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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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/ 01234 56 728419
:; <=<>?@<A BC DE<

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

=A YWe

� ��� ��3287	
���6 8�	
�12 
64 1Wl

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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:;I DAUG<>@H I LD=A UBAA@=? ;G>DL?G ;G< V<;<H;D> B; B >B;< DX BUU>DM @I B;<NJ`l
2500

� ^ ?@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

;D
QV EM

HB= C < L=V<>_en A;D D V LA@=? B A@I UN< ?<DI <;>@HBN I D V<N i�k Y Z G< AG@X; DCA<>E<V @A HBLA<V CJe9 ;G< HD=EDNL;@D= DX UGD;D <N<H;>D= A;B;@A;@HA D= B= BAJI I <;>@H U <BQ @= ;G< ;>BHQeS N<=?;G V@A;>@CL;@D= B=V ND HBN N@?G; HDNN<H;@D= <� <H;A YeW

� g� ���� f � f�h�� � ���
h 
	�� 	�� �� f�
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Z G< ab LA<A ;OD ;>@??<>A ;D @V<=;@XJ AGDO<> HB=V@VB;<A ixk Y Z G< o>A; @A B A@I UN<e` ;G><AGDNV ;>@??<> F O G@HG @A AB;@Ao<V O G<= ;G< A@?=BN X>DI BNN } [ r ZA <MH<<VA Bec A<; ;G><AGDNV F B=V @A V<A@?=<V XD> A@?=BNA HNDA< ;D ;G< AGDO<> HD>< Y Z G< A<HD=Vee @A B ;@I <_DE<>_;G><AGDNV ;>@??<> F O G@HG ><TL@><A ;GB; ;G< A@?=BN X>DI | DX ;G<el } [ r ZA <MH<<V B I LHG NDO<> ;G><AGDNV ;GB= ;G< o>A; ;>@??<> XD> B =LI C <> DXem ;@I < C@=A O @;G@= B ?@E<= ;@I < O @=VDO F B=V @A V<A@?=<V XD> A@?=BNA XB> X>DI ;G<ln AGDO<> HD>< Y Z G<A< ;>@??<>A B>< A<; @= <N<H;>D=@HA L=@;A PHGB==<NAR � B I <BAL><l9
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DX ;G< HL>><=; X>DI ;G< [ r Z � AD ;G< A;B;@D= I LA; GBE< B ><X<><=H< L=@;lS XD> HL>><=; BA O<NN Y :;I DAUG<>@H I LD=A B?B@= U>DE@V< ;G@A ><X<><=H< F BA ;G<lW ABI < I <HGB=@AI PA<< a<H Y | YjR ;GB; U>D VLH<A B U <BQ @= ;G< HGB>?< G@A;D?>BIl\ BNAD U>D VLH<A B U <BQ @= B ULNA< G<@?G; G@A;D?>BI P

Ipeak
V EM

R F O G@HG @A ;G<= LA<Vl` BA ;G< HDI I D= ><X<><=H< L=@; XD> ;G><AGDNV N<E<NA Y Z G@A U <BQ F N@Q< ;G< HGB>?<lc G @A;D?>BI U <BQ F @A ><NB;<V ;D ;G< U <BQ HL>><=; U>D VLH<V CJ B E<>;@HBN ;G>DL?G_le ?D@=? I LD= P
IV EM

R Yll
Z G< ;B>?<; ;>@??<> ;G><AGDNV @A

3.2 Ipeak
V EM

XD> ;G< A@I UN< ;G><AGDNV ;>@??<> F B=Vlm
0.2 Ipeak

V EM

XD> ;G< ;@I <_DE<>_;G><AGDNV ;>@??<> Ymn
Z G< HD=E<>A@D= X>DI <N<H;>D=@HA L=@;A ;D

Ipeak
V EM

ILA; C < HD=;@=LBNNJ LU VB;<V @=m9 D>V<> ;D I B@=;B@= ;G< U>DU <> ;>@??<> N<E<N Y Z G< BHHL>BHJ DX ;G@A V<;<>I @=B;@D=mS VD <A =D; GBE< ;D C < G@?G � ;G< ;>@??<> L=@;A B>< TLB=;@^<V @= HGB==<NA � B=VmW ;G< ;B>?<; ;>@??<> N<E<N DX
0.2 Ipeak

