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a GHIJKL M JNO PQL R SKPTLQU H VGWXMY Z [ \ G\ ]H R SKPTLQU HZ M K^ HIJPIS
b_ H`SKJO HIJ La bUcdPQdZ eUPL [ JSJH fIPgHKdPJcZ hih j\ jLL]Kkl MgH\Z GLTkO mkdZ

en Z o pqrhZ f[M
c GRbst uW qb pvGWw[Z wkS x SgPHK [ P^ Sk]Z hyr w PL ]H zSIHPKLZ R KS{PT

d_ H`SKJO HI J La b UcdPQdZ GLTLKS]L [ JSJH fIPgHKdPJcZ sLKJ GLT TPIdZ Ge |ryqpZ f[M
e fIPgHKdP]S] W SQPLIST ]H TS b TSJSZ sSQkTJS] ]H GPHIQPSd X} SQJSdZ _ H`SKJSO HIJL ]Hs ~dPQS SI] us�bt GeWu GX �Z G\G\ ��Z VhirrY �S b TSJSZ M K^ HI JPIS

f
udJPJk JL ]P s PdPQS ]HT TL [`S{PL uI JHK` TSI HJSKPLZ uWMs Z SI] uWsW Z �LKPILZ u JSTc

g
uWsW Z �SmLKSJLKP W S{PLISTP ]HT �KSI [SddLZ M ddHK^ PZ u JSTc

h fIPgHKdPJc La GSTPa LKI PSZ �Ld MI^ HTHd VfG�MY Z f[M
i_ H`SKJO HIJ La M dJKLILOc � MdJKL` UcdPQdZ �UH fIPgHKdPJc La GUPQS^ LZ GUPQS^ LZ u�

�r�p �vho pp
j� SgTP uIdJPJk JH La GLdO LTL^ PQST b UcdPQdZ �UH fIPgHKdPJc La GUPQS^ LZ GUPQS^ LZ u�

�r�p �vho pp
k
sHKO P W SJPLIST MQQHTHKSJLK �SmLKSJLKcZ b SKJPQTH M dJKL` UcdPQd GHIJHKZ R SJSgPSZ u�

�ryhrvryrr
`
uIdJPJkJ ]H bUcdP�k H W kQT�SPKH ] �eKdScZ fIPgHKdPJ� b SKPdv[k] HJ uW qb pvGWw[Z

iho r� ew[M � GH]H} Z sKSIQH
m
�SmLKSJLKPL �SI]SKZ GLO PdPNI W SQPLIST ]H XIHK^ ~S M JNO PQS SI] GeWu GX �Z Mg\

�KST\ b S{ ho ii Vh�yrY [ SI � SKJ~IZ R kHILd M PKHdZ M K^ HIJPIS
nR HIHO �KPJS fIPgHKdP]S] MkJNILO S ]H bkHmTS VR fMbY Z M` \ b LdJST zvo |Z �qyrrbkHmTSZ b kHmTSZ � H} PQL
o
bUcdPQd _ H`SKJO HIJZ � PQUP^ SI �HQUILTL^ PQST fIPgHKdPJcZ n Lk^UJLIZ � u o iiph

p
�SmLKSJLPKH ]H T �MQQ�THKSJHkK � PI �SPKHZ uW qb pvGWw[ HJ fIPgHKdPJH b SKPdv[k]Z
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GHIJKH [ QPHIJP� �k H ] �eKdScv R SJ qrrv R \b \ po Z ih|i| ew[M � GH]H} Z sKSIQH
q fIPgHKdPJc La � PQULSQSIZ � LKHTPSZ � PQU \Z � H} PQL\
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1019 eV F ;G< HDAI @H >BJ KLM @A E<>J NDO P
∼ 1 QI−2 A>

−1
J<B>

−1RS ><TL@>@=? B E<>J NB>?< B><B F AUB>A< F A@I UN< F B=V ><N@BCN< V<A@?= F B=V ;G< BC@N@;JW ;D @V<=;@XJ >B>< AGDO<> HB=V@VB;<A X>DI B NB>?< CBHQ?>DL=V Y Z G< [@<>>< : L?<>\ ] CA<>EB;D>J @A B GJC>@V V<E@H< DU;@I @^<V XD> <=<>?@<A BC DE<
1019 eV

