International Committee on Ultrahigh Intensity Lasers - October 2018 Report to IUPAP

On behalf of the committee and as Chairman of the International Committee on Ultrahigh
Intensity Lasers (ICUIL), | submit this report of ICUIL-related activities and events over the past
6 months to IUPAP. Obviously the biggest news in this time period is the most recent. On
October 2, Professor Gerard Mourou, who was ICUILOs brst chairman from 2004 to 2008, and
Professor Donna Strickland were awarded the 2018 Nobel Prize in Physics for the invention of
the chirped pulse amplibcation concept upon which nearly all of todayOs ~$5B worth of ultrahigh
laser activities are based. This is a banner event for the community and for the ICUIL
committee in particular. Below is the photograph from the kick off meeting for the ICUIL which
was held in Great Britain in 2004. Gerard is at the center of this picture. The committee will be
planning several events to celebrate this achievement over the coming year.
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February 2004 - ICUIL Kickoff meeting in Great Britain - Gerard Mourou in the center

The International Committee on Ultrahigh Intensity Lasers (ICUIL) was established in 2004 as
an IUPAP working group devoted to the promotion and outreach of ultrahigh intensity laser
capabilities around the world. By the committeeOs estimate there are approximately $5B of
world wide projects and facilities today devoted to the creation and use of ultrahigh intensity
laser capabilities.



On a biennial basis, ICUIL sponsors the International Conference on Ultrahigh Intensity Lasers.
The 2018 meeting occurred in Lindau, Germany September 8 to 14, 2018. The Lindau meeting
was the 8th in the ICUIL series. As with previous meetings, ICUIL 2018 brought together both
the developers of next-generation capabilities, the scientists that use these capabilities and
representatives from related industries. This years meeting set an attendance record and not
only sold out the hotel venue but sold out the conference seating as well. There were literally
no seats left. Student participation was strong, particularly from European countries. A photo of
the conference attendees is below.

2018 ICUIL Conference - Lindau, Germany

At the annual meeting of the International Committee on Ultrahigh Intensity Lasers which was
held on Monday evening of the conference, South Korea, Japan and China all presented
proposals to host the 2020 ICUIL conference. Each proposal was strong. After careful
consideration, the committee voted and chose the South Korean proposal to host the meeting
on Jeju Island in fall of 2020. South Korea is currently the host of one of the premier ultrahigh
intensity petawatt laser user facilities at the Guangju Institute of Science and Technology. It is
anticipated that 2020 attendees will be able to tour this state of the art facility in conjunction with
attending the next conference.

In other business, the ICUIL committee considered at length the issue of member rotation and in
particular diversity. By vote of the majority of the quorum in attendance, 7 new voting members
and 6 non-voting associate members were elected to be part of the committee. Of the 7 new
voting members four were female scientists and one of these was from the African continent. In
the past year we have also added 1 new participant from Australia representing the southern
hemisphere.



In related conference activity, June of this year Nuclear Photonics 2018 took place in Brasov,
Romania. This meeting was the second in the biennial series and saw growth from 140
participants in 2016 when the meeting was held in Monterey, California to 220 participants in
2018. The participants of this meeting toured the 300M euro Extreme Light Infrastructure -
Nuclear Physics facility in Magurele, Romania prior to the meeting. ELI-NP will be the prst
international facility with 10 PW laser capability when it comes on line for initial commissioning
experiments in 2019. At this meeting it was announced that the German government would be
sponsoring a new initiative in nuclear photonics in the coming year. Given the activity in this
area and the overlap with ICUIL related technologies and science, it would seem relevant for
ICUIL the committee to consider adding representation from IUPAP from its nuclear science
related commissions.

In August of this year, the United States began a new networking activity known as LaserNetUS.
With support of the Department of Energies Ofbce of Fusion Energy Science, the brst meeting
of LaserNetUS was held at the University of Nebraska home of Diocles Petawatt laser system.
This meeting is viewed as a positive sign for US ultrahigh intensity laser activities as many of
the charter members of LaserNetUS have ICUIL relevant capabilities and the establishment of
this network should provide greater user access and growth of the community.

Since the April report to IUPAP several of the ICUIL committee membership have been
recognized for their technical achievements. Professor Toshi Tajima (ICUILOs second chairman)
was awarded the Association of Asia-Pacibc Physical Societies (AAPPS) Division of Plasma
Physics (AAPPS-DPP) Subramanyan Chandrasekhar Prize of Plasma Physics. Professor Chris
Barty (ICUILOs present chairman) was awarded the R W Wood award of the Optical Society of
America for his pioneering contributions to ultrahigh intensity laser science. Finally, two weeks
before wining the Nobel prize in Physics, Professor Gerard Mourou (ICUILOs brst chairman) was
also awarded the Arthur Schawlow Award of the American Physical Society again for the
invention of chirped pulse amplibcation.

Earlier this summer the 9th newsletter of the ICUIL was published a copy of which is appended
below.