V EM

P
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HG _ A<< a<H Y }R XD> ;G< NDO<> DX ;G<m\ ;OD ;>@??<>A @I UN@<A ;GB; ;G< U><H@A@D= DX ;G< D=_N@=< HBN@C>B;@D= VD <A =D; =<<Vm` ;D C < I LHG C <;;<> ;GB= jt� Pj UB>; @= jt HGB==<NAR C <XD>< ;G< TLB=;@^B;@D=mc DX ;G< ;>@??<> VDI @=B;<A Yme
�= BVV@;@D= F ;G< @= @;@BN <=V_;D_<=V ?B@=A DX ;G< } [ r ZA _ ;GB; @A F Ipeak

V EM

_ I LA;ml C < >DL?GNJ <TL@EBN<=; Y Z G@A <=AL><A ;GB; ;G< A@?=BNA ><HD>V<V X>DI ;G< [ r ZAmm B>< A@I @NB> @= BI UN@;LV< F B=V A<;A ;G< U>DU <> VJ=BI @H >B=?< B=V A@?=BN A@^<9nn XD> ;G< <N<H;>D=@HA Y9n 9
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Z G<>< B>< ;G><< I B@= A;<UA ;D ;G< HBN@C>B;@D= ;D p q r L=@;A Y9nW
PjR a<; LU ;G< <=V_;D_<=V ?B@=A DX <BHG DX ;G< } [ r ZA ;D GBE<

Ipeak
V EM

B;
50 ch

Y9n\ P|R dD=;@=LBNNJ U <>XD>I B ND HBN HBN@C>B;@D= ;D V<;<>I @=<
Ipeak
V EM

@= HGB==<NA9n` ;D BV�LA; ;G< <N<H;>D=@HA_N<E<N ;>@??<> Y Z G@A HDI U <=AB;<A XD> V>@X;A O G@HG9nc D HHL> BX;<> A;<U � jY9ne P}R b <;<>I @=< ;G< EBNL< DX
Qpeak

V EM

;D G@?G BHHL>BHJ LA@=? HGB>?< G@A;D?>BI A F9nl B=V LA< ;G< Q=DO = HD=E<>A@D= X>DI
Qpeak

V EM

;D j p q r ;D DC;B@= B HD=E<>_9nm A@D= X>DI ;G< @=;<?>B;<V A@?=BN DX ;G< [ r Z ;D p q r L=@;A Y99n
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Z G< <=V_;D_<=V ?B@=A P�gfg

Ipeak
V EM

@= <N<H;>D=@HA L=@;AR DX <BHG DX ;G< } [ r ZA99S B>< A<; LU CJ I B;HG@=? B U D@=; @= ;G< AU <H;>LI ;D B I <BAL><V >B;< X>DI B99W ><X<><=H< ;B=Q PA<< iskR Y Z G< ><X<><=H< ;B=Q @A HBN@C>B;<V CJ DC;B@=@=? B HGB>?<99\ G @A;D?>BI B=V BV�LA;@=? ;G< [ r Z G@?G EDN;B?< L=;@N ;G< U <BQ P
Qpeak

V EM
R DX ;G<99` ;G><< G@A;D?>BI A B?><< Y Z G< A@=?N<A >B;< AU <H;>LI DX <BHG DX ;G< [ r Z P�gfg99c =D HD@=H@V<=H< C <;O<<= ;G< [ r ZA ><TL@><V R @A ;G<= DC;B@=<V BA B ><X<><=H< Y99e : U D@=; D= ;G< AU <H;>LI HD=E<=@<=; BA B ;>@??<> ;G><AGDNV O BA HGDA<= BA B99l ;B>?<; HBN@C>B;@D= U D@=; XD> BNN ;B=QA _ ;GB; @A F ;G< A@=?N<A >B;< DX B [ r Z99m B;

150 ch
BC DE< CBA<N@=< OBA ><TL@><V ;D C < jtt � ^ F O G@HG HD>><AU D=VA ;D B9Sn ;>@??<> U D@=; DX >DL?GNJ

3 Ipeak
V EM

Y Z G@A HGD@H< A<;A LU <BHG DX ;G< [ r ZA ;D GBE<9S9 BUU>DM @I B;<NJ
50 ch/Ipeak

V EM

Y9SS
� G<= ;G< ND HBN A;B;@D= <N<H;>D=@HA @A o>A; ;L>=<V D= F <BHG DX ;G< } [ r ZA @A9SW XD>H<V ;D AB;@AXJ ;G@A HD=V@;@D= CJ BV�LA;@=? ;G< G@?G EDN;B?< L=;@N ;G< >B;<9S\ @A

