -_— - - ——— @ — e - — W O ——— S S— -
- ———— —— e e o —— o — O e e — e - —— - ———— a——— — | - — - ———— —— — —
.- frvn - P — - - - - N Ne—— — - - — —— - - ——— —— - —— L Sa e - —— - e
- Y & - —— >~ - e W e ey - — - B - - WO R SR Ce e - - -~ — -
. evee - —— —— Lo ——— -— - ——————— .- - —-— o — — - B -—
DV e 0 e - Mot tm e a— @ e -t —— -~ ——— — .. - — N — Lo

[l
[
:
!
f
f
|



+FBFI8&GBNS8D@/ES8AB?

The Fourth-generation Laser for Ultrabroadband eXperiments

W
Fourth generation

Third generation ST s Bk
Nd:glass Wide bandwidth

Second generation " o;s': ;u:.(aa» (Aav e > 1%)

Nd:glass (Acxeag < 0.1%)
351 nm (3w d ,‘ve‘,s
First generation No bandwidth L ent ar
Nek:glass .o confinem
1054 nm (1)

Ofcn o QrpQ-e

) PemaARteEnt O
ENERG ' Soence




EKIE/'LEM>N'&/9NOLNI&>9PN/OQ&QRIST&IUM!ISIOM&!IVE

"H$%"$& " ("&)*$$%o*+$,-. &/S0" &/BHBA3-.054*")5$-0.-%-". $6+3". 4% (&%-".$+7'+(-3-8$4

Geometry

Spherical

Cylindrical

Planar

zol |
1 T UDoooW
V\]%J?IXVJ
e
4 N
- - | A?).1% T/LL+ } ____________
N .
VWVO2
JXV-0
JINY Laser Energy
\ 7VO ) >




EXAMPLE: VULCAN TAW EXPERIMENTAL SET UP

LILIS&QRIST&IUM!>IOM&IM>E/NS>I9M
S,2<()$&"()),5-("*&5+#4&-), (*-("*J04+)<$*&+)) (*+(#+,"

I"HEY& Y6%" (") *+&(SH +&-.1"+" %8, $*/$) %01

<#3,&=HB(*&IGH(' #%"I0#. @ g 3
FIOMP$"$ | 3QIRBI"$)0K$ $)*K$SEZ!8]aRFEKSBEH QPF7'0 - M'&8K& 2
&+ ($*&"H+(. #AH1-("&I0 #".- +", 198G @ X a1

FoaM$"HBOCcS)OKSP @c$)*K$X; KEERRBOK$SBEOPE 7'0 7 d$ShO@M

X&i9|<

DY g

4:G9<&CG@F

X&89< W o
@) @)
, w]
LI

>N/UE>&OEQ!UM

28.$48.*/

&$1,)# " (SYTH,*5(%0%)#
868, (B, 698" ($4, *H$Y6 &0 H( VA" (#
5$4"($R&1/, D%, *5(%0%)#

1%, #-)+$8%,0*




'RG!@GRACE)*&AFES!)*CD&?)EFDCB)@A?

I/EOIS>&I'NQLN&OEMQI>WENMO&>ELIE/N>X/E&I/OVI'E&VI"IPIMU&'NQE/&REN>

|, 76/$2.8&D2)822/&SR2T 6/9&UR2T 6)&)%2&
92/ #)#2.8&('&#/)272.)&'(7&0BO&HFRERE V&
FKSU&

02/ #):8.16-2-2/$)%&L&H.&#18) %2876/ EDAFE,
++86)8)%28D2$HI#IS&('&H#)2T6L)H(/

5000 S e I
—— Te_max(eV) |
4000}
: wonf .;
W&Q7#ITE+. &K&/)2761)H#(& 2 ool _5
D26+& e \ ;
Y&E?EGR [1+S@&92-MAFF&#/& 1000 . .;
l#$’72 0 ....................... .

-110° 0 110° 210° 310° 410°
time(s)

"HSB ()*+ WP%,-%./01 254565 BA*; $Y6#);$1<<%/0.//=



NFD*CA&BCS&8P/8!)ESAB?