Sincerely,

Chairman of ICUIL
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Gérard Mourou, Professor, EcolePolytechnique Haut College
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Dr. Michl Binderbauer, TAE Vice President, Chief Technology Offcer
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Fig. 1. (a). Scanning electron microscope image of an array of 200 nm diameter CD, nanowires. (b-d) 3-D PIC simulation of the evolution
07&)"9&989#1*&4$%)#$,>)$08&078&49>)9#08%& $8& (8& (##(*& 07 & | NANE/Br& AR pRAT an intensity of 8x1019&2Z<¥&*& (8&
ultra-high contrast A = 400 nm laser pulses of 60 fs FWHM duration. The laser pulses penetrate deep into the array where they rapidly
heat the nanowires to extreme temperatures, causing the nanowires to explode [Fig. 1c,d]. Deuterons are rapidly accelerated into the voids
up to MeV energies, producing D-D fusion reactions and characteristic 2.45 MeV neutrons. Times are measured with respect to the peak of
the laser pulse. The average density of the nanowire array corresponds to 16% solid density.
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Fig. 2. Neutron yield as a function of laser pulse energy on target. H [S HFWHG WR JHQHUDWH D GBUHFW
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49698498<9&07&)"9& 89>)#08& *$934& <(3<>3()94&>%$81& 4 % Qﬁﬁ%)ggﬁéigﬁ%%iiﬁ?%(@%?#ﬁéE_f;(Z.%%g(gfé
_4$%)#$;>)$08%8§<0:6_>)94&;*&)"9&H,!&:0493&(84&8><39(#& ) 5‘%‘% o . o~ o) ok ek (
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")-,"#%(?#(#o-;&*#$%(,#&c; @&'$&?#&O&'$*-,#&,&*391%9%}'%#3&9770#)%&3$89&>6&$8&)9#:%&07&6(#(:9)9#&E(3>9%+&(J
)'HO&(*H&>)?&, &t~ #*(?)(B)- H#*&('D)-, =OHC*$U& #(, r@#g)&ﬁ#g&S(#19&>89A630#94&#91$08%&) '(0&?$338;98#9(<"(;39&>%%$818
RI WKH VFLQWLOODWRU G DW R# BBBRBELCS0) RMKIFOL) TREBL W LF/1998) I BFFPO) T (3 %§)>66
RI WKH UD\V WR EH UHFRQVW BRRmey mpested Gl sl Sk DQW LW\ LV FORVH
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50 "&F=HDAH -+@ (*), HSY&H @&'S*(HS-#")+;0($)- H@*&?)'S)-
BUORHSE(+#.-;, PHDUo(SHSY&) &, 08 #: & EHELSS& H&C
E\ WKH pPRGL¢HG FODVVLFDOY PRC
$Y6(HEAHE)SYo8 HY&H O(") (OH-*#"$-'%6("$) #+-2&0=
7KHVH UHVXOWYV OHDYH KLJ& ¢HO
— ), 3H@O('&=HZ%)0&HE-$%#EC @&*)+&,$"#@*-? B8.2#'0&
GHQFH RI UDGLDWLRQ UHDFWLRQ V
Quantum model $96($H#:)O0HEEH*&"-0>& -, 04HE A $U&HH"$: 24=H/,2&8&

il =] et sl -00(E-*($)-,# 0&2# E4# [+ @&*)(0# 1-00&3&# :)00/BEEH *&$
15 . R0l ), 34 $-# $08# S&+),JH0(" & # 0($S&*#), # TUVWOH (*+&2#1)$C
it OHVVRQV RI WKH ¢UVW H[SHULPHQ

400 420 440 460 gﬁsngl /Mei/oo 520 540 560 $(),#%;,?*&?"#—.#'-00)")-,"#:)$%#)+@*'>&?#"$(E)O)$4#(,?7

Fig. 3. The key experimental result: the lower the fnal energy %0)3%&*#&0&'$*- #&,&*34=#I$#)"#%-@ & ?#$%($#$%&" &
of the electron beam e, the harder the y ray spectrum. This is  :)00#"%&?#0)3%$#- #ENEHEG ('$#,($;*&#- #*(?)($)- #&('$
p?{r?metrizted b{ilt\lh/((ej ‘criticlal en(erg/y’ €, pr '$<' 8fat<h()8)#03°lAut&) 9& &>) 3 -4, 28$(,?),3# (E-;$# $%&H# .;,?(+&,5(0#
or the spectrum € oc £ 28 exp(—¢l/e e sign of this correlation _ _ &f)#@(*$) 0&"#: )$%# $* 3#&0& $-k +(3
$84$<()9%&)"()&#(4$()$08&#I(< $ 8&" (% &O<<>##94&$8&)"9&
(%98<09&) 9)&(1)#(4(3398(3))&’70>345&)9&#9E(9#%94/&B 9&<030)>#9 Z@?@%ﬁ%ﬂ GV 7KH UHVXOWYV VR ID
the theoretical expectation at 1o for different models of radiation '
reaction. [Adapted from Cole et al. [5]] S5HIHUHQFHYV
V=H#HR=#I=#D;*$- #(, 2#1=#HK-E0&IMH!" @&'S"#- #808&'$*-+(3 &) #*(?)(

WXP PRGHO GRHV $ pPRGL¢{HGWRDQVYNLADLGY PRBHB QU HREY &RQWH
$(),&PHEA#*&?;"), 3HS%E&H*(?)($82# @-: & HEAH (5. ($k AFEHI=HRIFQ)(YY (9 L1008 9 I=#d=H#[($"(3-*$"4(#(, 9#1—#[—#3&)$<E
Zv(\;KDW0 DFFRXQWYV IRU TXDQWXP§# , b_é,k@é\&_# &VV%MT&%WWU"%#

0)0&#$%)"#?-&"#,-$#),'0;2&#"$-'%("$) #&..&'$' '9#$Y6¢ %@ (0= 4 8IS $- (S
H[SHFWHG WR EHFRPH VLJQL¢F R . ﬁ%wﬁéﬁ}ﬂﬁé I%L}JVV%
SDUDPHWHUYV UHSRUWHG E\ &R O Hh=#k¥Ws5=-B03HeAMK I+ @*)&V@Q’R)V)l#{l@@%§@390
?)..&*&,'&# E&S:&& # $%0&H @*&?)'S)-,"# -.# $Y0&H "B)IVPHBIHB&*),39#Q04" =HNE>=H#E&$S=H]<HV_T_#7V<<]8
DQG WKH PRGL¢HG FODVVLFDO Pb%%ﬁfﬁm&ﬁ&&#@ﬁ#@@@ﬁw&&ﬁ@ UW#W@)R#Q&