100 Hz
B; B U D@=;

150 ch
BC DE< CBA<N@=< Y Z G@A CBNB=H<A ;G< [ r ZA ;D BU_9S` U>DM @I B;<NJ y� Y Z G< [ r ZA GBE< B >B=?< DX ;<I U <>B;L>< HD <
 H@<=;A AD ;GB;9Sc ALCA<TL<=; V>@X;A X>DI ;G< @=@;@BN A<;;@=?A B>< @=<E @;BCN< Y Z GLA F G @?G U><H@A@D=9Se @A =D; ><TL@><V Y �D> B ABI UN< DX ss j ;B=QA F ;G< I <B= �r a AU><BV @=

Ipeak
V EM

9Sl C <;O<<= ;G< } [ r ZA O BA � Y�� Y9Sm
Z G< <=V_;D_<=V ?B@= I <BAL><I <=; @I UN@<A ;GB; ;G< [ r ZA @= ;G< AL>XBH< V<_9Wn ;<H;D>A O @NN �
� GBE< <TL@EBN<=; ?B@=A _ @=V<<V F <E<= [ r ZA O @;G@= ;G< ABI <9W9 ;B=Q I BJ =D; GBE< <TL@EBN<=; ?B@=A Y �X B OB;<> ;B=Q U>D VLH<A I D>< UGD;D=A9WS U <> E<>;@HBN ILD= ;GB= B= BE<>B?< ;B=Q F ;G<= ;G< [ r ZA @= ;G< ;B=Q O @NN C <9WW B; B NDO<> ?B@= ;GB= B= BE<>B?< ;B=Q ;D HDI U <=AB;< Y � @Q<O @A< F @X B [ r Z GBA9W\ B OD>A< DU;@HBN HDLUN@=? ;GB= ;G< D;G<>A @= ;G< ABI < ;B=Q F ><ALN;@=? @= X<O<>9W` UGD;D=A A<<= U <> E<>;@HBN I LD= F ;G< [ r Z O @NN C < >L= B; B G@?G<> ?B@= Y Z GLA F9Wc O< ODLNV <MU <H; ;D A<< B= @=E<>A< ><NB;@D=AG@U C <;O<<= ;G< ?B@= DX <BHG [ r Z9We B=V ;G< =LI C <> DX UGD;D <N<H;>D=A P

npe
R U <> p q r XD> BNN ;G< [ r ZA @= ;G<9Wl
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94 pe  AL>XBH< V<;<H;D> Y Z G@A @A AGDO = @= � @? Y | Y Z G< @=E<>A< ><NB;@D=AG@U @A TL@;<9Wm HN<B> F AGDO @=? ;GB; ;G< @= @;@BN <=V_;D_<=V ?B@= A<;LU @A DU <>B;@=? HD>><H;NJY9\n Z G< HGD@H< DX
50 ch/Ipeak

V EM

><ALN;A @= B I <B= ?B@= DX BUU>DM @I B;<NJ
3.4 × 1059\ 9 XD> B I <B=

npe/VEM ∼ 94 pe
Y9\S
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] =H< ;G< ?B@=A DX ;G< } [ r ZA B>< A<; LU F ;G< V>@X;A DX ;G< EBNL< DX

Ipeak
V EM

@=9\\ <N<H;>D=@HA L=@;A XD> <BHG V<;<H;D> I LA; C < HDI U <=AB;<V ;D <=AL>< ;GB; ;G<9\` AL>XBH< B>>BJ ;>@??<>A L=@XD>I NJY Z G@A HDI U <=AB;@D= @A VD=< E@B BV�LA;@=? ;G<9\c ;>@??<> N<E<NA CBA<V D= B HD=;@=LBN D=_N@=< HBN@C>B;@D= Y Z G< [ r Z G@?G EDN;B?< @A9\e =D; HGB=?<V VL>@=? =D>I BN DU <>B;@D= F O G@HG @I UN@<A ;GB; ;G< VJ=BI @H >B=?< DX9\l ;G< ab O @NN C < AN@?G;NJ =D=_L=@XD>I Y �D> =D>I BN DU <>B;@D= F ;G@A =D=_L=@XD>I @;J9\m @A I @=@I BN P
∼ 10%R Y b <;<H;D>A O G@HG GBE< V>@X;<V A@?=@oHB=;NJ P