<=138=9*/<#.?1@*BYD&IBE*.&3*8GH*/D(1* &$I*K:3%#:--.&:. &*D&SEF*/)-::J:1A*8:?$.*/H-.&J: 1A*H%J,0:3*L&:-M@

I"H$Y6& Y6%" (") *+&($H', +&&&E-1"+" %%/ )"%,$)&($#,+ BIJH#I")$%'+,& (" +*H) |#
0&12345793: &58=>8?@: €58=>] V1;/=
HDIGE)J)K)DMEG @)#-M)@)#1
CN4ODPEE)}M)®) @KRJEIS&.- %

. +,-./(0
62("(78027 12)345

920040

I" &1?8>7

3:9528A9RDH8=BCELDES>>3R@=E25>>@?2

HD)AEEGE)JGIT)#-M)ERFE)#1M)U<< o 4:52_(8(0 3%,
CN40)R).Ep-M)®)ABINSE-%M))BSV)RIFG - "0
(]
F@>A37780@2> i/
+-"402.(8(0 #'= VgDZ/ 1
I"#$68 '0* '()*2.&34$3#5* | 85%-"+9.#: 0
+,- #$%E&* /1&61 1&6;&01
/"01 /71 0 -
G8##"HB8(9 | II. " H&H$2'% AGY A I :78_0(((;?
i .
IKI$ 5M. 311$(% 34F := .4)47,04.-840
L"*:L8A&S .3/F6
JKNKO /l.. 1311$(% /3-- o .
C'2'E8A&$8%; .3?P6 <:=.4)47,04.-840 :80(->

7-.(0-




B)E)AM&@+&DC?8!&/FD?8?

© XF;+[*89 (H9&G @:9&K8
”89 I'F""“““ Co “’I 1
] O@f$y*’

e'(0 @$&,

- Y;6%$J);L |
©4;,G9<&CC@EN(7\(#]3>

™

cPP$* ‘

02k _.,‘ \
" \

e(0 @38 Dy%0)

At Ot
) rd ]

Y-0%$J)*L

(%)*+,-*%01 @345#
677
289&%: ##; $<#HU0

I =065#%$(%>0

" DA%!"@%>1

A5 Y </BR##H%0'
C%=%FB3EQ!

&/+>%/0 234!"$

677

2898&%!(: D#%0
 =%0$!<%>0

" PO <HEY

A5 %0 (B H#Y%'

Co% =Yl 5¥83E0 !

(*+,-./01

#!!I! 3! !I!



PRELIMINARY CONCLUSIONS

I 4;,(8)@G9(FB(GHI(K*CH(H@+H9<(@;G9;8@G=(7":'D>(CFK)&<9Q GH® &P Q@O<(8
L&;QN@QLHBKE&E" (&8 (!(;K(7.2$E>(H&B(&(8G<F;+(9BBICG(F;(XM4

I H9(CF*)'@;+(N@SR()$*+)+," '&89<()*'8KFAI8(GF(K*CH(H@+H9<(Q9;8@G=(
CFK)&<9Q(GF(;&<<FNL&;Q('&89<()*'89"

I a8(FL89<A9Q(&G('FNI<(7 @ KB HD ; G9;3EHR@ 83N @ QGH(K&@;'=(&CG8(F;(
B@'&K9;G&OCAFK@GC@;+(@G8(+<FNGH(&;Q(&"FN@;+('&89<(@+HG(GF()<F)&+¢

Laser coupling Preheat
A A
Backscatter Filar ition Cross-beam W iIsmon  Absorptio
(SBS/SRS) transfer
- I n Lo T | fne : L,y Ia%
Ggps oc - == SHFO GepT o okt
I, T, s
Wa\ | &
P 4 N, | §
: o
o o Waves 50 ke
s CIS*D#,EE,B' T D> 2ID('
GGy i e 'B
————— —> '2'1(’ B

Radius



"H$%" &' &1%' ()< +"#%,

| *G@8)9CS'KFQI"@;@BIQIQGRDI) @BBLE<FNGINF<S(@:()<F+<988>

4;('F;+(8C&'P&BK&EE; Q(b4D;G9; 8 AHIHBR<@ABR@'&K9;&B-N(Q9;8@G@Y8
8G<F;5(@;9G@CDKI(&:Q(C&XQH ID.E(@;8G&;G&;9RTB'9ICG @ BIBHG @9B%)H$I-#/5S:

"#PUN&'H&" B 8&/%'0-1&2'%3,#1&4.13,53&67*&899:; 7*&<9<9=>

[:( +9;9<&GAG(bURRGEHO89Q9;8@ GOFEH&AZ('FN(;F;1Q&;+9<Fa-N(
G9K)9<&G*<90&0 (c(!. I'D(S9d>&RK9&8*<9(@;(GI9)9<@K9;G

_M?(&;Q(H@R38@EIFL (&<HAFLBI<AIQB*K)( Q9)'9C@&;Qf'&BK&@;Q*C9Q
SKFFGH @& BGIREBIB)9CS'9&R=9m5$##& #&AIBD&@'A)&B'##)&8<:*&97C998*&<9<8=

 H@E9:&<@EBECHE&: +TFK)'9G9'BF9A9: KFQISEE:QN@Q&8DIF'898(Q*9(GF(GHS
8990 @;+EB(&K9:GE&EEBMM('&8ISCS'IB



2/8!<&%5'=5%$77"&'.-4">



piicioipivoc el ESFR|

lllllllllllllll
lllllllllll
lllllllllllllll

Report 2006

:&1>42(2-"2$&@$)(0%(0(362G3S(30%$* (%' YHS1()$%&:"$) (H-()$1-"Yo#*0HS(%0&:"&5&20"#($"$*:'(<*-), 2#&-"(5-*1
3&96#3)(-"(#6$(>7941(30*:$(%203$(502&3&# (*-0) 10<(0") (0B0*)$)(<*$<0*0#-* (<6 DDEEEGE ((B$(>=(B&H6(
0))&#8&-"03(5,")&":(5*-1(THIA?(=1?(0") (#6$(E&"&Y#* (-5(>), 20#&-"2(AJ$26(4$<, + 382 HR") (B B(RO" (-#6$*(
<O*#"$*%
HE$(<*-K$2#(BO%(+0%$)(-"(#6$(0%%, 1 <#&-"(#60#(LI9(B-,3)(&:"&H#$(),*&": (#6$(LO#&-"03(&:"&#&-"BRBDE&!'(
BBBP6&<330%$*P-*:



http://www.hiper-laser.org/

ON WHAT WE BUILD: THE EU IFE COMMUNITY

AQT7HR2#&-"(E/IODMS(TU$S@$3-<&":(#6$(/6'%&2%(0")(#6%(
728&$"#8&58&2(A-11,"&# (5-*(I"$*#8&03(9, %&-" (O#(H6$(#&1$(-5(
L19(&:"&#&-"MIQDMOX

) :
CcoskE \\‘:(\___/,/'\)) EUROfusion

EUROPEAN COOPERATION

IN SCIENCE & TECHNOLOGY

"#$%8"()%*+$,-./0!, %,<<-*#%(W(IEI0#$)(:*-,<%Y  D\(*-,<%(0")(1-*$(#60"(OMM(
>Z<$*#(:*-,<(&"(1A9[!9> *$%$0*26$*%(&" @-3@9)(#6*-,:6-,#(>,*-<$
>SZ<$H(:*-,<(&"(1&2%0#*, 21, *$)(10#$*&03%
>Z<$H(*-,<(&" (30U S*0#$) (SE/

Laserlab
Europe

(1234)#5*6 B&H6&"(>"0+3&":(4$%$0*26(<*-K$2#%(

>=4Q9,%8&-%, <<-*Hob(<*-K$2#%6(*S304S) (I0RERY ol o e - e o
0")(%6-28(&:"&#&-"(OH(HES(SUHBEBEISO*( " " orum Ty i S8
CDM@MMD\G( S men JENE. f
£ - . . \ 2
Ge - % .



ECO@!&)E/C*B&@+&A)+&!S?FDB?

BREAKTHROUGH AT THE NIF
PAVES THE WAY TO INERTIAL
FUSION ENERGY

S. Atzeni, D. Batani’, C. N. Danson ', L. A. Gizzi, S. Le Pape’, J-L. Miquel', M. Perlado’,
R.H.H. Scott', M. Tatarakis ', V. Tikhonchuk' *, and L. Volpe DOk hetps://dol org/10.1051/epn/2022106

In August 2021, at the National Ignition Facility of the Lawrence Livermore National
Laboratory in the USA, a 1.35 MJ fusion yield was obtained. It is a demonstration

of the validity of the Inertial Confinement Fusion approach to achieve energy-efficient
thermonuclear fusion in the laboratory. It is a historical milestone that the scientific
community has achieved after decades of efforts.
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Future for inertial-fusion energy in Europe: a roadmap
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