7'- +@(*&#$%&#*&7#(7#E0&#*&3) #)#0)3_# 8= WKH FROOLVLRQ RI D KLJK LQWHQVLW\" (

*($&?#&0&'$* - HE&(+9#QY4"=#N&>=#p#WIH#UVVUTU#7TUVWS
PY6($#*(?)($)- #*&('S)- # ?)2# ), 28&2H " #), #ﬂﬁ’béé‘ﬁ‘% U T D e R W R oS,

"&*6&0&'$*-#'-00)")- # :("# $%&# '-,'0;")- # - # (,-S$%E3H# DQ XOWUD LQWHQVH ODVHU DU:L¥
&C@E&*)+&, $# #$%&#S&+) )#O0(' &*#0&7# E4#™)&, W#’# A E0)($)-,#), #QUA"=#N&>=#p

4XHHQYY 8QLYHUVLW\ %HOIDVW F#ZWH&NXQ#(GQ#TDHGS&H#@&@’Q#EWWDW@DDO(
3("H#&O09H($Y6&*HEY6( HHI("HBESOH: ("1 &79#$%&’*R‘E%%ﬁ&°# E@A&S((SHH0("&H@:0"&"H) #5%8#'%0.6$*(@ @), 3#

),3#&O&'$*- HE&(+"#($#%)3%& #&,&*3)&"=#5)H&H# SV 9#ThEgUTj7TUL;h8
WKLV WHDP XVHG WKH WRWDO *
'-00)")-,"9#:%)0&# $%&H# ?(B(# (,(04")"# :("#E("&?#6 #TThwUV#7TUVhS ﬁ)@) m% I;)Q&a ég&% @ggﬁ&gﬁﬁ

@(*), 3#$%&#’)&$()0&7# '%0(@&H# - .# $%EH &O&'$6-  # & SHBAM( FREH0=9#])3%6-*2&*#+;03) @ Yo-$- #P%-+"- #" ($$&*), 39#K
$* +HHE&S & &, #"%0-$"# )% (,7#:)$%0-; $# $%0&#'-60) QpBF G VVI#bVh#TTUV]8

([SHULP HHQ'W G BRWHIR U W CSDORHIE W L Q J
RVROLG GANIOUWILRMIEKX NHPSHUDWXUH YV

Artem Korzhimanov&
,8%0)%$)>)9&07&I663$94&H"*%$<%&07&)"9&0>%%$(8&I<(49=*&07&P<$98<9%

PY0&H),>&"$)3($)-, #- HSVoRHZ(*+#2&.,"&ctt+(SSE H ERR)\BT, +6" (0&BH.-)0"=H20$*(.("$H@ (*$) 08 " #3&, &*($& PHE
)" -, &ctt- HSYo8HY-$S&"SHS-@)"H) H+-28* H@ YA " EFREGIESH @ & +)BH %68&($), 3# $%) H&*# 7n+6"(0&8#"(+@
B&IHYE &H) " H Vo (*( &)Y &PHEAH (28, ") SAH'O-"EH BU-BIHEHEMH 105%(%0)3%0# $&+@-*(O# -, $*("$# .-*# $%8&# 0
$($H- H(H#'-0) 29H#(, PHEM(HS8+ @ &*($;*&HIVHEK=HPE@ )RR &8 28 2HS-#+(), (), #3*(?) &, $6.*&&H -, ?)$)-,"=
)"#'%6(00&,3),3# E&'(;"&# 1-;0-+E# ), $&*('D)-,"0# ($-+) #N&'& $H&G @&*) +&,$ " H@&* .-*+&H) #K) Y %, 4#K ->3-*-2
@Y%4")" O (, 24 &O&'S*- H# P8I, &* (At +;"SH E&H - ") ALIRITH ($H $Y0&H /,"$)$;$&H -.#!@ @0)&2# Q%4")"# N!I# 1)$
WRJIJHWKHU OHDQZKLOH :'0 LV $XRAEQPNSAORN,. ()DJSE"BoX8TH VS (0-+-85#)"-'%-
$%8&H2,)>&*"&=H!, PH)SH)"H- #%) 3%0H* &O&> (,' &t - HSYRAB(IP)3H#S-# %) 3%t $&+@&*($;*&"# 7 UUH# &K8H - #n+6
RI LQHUWLDOO\ FRQ¢QHG XV L R'@)A69&, QBa#.-)O#'( HE&H('%)&>&?H) #(H# -—+@ (‘B (, 2H#&.