> 20
HG R X>DI9`n ;G< =DI @=BN

Ipeak
V EM

DX
50

HG B>< ><_@=@;@BN@^<V XDNNDO @=? ;G< U>D H<VL>< @= a<H Y } YjY9` 9 Z G< BE<>B?< EBNL< DX
Ipeak
V EM

XD> ;G< [ r ZA DX ;G< ab @A HL>><=;NJ
(46 ± 4) ch

Y9`S
Z G< EBNL< DX

Ipeak
V EM

BA V<o=<V @= A<H;@D= | Y| @A =D; DC;B@=<V D=_N@=< A@=H< ;G@A9`W ODLNV @=H><BA< ;G< V<BV ;@I < DX ;G< V<;<H;D> ;D L=BHH<U;BCN< N<E<NA Y �=A;<BV F9`\ ;G< ;>@??<> N<E<NA B>< A<; O @;G ><AU <H; ;D B= <A;@I B;< DX
Ipeak
V EM

Y Z G@A <A;@I B;<9`` P
Iest
V EM

R @A V<o=<V @I UN@H@;NJ XD> B ?@E<= [ r Z CJ ><TL@>@=? ;GB; ;G< >B;< DX9`c <E<=;A AB;@AXJ @=? B �HBN@C>B;@D= ;>@??<>v C <
70 Hz

Y : = <E<=; AB;@Ao<A ;G< HBN@_9`e C>B;@D= ;>@??<> @X ;G< A@?=BN @A BC DE<
2.5 Iest

V EM

XD> ;G< ?@E<= [ r Z 	�� BC DE<9`l
1.75 Iest

V EM

XD> BNN ;G><< [ r ZA Y Z G< EBNL< DX ;G< >B;< P
70 HzR OBA DC;B@=<V X>DI9`m
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;G< ><X<><=H< ;B=Q Y9cn
ZD DC;B@= ;G< EBNL< DX

Iest
V EM F B

σ − δ
HD=E<>?<=H< BN?D>@;GI @A LA<V F O G<>< B9c9 ;<A; EBNL< P

Iest
V EM

R @A BN;<><V CJ B= BV�LA;I <=;
δ

@X B I <BAL><V EBNL< P;G< >B;<R9cS @A DL;A@V< DX B C DL=V
σ

Y Z G@A BN?D>@;GI @A @I UN<I <=;<V BA XDNNDO A �9cW
PjR a;B>; O @;G B EBNL< DX

Iest
V EM = 50 ch

Y9c\ P|R r <BAL>< F XD> <BHG [ r Z F ;G< >B;< DX <E<=;A AB;@AXJ @=? ;G< HBN@C>B;@D= ;>@?_9c` ?<> CJ HDL=;@=? ;G<A< <E<=;A XD> B ;@I <
tcal F @=@;@BNNJ A<; ;D