HD=A@A;_` @=? DX B= B@> KLD><AH<=H< V<;<H;D> BA O<NN BA B AL>XBH< V<;<H;D> Pab R LA@=?c O B;<> dG<><=QDE ;B=QA Y Z G< OB;<> dG<><=QDE V<;<H;D> I <;GD V GBA C <<= LA<Ve U>DI @=<=;NJ @= U><E@DLA HDAI @H >BJ B@> AGDO<> <MU <>@I <=;A Pfgh g ijkR Y Z G< abl DC;B@=A B I <BAL><I <=; DX ;G< dG<><=QDE N@?G; U>D VLH<V CJ AGDO<> UB>;@HN<Am UBAA@=? ;G>DL?G ;G< V<;<H;D> B; ?>DL=V F B=V ><HD=A;>LH;A ;G< B@> AGDO<> CJ9n o;;@=? ;G< DCA<>E<V A@?=BN BA B XL=H;@D= DX NB;<>BN V @A;B=H< X>DI ;G< AGDO<>99 HD>< Y Z G< dG<><=QDE N@?G; @A I <BAL><V @= L=@;A DX ;G< A@?=BN U>D VLH<V CJ B9S E<>;@HBN B=V H<=;>BN ;G>DL?G_?D@=? Pp dZ R I LD= F ;<>I <V B E<>;@HBN_<TL@EBN<=;9W I LD= Pp q r RY9\
Z G< ab HD=A@A;A DX jstt OB;<> ;B=QA F O @;G

10 m2
OB;<> AL>XBH< B><B B=V9`

1.2 m
OB;<> G<@?G; B=V ;G><< uv [GD;D=@A w [ jxty[: z j UGD;DILN;@U N@<> ;LC <A9c P[ r ZAR ND DQ@=? @=;D B ZJE<Q {© ><K<H;@E< N@=<> ;G>DL?G DU;@HBN HDLUN@=? I B;<_9e >@BN i|k Y Z G< A@?=BN X>DI ;G< } [ r ZA @A V@?@;@^<V CJ ND HBN <N<H;>D=@HA F B=V ;G<9l VB;B B>< A<=; ;D B H<=;>BN VB;B BHTL@A@;@D= AJA;<I Pd b: aR O G<= ><TL<A;<V Y9m
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Z G< ;D;BN CB=VO @V;G BEB@NBCN< X>DI <BHG AL>XBH< V<;<H;D> ;D ;G< d b: a @ASn BUU>DM @I B;<NJ j|tt C@;A U <> A<HD=V i}k O G@HG @I UN@<A ;GB; ;G< HBN@C>B;@D= I LA;S9 C < VD=< CJ ;G< ND HBN <N<H;>D=@HA Y Z G< ND HBN U>D H<AAD> @A B=
80

r� ^ [DO<>[ dSS
�t}�dw NBHQ@=? KDB;@=?_U D@=; GB>VO B>< F O G@HG XD>H<A ;G< HBN@C>B;@D= ;D C <SW BA A@I UN< BA U DAA@C N< Y � @=BNNJF ;G< ><I D;<=<AA DX ;G< V<;<H;D>A @I UN@<A ;GB; ;G<S\ HBN@C>B;@D= U>D H<VL>< I LA; C < >DCLA; F BHH<U;@=? ;G< U DAA@C @N@;J DX XB@NL><A DXS` @=V@E @VLBN [ r ZA F ;D BNNDO XD> ><HDE<>J DX ;G<A< A;B;@D=A @= VB;B B=BNJA@A YSc
Z G< ab <N<H;>D=@HA LA<A A@M

40
r� ^ : b u|t} jt_C@; K BAG B=BND?_;D_V@?@;BN HD=_Se E<>;<>A P�: b dAR ;D V@?@;@^< ;G< A@?=BNA X>DI ;G< } [ r ZA Y ZOD A@?=BNA B>< ;BQ<=Sl X>DI <BHG [ r Z _ D=< V@><H;NJ X>DI ;G< B=D V< F B=V ;G< D;G<> X>DI ;G< NBA;Sm VJ=D V< F BI UN@o<V B=V @=E<>;<V CJ ;G< CBA< <N<H;>D=@HA ;D B ;D;BN DX =DI @=BNNJWn }| ;@I <A ;G< B=D V< Y Z G< ;OD A@?=BNA B>< LA<V ;D U>DE@V< <=DL?G VJ=BI @HW9 >B=?< ;D HDE<> O @;G ?D D V U><H@A@D= C D;G ;G< UB>;@HN< KLM =<B> ;G< AGDO<> HD><WS P

∼ 1000 particles µs−1R B=V XB> X>DI ;G< AGDO<> HD>< P
∼ 1 particle µs−1R Y Z G<WW ;OD A@?=BNA B>< HBNN<V A@I UNJ ;G< B=D V< B=V VJ=D V< F ><AU <H;@E<NJY Z G< A@?=BNW\ ><HD>V<V CJ ;G< �: b d @A ><X<>><V ;D @= L=@;A DX HGB==<NA PHGR F O @;G B >B=?<W` DX

0 − 1023 F HD>><AU D=V@=? ;D B= @=UL; >B=?< DX
0 − 2

p Y q BHG �: b d C@=Wc HD>><AU D=VA ;D
25
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Z G< U>@I B>J A@?=BN HBN@C>B;@D= @=XD>I B;@D= ><TL@><V X>DI ;G< ab @A ;G< BE<_Wm >B?< HGB>?< I <BAL><V XD> B p dZ I LD= F =BI <V ;G< E<>;@HBN_<TL@EBN<=; ILD=\n Pp q r F D>
QV EM