P-#),>&"$)3($&HZR " (+@0&"# && H$-HE&H @*&OFIEPHHIW PDQQH U
Vo-+-38,&-;"HE&+ @& ($; & H(, 7H#7&,")$) & "9t =&=H) H3*(DIBIBEH) "#( HA@S) (OHQ(*(+&$*) #1%)* @ & 2HB 0" &+
F&&H'-,2)$)-,"=HPY&H Yo-*$6@;0"&HO("&*"H#(00- #6&SIBE:OF DWLRQ 23&3$ ODVHU V\VWHI
)2 H->& 08+ (.("$HS) +&H" (0&"HE ; $H(*&HO)+)$&PHS-HEBIBYOROMHS*) 338+ & 2# E&.-*&H $%&H @;+@# @;0"&# (*
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[8, 'ROHSU&H @*8.@;0"&H?;*(9)- #) HOVH)SEAHSHSNEH 55 ke Like] e 21020 |Lye
- #3%&#H @;+@=#!0%%-;3%#,-#'-, $*("$H# &, %(,' & +&, $# B¢ satt.
QLTXH VXFK DV SODVPD PLUWRUV
$)- H7pQZBHY("HE&S #:$)0)Y 82H) H$%68H'8&S: @IH$%%6
- $*("SH) #),9&,")SAH(,?#) #EY0EH, (,-"& -, PH*(,3&IH(.$&’ 3 i
L @*&)- (& (&P HS-HE VTR gt
PYOH @,0"&it ("4 &4 ~#(#10:+) [+ 71084 0=+ §
PY68H-,65(*3&SHO(" &8, &* 348 (V& PHWHE) #(# Ut E 0
POO&H ((>&.%- St &) # "A"$&+# &,(EO&?# *&£%),3
(#.-'(O#"@-$# - # T=<#n+#*(?);"#:)$%#*&",0$),3#¥#,$&," **1
-#]T=bgVOB4Zi'+ = o e e 0
196)3%6%8"-0:$)- # pE*(4H# " @& $-+8$&*# ("#),"$(00¢ 0 H e
$-1-E"&*>&H $Y&H*(?)($)- 1 -+ SYo&tt *- Bt ":* (& - # ey
S(*3&P=#/$"#"*4"S(0#:("#(0)3,&?# $-#-@ &* ($&H# ) , # $%0 &idan m=tay Bpectrum measured by means of the spectrometer
&,&*34#*(,3&#- HV= h] MV:] h#H&Kk=#P % &#" @&'$*;+#"%Oﬁ#)'"9&7#08)&%>#7(<9&07&(8&|3&)(#19)&(84&(<<>:>3()94&$8&70>#&c.
C)3;*&HVHE.GY%) E ) SHBIT [H8.K8H(, 24[BTVh<WH#EK8#0), &"#
$-3&BI6EH ) SUHEIE) ' ($&O0)$&"=HP Y& &) "B(0 - HHP &OY B HSV&H DO (A" @& S (H3)>& H(H+8(" &+ &, S
WLRQ FRQWLQXXP WKDW LV UHARIFWKIG &H ®XHUW MIXUUGT RRU GMKIHRW BVUWKIH
"@&'S*-+&SEH A" (0=HPY&H -, P),;;+H#)"#'-,") P&, FHFIBD WLQXXP DQG WKH UDWLR EHWZHH
$Y6RHE+)$S&PH@O("+(HS&+@ 8 ($1& H- #] UUHRICHSRA IS RRIOBA*&" @ -, 7" HS-HEVYo&H&+)™) - - H( HOH@O("+(#
(0"-#" @& S0t -+ @-, & $"#5Y6(SH($S*) E: $& 245 #SV EBGTYNNIE + V428, ") $4#(, 24 TWUM TUHK#8O& 6*- #58+
S H I (24 I5H %-00-1# (B-+"=H#P-# 38, &*($&# $%68H pE LS &=
UHTXLUHG WR SURGXFH WKH KR O/@ RZ(BINRIR V), A3 @ VI H O3 RV, BREF V
QHHG WR EH ORQJLWXGLQDOO\IHRMNWRWKBFRRCGWLESOHUW.\FMM P)RD KL JK
WKLV UHAX[ WR WDNH SODFH 6V KHD(GH QA (BWASIHSDER L H QAN ¥ (HD-O) AV HER A
(&, &EIHSY& HSHE&H Yo (*@= (96)&>&?9#+&":03), 3H) HI6&($), 34 #EY8HS(*38Ft- #n+#$%) -
7KLV LV FRQVLVWHQW ZLWK WRKHS-EASE DR IS 82U L ERKH@ FRVE D |, 3 00428,
bt $Y08RH YoA 724, (1)1 )+ 0(D)- = B Vo1t $Bo(SIHOE* (7) & SH(SHDVO&H *- $H'* (&=H] Yo#&..&') >&H&, &*3A4#
$%-13%H $%68*&# )"H (# " E"S(,$)(0H ;, 28?8, "&H# @ BEAD(WAPH) H- & PHS-HSUE&H),$%),") H06) 3%t - ("S- H$Y&H
+-GH HEVEHS(*IRSH@EF") S HS-HY% (>&H"-0) 2628, YERHE THIWEHR" 05" # *—+# $%684# AQLQW $&'%,-0-34# )$# )"#
28, ") BAH3*(?)&, SH(SHY&H *- St * (&) #"+(00H(, *EVE B =

recomb. cont (3’ order)

*HUPD@QYHVOWXLAOVRHPRQVVMVEBWHRULPHWONMNIHGULYHQ
SDUW)DHFQKLWLHV

Dr. Thomas Kihl&
YP,&D93="03)LL98)#>=+&H#079%%0#+&D,&N9I8(&&(84&5($8L&-8SEI#%$)*

5("&*67%)>& #@ (*$) 0&H#("&O&*($)- #Y%("HE&& #"$;?) @8yt P[FKI9#
SURHO(E-*($-*4# *HSU&H @ ("$HS$: &, SAHA&(* =HFO SR HBISHS(, 2%
(H&,&*34#) HE&G'&"" #- #N# S&KH , 2# @*-$-,"# &(HITHRHO EH
VUU# &Kt (*HHY(>QHE &S H28+-,"$* (3&2#"), 3HS Yo SISHBREY RS &' (R
BYOEH (*$H#,0$*(6%)3%H),$&,")$4H# 7 2[/BHO("&*"#($6> (Tp(*FTEH B-# "$;24 &
*($-%)&"H#:-*07:) P&=HP Yo &H>&*"($)0)$4#- H2[/HO("&*" HEWEHo#&0)(E)0)$4 &
BU6($HSY) H@&* - *+(, &t (HEEH-ES(), &2H) #+( M QO HE" #.-H(@
(H+-28*($&H), >&"$+&, SOH": Vot $Y0($H+(, 44*&'-++&, 24EBO) ($)-,"# $%o($#
), 3# *-+H#SYo8HO(E-*($-*4HEC @&8*)+&, $HS-HIYo8H? 8 SVBRUBES, (-8, -, 74
- #,"876-%)&,$&2H0("&*67%)>&, #@ (*$)'0&H.()0)$)&"= 2;%($)-.# (,?# %)3%n