5 s
Y9cc P}R �X F XD> B ?@E<= [ r Z F ;G< >B;< @A BC DE<

70 + σ Hz F @=H><BA<
Iest
V EM

CJ
δ

Y9ce
� @Q<O @A< F @X ;G< >B;< @A C <NDO

70−σ Hz F V<H><BA<
Iest
V EM

CJ
δ F O @;G

σ = 2 Hz9cl B=V
δ = 1 ch

@= @;@BNNJY9cm P� R �X ;G< >B;< DX B=J A@=?N< [ r Z @A I D>< ;GB=
10 σ

BOBJ X>DI
70 Hz F BV�LA;9en

Iest
V EM

CJ
5 ch

@= ;G< BUU>DU>@B;< V@><H;@D= F A<;
tcal

;D
10 s F δ = 1 ch F B=V9e9 ><U <B; X>DI A;<U | Y9eS PyR ] ;G<>O @A< F @X

tcal < 60 sF @=H><BA<
tcal

CJ
5 s

Y �X
δ > 0.1 ch F V<H><BA<

δ
CJ9eW

0.1 ch F B=V ><U <B; X>DI A;<U | Y9e\
: A ;G< HBN@C>B;@D= ;>@??<> @A B A@=?N< [ r Z ;>@??<> O @;G@= B }_XDNV HD@=H@V<=H< F B9e` AI BNN V>@X; @= ;G< HBN@C>B;@D= ;>@??<> >B;< DX D=< [ r Z AGDLNV =D; B�<H; ;G< >B;<9ec DX B=D;G<> Y a;<U � BNNDO A ;G< BN?D>@;GI ;D AO @;HG CBHQ ;D B HDB>A<> ;>BHQ@=?9ee I D V< ;D I @=@I @^< ;G< <�<H; ;GB; D=< [ r Z HB= GBE< D= ;G< D;G<> ;OD Y �=9el U>BH;@H< F HGB=?<A DX N<AA ;GB= jt� @= B U <>@D V DX

tcal

VD =D; B� <H; ;G< D;G<>9em [ r ZA A@?=@oHB=;NJY9ln
: I @=@I LI EBNL< DX

δ = 0.1 ch
O BA HGDA<= ;D BNNDO

Iest
V EM

;D HDI U <=AB;< XD>9l9 V>@X;A @= ;G< CBA<N@=< DX <BHG HGB==<N BA AI BNN BA
0.1 ch

O @;GDL; A@?=@oHB=;NJ9lS B�<H;@=? ;G< <>>D> @= ;G< <A;@I B;< Y Z G< EBNL< DX
σ = 2 Hz

@A <TLBN ;D
∼ 2×9lW ;G< [D@AAD= KLH;LB;@D= DE<> ;GB; ;@I < U <>@D V F B=V @A ><BAD=BCN< ?@E<= ;G<9l\ ><TL@><I <=; DX

< 10%
BHHL>BHJY9l`

: A@I UN< ;<A; DX ;G< ALHH<AA DX ;G< HD=E<>?<=H< BN?D>@;GI @A ;D ND DQ B; ;G<9lc ;>@??<> >B;<A XD> ;G< A@I UN< ;G><AGDNV ;>@??<> Y O G@HG @A �LA; B }_XDNV HD@=H@V<=H<9le ;>@??<> B;
3.2 Ipeak

V EM .

] = B ><X<><=H< ;B=Q F O @;G } [ r ZA ;L=<V ;D <TLBN
Ipeak
V EM

9ll EBNL<A F ;G@A ?@E<A B >B;< DX
∼ 20 Hz

Y Z G< }_XDNV HD@=H@V<=H< >B;<A XD> | j ;B=QA9lm C <XD>< B=V BX;<> ;G< HD=E<>?<=H< BN?D>@;GI @A BUUN@<V @A AGDO = @= � @? Y } Y Z G<9mn >BU@V HD=E<>?<=H< ;D
∼ 20 Hz

AGDO A ;GB; ;G< I <;GD V V<AH>@C <V <=BCN<A ;G<9m9 L=@XD>I ;>@??<> N<E<NA ;D C < <A;BCN@AG<V >BU@VNJY9mS
: HDI UB>@AD= DX ;G< HD=E<>?<V

Iest
V EM

EBNL< O @;G EBNL<A DC;B@=<V X>DI B ULNA<9mW G<@?G; G@A;D?>BI ?@E<A
Iest
V EM = (0.94 ± 0.06) Ipeak

V EM

Y Z G< AJA;<I B;@H D� A<; @A9m\ VL< ;D B AN@?G; @=BHHL>BHJ @= ;G< ><TL@><V HBN@C>B;@D= ;>@??<> >B;< P�gfg
2.5 Ipeak

V EM
9m` ><ALN;A @=

70 HzR B=V @A L=@I U D>;B=; Y9mc
Z G< D=_N@=< HBN@C>B;@D= BNAD <A;@I B;<A

Qpeak
V EM

BA O<NN P
Qest

V EM
R F CJ HDI UL;@=?9me ;G< HGB>?< DX ULNA<A O @;G B U <BQ DX <M BH;NJ

Iest.
V EM F B=V LA@=? B

σ−δ
HD=E<>?<=H<9ml
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BN?D>@;GI D=
Qest