O G<= =<<V<V XD> HNB>@;J R Y b L>@=? AGDO<> ><HD=A;>LH;@D= F ;G<\9 A@?=BN ><HD>V<V CJ ;G< ;B=QA @A HD=E<>;<V @=;D L=@;A DX p q r F B=V ;G< AGDO<>\S HGB>BH;<>@A;@HA F �gfg ;D;BN <=<>?J B=V B>>@EBN V@><H;@D= F B>< o; LA@=? B NB;<>BN\W V @A;>@CL;@D= XL=H;@D= B=V <=<>?J HD=E<>A@D= CBA<V LU D= GJC>@V B=BNJA@A LA@=?\\ ;G< KLD><AH<=H< V<;<H;D> Y Z G< HD=E<>A@D= ;D L=@;A DX p q r @A VD=< <@;G<> ;D\` U>DE@V< B HDI I D= ><X<><=H< N<E<N C <;O<<= ;B=QA D> ;D HBN@C>B;< B?B@=A; ;G<\c V<;<H;D> A@I LNB;@D=A XD> D;G<> r D=;< d B>ND CBA<V A;LV@<A Y Z G<><XD>< F ;G< ?DBN\e DX ;G< HBN@C>B;@D= @A ;D DC;B@= ;G< EBNL< DX j p q r @= <N<H;>D=@HA L=@;A P�gfg\l @=;<?>B;<V HGB==<NAR Y\m
�= BVV@;@D= F ;D I B@=;B@= B L=@XD>I ;>@??<> HD=V@;@D= XD> ;G< B>>BJF ;G< A;B;@D=`n I LA; BNAD C < BCN< ;D A<; B HDI I D= ;>@??<> ;G><AGDNV @= V<;<H;D>_@=V<U <=V<=;`9 L=@;A Y Z G@A O @NN BNNDO XD> B ;B=Q_@=V<U <=V<=; B=BNJA@A DX ;G< BHH<U;B=H< DX ;G<`S B>>BJ CJ I D V<N@=? ;G< ;>@??<> i� k Y`W
Z G<>< B>< A<E<>BN TLB=;@;@<A O G@HG B>< A;>D=?NJ ><NB;<V ;D B p q r F CL; B><`\ V<;<>I @=<V O @;G V@� <><=; I <;GD VA Y Z G<A< TLB=;@;@<A B>< N@A;<V @= ZBCN< j XD>`` <BAJ ><X<><=H< Y`c
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� ^ ?@E< B= <MH<NN<=; I <;GD V XD> I <BAL>@=? j p q r U><H@A<NJF CL; ;G<`m AL>XBH< V<;<H;D> @= @;A =D>I BN HD=o?L>B;@D= GBA =D OBJ ;D A<N<H; D=NJ p dZcn I LD=A Y �DO<E<> F ;G< V@A;>@CL;@D= DX ;G< N@?G; X>DI B;I DAUG<>@H I LD=A BNADc9 U>D VLH<A B U <BQ @= B HGB>?< V@A;>@CL;@D= iyk Y Z G@A U <BQ P
Qpeak

V EM
R @A B; BUU>DM @_cS I B;<NJ

1.09 VEM
XD> ;G< ALI DX ;G< } [ r ZA B=V

(1.03 ± 0.02) VEM
XD> <BHGcW [ r Z F C D;G I <BAL><V O @;G B I LD= ;<N<AHDU < U>DE @V@=? ;G< ;>@??<> @= B ><X_c\ <><=H< ;B=Q isk

2
Y Z G< V@�<><=H< C <;O<<= ;G<A< ;OD HBA<A @A VL< ;D ;G< XBH;c` ;GB; ;G< ALI DX ;G< [ r ZA I <BAL><A ;G< ;D;BN A@?=BN F O G<><BA ;G< @=V@E @VLBNcc [ r ZA U>@I B>@NJ I <BAL>< ;G< U D>;@D= DX ;G< A@?=BN V<U DA@;<V HNDA<A; ;D ;G<I Yce qM BI UN< HGB>?< B=V ULNA< G<@?G; G@A;D?>BI A U>D VLH<V CJ B AL>XBH< V<;<H;D>cl B>< AGDO = @= � @? Y jY Z G< U <BQ U>D VLH<V CJ ;G< ><AU D=A< DX B;I DAUG<>@H I LD=Acm @= ;G< ;B=Q @A HN<B>NJ E@A@C N< Y Z G< ><NB;@D= DX

Qpeak
V EM
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QV EM
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tcal
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δ = 0.1 ch
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Iest
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