PY6&H [&0+%6-0SY#!"'-')($)-#),# S&*+(,4# % ("# B& D (*$) 0&#, +E&*"#- #
LPHSH": @ @-*SHSY) H+->&H ()" H),>&"S), 3 UH SIS ENE3&, &+ (S&H)- # @;0"&"=#PYo) "#'-:0H E&H ;"&P# -*
IP[FK# @*-B& '$# $%($# :)00# &"$(E0)" %ot $:-# O("&*OPHGEH, # $)+&6*&"-0>& 24 "S; ?) & - # .("$H @*-'&""&"# - #
@(*$)'0&H.()0)$)&"#), #S&*+(,40H- &HH(SHSV&HR B; S SYEHTQ&E. -, 2# " (0&H# ("# :&O0# ("# "%-1), 3# $%o($# ;' Yot (#
H$*-,614,'%*-$*- #TREIr8#) #{(+E:*3#(, 24$%08&H"& - 20 ("&*BE (" & 24" &#)"#' (@ (E0&H- HE &), 3#'-; @ O0& PHS$-#SI/X"#
($H#SY&H [80+%-0SY #' &, S&*H# R*&" 28 #N-""8, 2-* # (1EPEXB-*=# | # (27)$)-,# $-# &C@&*)+&, $(0# 2&+-,"$¥(
PYO&H [80+%-0SYH#'&, S&*# .- *# Y& (>A#)- #*&" & (* YoHF)S IBHHHD (*3&HE...-*$#- HP[FKIH#:) O0HELHS-#@ ;" BHSYEH P&,
R("S(2$H)"#@ (*$H- H$%) H&..*$H(, 24" & - HDVRID-@+&, $H- #&..8'$)>E# %) 3%6(>&* (386 @~ &81%)3%6&,&*
@0),3# - #0("&*6("&0&*($&?# 0)3%S$H )-,"# ), $-# "B(, 2RO &*" O, &t HSYo&H' *+& SHE-$$0&, &' H'H) #O("&+67%)>& #
'QO&H($-H'-+@-,8,$"=# @(*$)' 0&H#("&0&*($)- =
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7 K [ D Z D 8WAD WRHIDW U H/R BIKBWV X G L&HV6
6 W UH Q RIS DIWODRIR SADQWQH UV

1()(358&5%#08+&.(;0#()0$#9&,8)9#(<)$08%+& T*8(=$J>9%&9) &. (% 9#%+&
LIDYL, CEA, CNRS, Université Paris-Saclay, France

;& ;004#&,?),3#- #1;3;"$# V"SI TUVWOH LIBFA | #$%&H *(+&:-*H# - # INFAS/K9#"&>&*(0# %)3%60&>&
SIK#: ("HHL--*?),($)- #(, 2# @ @-*$H#'S)- HT1/18#",@ -*H"%-@"# (,2# *-;,2# S(E0&"# Y6 (>&# E&&.# -*3(,)Y&?# ) 4

SUHF*-@&(H#2,)- HTF28# .- #+- $%"9#),$&,2),B%-#)UDQFH DQG 5RPDQLD WR DGG
BEIH - @EH(B)- ) HPVRHE" &(FUH), X("B*; S+ & KH QBSI&H $&'Yo,-0-3)' (0#'%6(00&, 38" # - # $%&H# pE-51# @*-

$)-,=HPY%E&H @*-B&'SOH .;, 2& 2 EA# SY&H F2# ) S8 WERP 38K H VFLHQWL:F DQG WHFKQRO
V=[#AE2NO# %(24 (# @ (*$);0(# '} "# - # $%&H# ") Gt N(U"HEH&.G @0-*&2#-*3(,) Y ($)-, (O#(" @&'S"#- #p 1 FS " #(#*&
PDIJDVFLHQFH SURMHFWYV D QG "&[#), JOSV SR L(€RDAH ) # BREHCHHE), $&6($)-,

$%8H+&3(")&, &H @*-B&'S H(*&HYo-"$& - H @O(HEDBLJELY)-,"H - # $Y0&H F*-@&(H# ), ?;"$*A0# ,(+&0A#H *-+#
Frr-@&(H# *&"&(* %ot ), *("$*;'$;*&"# (,2# -*3(,) Y ($)-,"SV6&HO("&*"It-@$) "H#(, 2#@%-$-,) "#'&'$-*It$- #S B &)+ @(
PY&#H '--*?),($-* - # $%&# @*-B&'SH ("# R&:$" B&KORM - #$%&H# p1F5I# @*-B&'SH#%0(>&H# E&E. #(0"-# &G @(
$*-,&,614,'%%-$*- # TRFIB=#A-*&#),.-*+($)- # (E-1$# ) H(#?87?) ($&2#:-*H"%-@#3($%E*),3#),2;"$*4#*BD*&"&, $
WKH SURMHFW FDQ EH IRXQG D W>o&W WEY+SLHZHFIEHP OLQ H X

7KNLIXVVPBIQDVF ISWEMHF WV

| #TUVVOHE ("&24#- # (#9%)3%04# " 808 '$)>E&# @*-
JRYHUQPHQW RI WKH 5XVVLDQ
($)-,(O# @*-B&'S"# - # >&*4# 0(*3&H# *&"&(* Yot B . *(*
$;*8"9#38&.,&*)'(004# (00& 2#$%&HL+&3(")&, &OH#@
06) Yot &*EH@*- @-"&2HS-#), $&*,($)-, (O# - @&*($)-,