V EM F V<;<>I @=<V @=@;@BNNJ X>DI ;G< HGB>?< DX ;G< o>A; ULNA< Y9mm : HDI UB>@AD= DX ;G< HD=E<>?<V
Qest

V EM

B=V
Qpeak

V EM

V<;<>I @=<V X>DI B U <BQ
o;Snn ;D ;G< HGB>?< G@A;D?>BI A J @<NVA

Qest
V EM = (0.96 ± 0.03) Qpeak

V EM

Y b L>@=? DU <>B_Sn9 ;@D= F Qest
V EM

@A LA<V ;D I D=@;D> ;G< A;B;LA DX ;G< V<;<H;D> HD=;@=LDLANJ B=V ;DSnS U>DE@V< B H>DAA_HG<HQ D= ;G<
QV EM

G@A;D?>BI I <BAL><I <=; Y a@=H<
QV EM

@ASnW
�LA; ;G< =LIC <> DX UGD;D <N<H;>D=A U <> I LD= P

npe
R ;@I <A ;G< [ r Z ?B@= F ;G<Sn\ VJ=D V<zB=D V< >B;@D F B=V ;G< <N<H;>D=@H ?B@= F Qest

V EM

HB= C < LA<V ;D HBNHLNB;<Sn`
npe

XD> BNN V<;<H;D>A BA O<NN YSnc
Z G< G@A;D>J DE<> ;G< NBA; �

tcal

P
60

AR U <>@D VA DX ;G< BV�LA;I <=;A ;D
Iest
V EM

@ASne @=HNLV<V O @;G <BHG <E<=; F BND=? O @;G
Iest
V EM F Qest

V EM F B=V ;G< NBA;
70 Hz
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OBA XDL=V ;D GBE< B E<>J AN@?G; U><AAL>< V<U <=_S99 V<=H< F O G@HG @A <MU <H;<V A@=H< ;G< D=_N@=< HBN@C>B;@D= LA<A ;G< >B;< DX B;I D_S9S AUG<>@H ILD=A B;
1.75 Ipeak

V EM

;D V<;<>I @=<
Ipeak
V EM

Y Z G< V<U <=V<=H< @A HN<B><> XD>S9W ;<HG=@HBN ><BAD=A XD>
Qest

V EM/Qpeak
V EM F B=V @A AGDO = @= � @? Y � Y Z G< HD>><NB;@D=S9\ @A

0.1% g−1 cm2
Y Z G< ;JU@HBN U><AAL>< HGB=?< DX ;G< ab DE<> j J<B> @A BC DL;S9`
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Z G< ab <N<H;>D=@HA GBA B A<UB>B;< ;>@??<> V<A@?=<V AU <H@oHBNNJ XD> HDNN<H;@=?S9l G @?G_>B;< VB;B O @;G X<O<> C@=A P|t C@=A @=A;<BV DX �sx XD> ;G< <E<=; VB;BR B;S9m NDO ;G><AGDNV P
0.1 Iest

V EM
R Y ] =H< ;G< HBN@C>B;@D= U>D H<VL>< GBA A;BC@N@^<V

Iest
V EM FSSn ;G @A ;>@??<> @A <=BCN<V B=V A<;A DX G@A;D?>BI A DX EB>@DLA TLB=;@;@<A B>< HDNN<H;<VSS9 DE<> st A<HD=V @=;<>EBNA _ BUU>DM @I B;<NJ jyt Fttt <=;>@<A U <> G@A;D?>BI Y Z G<A<SSS G @A;D?>BI A B>< A<=; ;D ;G< d b: a BND=? O @;G B=J <E<=;A ;GB; B>< ><TL<A;<VSSW _ ;G<><XD>< F <BHG <E<=; GBA B G@?G_A;B;@A;@HA A<; DX HGB>?< B=V ULNA< G<@?G;SS\ G @A;D?>BI A X>DI ;G< U><E@DLA I @=L;< BHHDI UB=J@=? ;G< VB;B YSS`

Z G< G@A;D?>BI A H><B;<V <E<>J I @=L;< B>< �SSc
•

dGB>?< G@A;D?>BI A XD> <BHG @=V@E @VLBN [ r ZSSe
•

dGB>?< G@A;D?>BI XD> ;G< ALI DX BNN } [ r ZASSl
•

[LNA< G<@?G; G@A;D?>BI A XD> <BHG @=V@E @VLBN [ r ZSSm
•

� @A;D?>BI A DX ;G< CBA<N@=< DX <BHG �: b d HGB==<NSWn
Z G< BE<>B?< DX BNN ULNA< AGBU <A O @;G B= @=;<?>B;<V HGB>?< DX

1.0 ± 0.1 Qest.
V EM

SW 9 @A BNAD A<=; Y : = <M BI UN< DX ;G< G@A;D?>BI A B=V ULNA< AGBU < BE<>B?< A<=; O @;GSWS <BHG <E<=; @A AGDO = @= � @? Y y YSWW

jt



FADC channels
34 36 38 40 42 44 46 48 50 52 54

C
o

u
n

ts

0

10000

20000

30000

40000

50000

Baseline histograms, LS 267

PMT 1
PMT 2
PMT 3

 (a)