F6FLHQWL¢,F DQG 5HVHDUASH 5
KNl#LJ;*‘%($->#/,"$)$;$&O#D:Qz#J-,"$(,$),->#QK(]

S($'%),(
#K;'0-$*- 6E("&?2# /- #1-00)2&*#c(')0)B4& § ($#
\-), $#/,"$)$;$&H#.-*#K; 0&(HN&"&(* % I#R;E, ( PY%&#:-*H),3#3%-; @#%("#-,'0; ?&2#$Y%8 it -*HHE A (#"&
#C-"$%#S5&,8%(3)- #1@&)(06@;* @-"&H4, Yo - gt 1+8'-++&,2($)-,"OH) #>)&:tt- #", @ @-*$), IHIO&H) +
N(?)($)- #1-*'&# 6 6 5 B#H(SHKNLIHLI ¥ %(3->#/,85) @08&+8&,$($)- #(, 2#*8&($),3HE&"$#-,?)$)-, "H#.-*#H(#@-"")E0&
$;$&09#"-"-: $&H#) $83*($)- #- HPLF5I#) #SYEHF *-@&(#.(EX) #-.#
# FG(($$# 1&,$&*# SR FG$*&+&# 5)3%$# "b /0#),*("$*,'$,*&":#P%&#'--@&*($)-,#)$%-‘r’ﬂ—|&4#|:,
5 & (16#(S#1,"3)$,3&H#- #1@@0)&27# QUA")"# -6+ SUGRNHO& (78 #) #EY&HO("&*#™) &, &#(, 2#$8 Y60-34#"&
)(#(2&+4#- H)&, & "HK)Y %0, 4#K->3-*-2 $-FOH - # SY&H -, &t Yo(, 29H (, 24 1) $%6# :&006&"$(E® "% & P#F
#L@&HLY(+OP(HC(S-*8H &(SHD?HEHIOS) @& (#*8"&(* Uit ), *("$%'$;*&"#:)$%oH @*->& #EC@E*$)"&
$:9&- HK 0&(HQWA)"IHK->E™ M  GHOLYHULQJ XVHU DFFHVV RQ WKF
#, 71, 728C7)-#Q-B&SH (SHKNI#LI%(S-PHER),3# &8, 3) (04 S-#$%8H: ;" & " 1 - #$%o&# 288)3,9% ) +(
1,"$)$;$&09#-"-: +&,$($)- #(, 2. .5 *&tt-@ &*($)- #-. #PLF5I=HC-*H$U6&H . *
A &itt- #$%&H#:-+HH# @ (H(3&"#- #INFAS/KIHZQ IBU&*#&O(E-*($)- #- #(#S&'%,) (0#?&")3,# .- #p1FGI9# (*

IN&,'&"# ), # K)Y%,4# K->3-*-2=# P%&+# -$%&*# @ (*$,8&# /"$*($-*#.-*#pLF5I#+(AHE&H( #), $&*&"$), 3" $& @#S-#
$%)"#:-*H#@ (H(3&#: &*8HSYEHF GS*8+8#5)3%$H , (*SW&MEH?8*S(H&=H# PY%EH )+ @-*$(,'&# - # $%0&# '--@ &*($
R&O0)>&*4#1-,"-*$);+# TF5/6R1#/ID589# (, 7#$%&H#C* &) PUH &G)"$), 3HF - @ &(,#,8$:-*H"OHO)H&H# .- *#), "6 (, &#5(
I$-+) #F,&*34# 1-++)")- #T1FI8O#*&@*& &, $&PHEAH SORLEH F *- @ &# (, 2#:) $Y0# $%0&H# F G$*&+&#5)3B0$#/ . * ("
5("&*"OH $&*('S)-,"#(, ?7#R 4, (+)"H#5(E-*($-*4#75/Rr58= $;*&# TF5/8#:("#(0"-#%)3%0)3%$& ?=#C),(0049# % &# &"$
PY%&# :-*H),3# 3*-; @# %(?# "&>8&*(0# -EB&'$)>&"9P(HQMW RI D EXVLQHVV SODQ IRU ;&(.
ZKLFK L LGHQWLI\ DQG PDS WX)0# SE@#SD(tPRHEYRAY W)BIXEHA/SA- (1D,G G, (E0&
QHHGV RI (8 DQG 5XVVLDQ S DBUWARIMUHS%ER. IS, 845, FEBQS&v F FRRS
&*($)-#), HO%8H *(+&:-*HH#- #$%E&H#P1F5I# @*-BBSaH) BATRA@*-B&'$1$) +&0), &H#H&G P&, ?"#->& H$Y0&H @ &*)-
>&0-@#@*-@-"(0"#.-#+&("*&"#(,?#('S)- #@O(,"#$-#.-"$&*¥ DWLV ¢ ¢ HG E\ WKH VXFFHVV RI &
B-),$#*&"&(*'%# @*-B&'$"# $-: (*?"# $%0&# )+ @ 08+& , $(SPHBYHBHS-#. ¥ $% & HE G $&, 2#$%8&) *#-00(E-*($)-, 9#@-"
WKH SURMHFW LLL MRLQWO\ CB4ASHHDGR® (*BHQSH (1.8, 5@ (8 0/ RIQEF@IOP (Y # R
), $&*($)-, (0#"$(, 2(*?"#.-H#("&""O#; " &*#@-0) A9#(, BH3 & (*Yott(, 2] ,,->($)-,#'S)-,"#TN/IB#: %) Yott) "# :**& $04#
&* (' &##.;$;*8HO(*38HO("&*#.()0)$) &"9#$S-#-,04# ) SEAGLR@*& @ (X($)- HEAHSYEHF *- @ &(H#1-++)")-,=
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6FLHOQMWA&GRF LR (FRDARAPQRRN
,=(67"DOBHWLRYHPEHU,132UVD\

FG$*&+8#0)3%$H)"#-,&H- #$Y0&H#+-"S#EG")S), 3#?- MY HBHSY0EH -, . &*&, &tt:&#?&" ¥ E&?HS$Y0&H#+-"$#(>(,$6
WKH ODVHU ¢HOG WRGD\ ,W 6H3R&HI("RD-, Q@ ; PRHEARD-G +EREBS-R B IE@ W4 D
%)3%H#@ &(H#@-:&*#E$(), & PHEA#280)>&*),3#$% & S8 RHTDRSEIEHS-#SY0&H &G (:($$9#3)>), 3#('&" " #$-#&G$*&+&
(#'%-*$#$)+&=#P-? (A0 ("&*# @ &(H#@- . &*#&C'&&?HSEEPYORAHS* ;'S * & # 7- # $-# $%&H# ($3-"&'-,76 Y& @$-"
$%&H# QZH# -*#$%-;"(,2# $) +&"# $%0&# :-*07# 3*) 2# @ - B HPYURHE=# Q;0"8"# ) 00# E&#"-#"%o-*$# $%0($# $%0&# %) 3%
(E)0)$AHS-#@*-2; &#(,2#.-,"#3%) "#3(*3(,$;(#@-: &* HO&IMH @-:&*#) #$%0&H G6*(4#*&3)+ & -, 0 PHESH#*&(' Y& ?#:)$Y
(#")Y &HVUHS)+& " #"+ (008 HS%0( #(#Y () #-..&*"1;, . (S0A+-(ROGH (+-;, St - # &, &*34#)  #$%&H B-;0&#0&>&0#4)&07?), 3#
@-"")E)0)$)&"#),#")&, ' &# $&'%,-0-349# +&?)'), & (, WHRH 1B) &"#) #S%&H'%:), 3&* #* & 3) +&#& ,-; 3%o#S$-B+($&*) (0
KDUELQJHU WR D ARRGJDWHGRNN&HRIUSR#HFRQRPLF DSSOLFD
$)-,"= PY%&H),$&,")$4#- #SY8HP6* (4#@;0"8#'-,07#38., &*($&H#3(*

C*(,'&#)"#(#:&006&"$(E0)"%&?#('(?&+) #(,?#),?; "SB\(OBH # ("&0&*($),3# 3*(?)&,$"#) #"-0) ?"#&,-; 3%H# &-# ("
0&(28*#) #O("&*"=#2,2&*#3%&H#),)$)($)>&#- #SVERH# ROBIBEIAR0L ' $*-, " #-> & # (#'&,$) +&$*8#$-#$% &H#HP&K#0&>& 0%
WHFKQLTXH ZH SURSRVHG \ HBQ($)>)EE)RQNER"AYA& N 3¢ BYRID (BEHOHQ@ @0)'($)-,"#
28# C*(,'&# $Y0&H '-,"$*,'S)- # - # (# Q(,6F - @&(# B.X(,#";E($-+) H@YA") "9#'-"+-0-349#> (', +# @Y 4") "#(, ?#

"$*'$ 8t (@ (EO&H $-# 38, &*($8H $%0&H# %)3%8&."$# EIRLHE B&E

E&>&*H@*-?;' &?H(, 2H&G @O0-*&HO(" & H#+($&*H), $&*('S)- H{FHBHIRHH(0: (4"# "&&H), 3# ,&# (@ @0)'($)-,"# .-*# $%&H#
%)3%&"$# @-"")E0&H# ),$&,")$)&"# ) $%# $%&H# ()+# DEE*ABYBAH 28>&0-@=H#C-*#&G (+@O&IH (# . & HA&(*"#(3-9#:
o 2(+&,B(OH*&" &(* Vot (,7# @*-+-$&#, & #"-) &$(0HG@@DO)D -"&?#(#, & #O("&*H T/ 1IK8HP 1IKH $% ($#'-, 0BH# ?&-*
"($)-,"=#P%&H), *("$*'$;*&H#*&" & (¥ Yot ) $%) # $YBH E[$E+)00)-,"#- #"+(00# 2&E*)"#")*0),3# (*-;, 2# $%&# 30-E&=#
HH#- #$%EHVUHQZH @*-B&'$#,(+&?# @-00- #)"#'T&$044 UVW WHVW FRXOG EH RQ WKH 6S
@&*.-*+8&2#- #$%&H@O($&(#- #Q(0()"&(;=# PY%&H), *("$*;'$;*&"#(*&#,-#%(0.: (4#3%*-;3%# -6 @0&

Z%)08#$%EH525/#% ("#3%&H#*&" @-,")E)0)$446 #B\DOE HE T &H),)$) ($-*#- HE-$UH#@*-B&'$ "I F5/#(, 2# @-00-,94
),3H@-00-, 9#/dFIP#: ("#*&($&2#) #TUVVHS-HELH#SMRK@*-(FROH3RO\WHFKQLTXH KDV FDUUL
"@&'S)>&H E*(,' Yot ) 3%t $Y0&H# ()+# $-# 0--H# E&4-, BOBREEH W (?&+)'H)+@ ($#- H#3%&"&#-*076'0(""#@*-B&'$"#
N)Y- #"&SHEAHFS/#) # S& +"# - # @E&(H# @-:&*# (, 7#($ELUBERE>E0"9# *&3)-,(09# ,($)-,(0# (,2#),$&*,($)-,(0=H P%&H#
@-:&*=#/IdFIP#)"#(0"-#0--H),3# ($#,->&0# (@ @O0) ($) O ) - #$%0) #*& @-*$#+ (284 ($H % 8#+88&S), 3#:("#-,&#
"&, &H(,?7#8&,3),&8&*),3=H## - #H3%&H -, &* &, &#%)3%0)3%$"=#
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PY%&HT,?#),$&*,($)-,(0#'-,.&*&,'&#?8&>-$& 2#$-HE Yo &PEEH +&&$),3X " # TUU# ($$&, 28 & "# *-+# TU#'6,$*) & "#)
"S- H#@%-$-,6E("&?#,; 0&(*H#")&, &#(,?#(@ @0)' ($D;?82# &G @&*$"#) #3(++(6*(4#"-*'8&# ?8&>80-@B-&,$9#;C
K;'0&(*#Q%-$-,)"# TUVWO#S$--H# @O ('&#),# D*("-GIBX(%6)3%# ),$&,")$4# O('&*# 2&>&0-@+&,$9# ,;'0&(*# @%
QLD IURP -XQH WK WR WK 6 DQGKWMWFROHQXFWHDWEKBW SS®LFDYV
-)"TUVW=&0)6, @=*-8 &,'&H'-+@%)"&?#h#$;$-*)(0"9#VHHEA,-$S&IHTh#),>) & 2# S

7KH UDSLGO\ HYROYLQJ ¢ HOGhR#'-@HEFESRMHBOH'E KR WRD B&VANR@*&"&,$($
EHHQ HQDEOHG E\ WKH GHY H® RSB $UEAN-R(]) (¥ DR, S8 [JA %8 217 (e
"\6+-,-6&,&*3&$) #3(++(6*(4# - * & "HE("&?#- #0("&*Q?-H# @ (*$)") @ ($&?#) #$%&#:80'-+), 3#'&*&+-,4=#R;*),3#
1-+@$- #"($$&*),3#(, 2HEA#SY%8H#:-*07:) 28#?8>80- @%&BH " & #SY%&H#: & &HIHSEHD (*$)") @ (,$"#.*-+HR (*+"
- #CD6"(0&# ;"&*# .()0)$)&"# %-;"),3# ;0$*(%) 3%# ), R YRMH(0"-#(, ,-;, & 2HSYo($H#(#+(B-*#,&:#),)$)($)>&#-  #
ODVHUV FDSDEOH RI SURGXFL Q JO&EH@S-3/, WH), #ER IV ?RE&& H; D &P¥H¥ Q F H
$-#,;'0&(4# ), $&*('$)-,"=# 2)$%# (# (@ @*-G)+($&04# HUYH#S-#S%&H"S(*$H- #$YE&H TUVWH -, &*&,' &I#HS%&H
), *&("&H ) # ($B&,?(,'8# *&0($)>&# $-# $%&# ), (;3;* (OBBLIMEHEH ), >) $&2# $-#$-*# $Y0&H# FG*&+8#5)3B0S#/,. * ("
+&8&$),3#%&0?#) #"-,$&*&49#1(0).-*,) (9#K;' 0& (*BQ%H Bt MH K ;' 0& (*# Q%4 ") " #.(") 0)$4#) #/\(3;*&0&I#N-+(,) (=#
)"# TUVW# '0&(*04# 2&+-,"$*($&2# (# "$*-,3# (,2# S YBB/6K QO#$%&A#>)" $& 2#HS%&# %) 3%#H), $&,") $4H#O (" &4
-+ )$AH), $&*& " $=HH# E&(+O#S(*3&S$#.(E*)'($)- #(, 2#?8&$&'S-*#(""&+E0H#0(E-*(

P%&#,;'0&(*6*&0($&?#S$-@)"#7?)";"" & 2#), #D* B ->H-&)& "# ("#:&00# ("#>(*)-;"# 3 (++(BE&(+#(,7# %) 3%6¢), $&,
E*(&?#.,,2(+& $(0#,;'0&(*# ") &, '&# (,?#" @ &'$*-'B ")$4#0("&*HEGC @ &*)+&,$(0#%(00"=#1-++)"")-,),3#- #$:-# V!
@40'0&(*#+&7?)"),&#),'0;?),3#*(?)-3*(@%4#(,?#*(8)- QZH# E&(+#0),&"# - # F5/6KQ# :("#;,2&*: (4# (,2# E4# $%&H#
$%E&*(@49%# ),?2;"$*)(0# ,-,62&8"$*;'$)>8# +($&*) (0# ) BIIRBL. #SY8#>) ") $HSY&HO("&*#"4"$&+#Y0(?H#H @B-?;' &?#;,
DQG HYDOXDWLRQ LVRWRSH6VSHRNYH® XBPRSOI; RBG W HKILLWDSHG GIX (
WHFWLRQ DQGSRB@MRIHPWIORNYD RIS, PEAN-M'S)LD.O¥Z#@&(H# @-:&*#@;0"&"=#C;*
$*(,"+,$(%)-,9% @%-$-,6&,(E0&?# @;0"&?# ,&;$6,#B&KHU DPSOL{FDWLRQ DQG FRPPLYV
&*($)-#(,2#™)&,'&9# @%-$-,6&,(E0&?# @;0"8&?# @)OW-), . &#),$-#TUV<=#
3&,8*($)-# (,?# ") &, & @%-$-,6E("&2# % (?*-, # E&(HEH $%&H -,'0;")- # - # $%08# D*("->#-,.&*&, &# St :("#
(,?# (@@0)'($)-,"9# ,;'0&(*# ("$*-@%4")"# (,2# 'B+-Q,-;,' &2#$%($#K; ' 0& (*#Q%-$-,)"#TUTU#:) 00#E&#% &0 ?#)
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