FADC channels

900 1000 1100 1200 1300 1400 1500 1600 1700 1800

C
o

u
n

ts

0

500

1000

1500

2000

2500

3000

3500

4000

Charge PMT 1, LS 267

PMT 1
PMT 2
PMT 3

 (c)

FADC channels
3000 3500 4000 4500 5000 5500

C
o

u
n

ts

0

500

1000

1500

2000

2500

3000

3500

4000

4500

Summed charge histogram, LS 267  (e)

FADC channels
50 100 150 200 250

C
o

u
n

ts

0

2000

4000

6000

8000

10000

12000

14000

Pulse height histograms, LS 267

PMT 1
PMT 2
PMT 3

(b)

FADC bins (25 ns)
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b L>@=? VB;B B=BNJA@A F ;G< A<HD=V U <BQ DX ;G< @=V@E @VLBN HGB>?< G@A;D?>BI ASW\ P� @? Y yHR @A o; CJ B TLBV>B;@H XL=H;@D= ;D DC;B@= ;G< EBNL< DX
QV EM

LA<V ;DSW` HD=E<>; ;G< @=;<?>B;<V A@?=BN @=;D L=@;A DX p q r Y Z G< B?><<I <=; DX
Qest.

V EM

B=VSWc
Qpeak

V EM
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Z G<
QV EM

DC;B@=<V X>DI HGB>?< G@A;D?>BI A HB= BNAD C < H>DAAHG<HQ<V LA@=?SWl I <BAL><I <=;A DX ;G< HGB>?< V<U DA@;<V @= ;G< [ r Z CJ ;G< dG<><=QDE N@?G; X>DISWm B V<HBJ <N<H;>D= X>DI B A;DUU <V I LD= Y Z G<A< ;OD I <BAL><I <=;A O<>< XDL=VS\n ;D B?><< ;D
0.5% F O<NN O @;G@= ;G<

4%
L=H<>;B@=;J DX ;G<

QV EM

I <BAL><I <=;S\9 X>DI ;G< V<HBJ <N<H;>D= YS\S

� �5 582841	
 �	3	
�2�3�S\W

�= BVV@;@D= ;D ;G< U>@I B>J HD=E<>A@D= X>DI @=;<?>B;<V HGB==<NA ;D p q r L=@;A FS\\ ;G< HBN@C>B;@D= I LA; BNAD C < BCN< ;D HD=E<>; ;G< >BO �: b d ;>BH<A @=;D @=;<_S\` ?>B;<V HGB==<NA Y Z G<>< B>< ;OD U>@I B>J UB>BI <;<>A =<<V<V XD> ;G@A YS\c
PjR Z G< CBA<N@=<A DX BNN s �: b d @=UL;AS\e P|R Z G< ?B@= >B;@D C <;O<<= ;G< VJ=D V< B=V ;G< B=D V< PHBNN<V ;G< �VJ=D V<zB=D V<S\l >B;@DvRS\m

Z G< CBA<N@=< @A HDI UL;<V X>DI <BHG DX ;G<
100 Hz

HBN@C>B;@D= ;>@??<>A DC;B@=<VS`n DE<> B st A<HD=V @=;<>EBN P
∼ 6000

;D;BN ;>@??<>AR BA O<NN BA ;G< A;B=VB>V V<E@B_S`9 ;@D= DX <BHG DX ;G< s @=UL;A Y Z G@A @=XD>I B;@D= @A BNAD @=HNLV<V O @;G <BHG <E<=; FS`S B=V HB= C < H>DAA_HG<HQ<V B?B@=A; G@A;D?>BI A DX ;G< CBA<N@=< XD> ;G< } VJ=D V<S`W HGB==<NA YS`\
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Z G< VJ=D V<zB=D V< >B;@D Pb z: R @A AN@?G;NJ I D>< HDI UN@HB;<V ;D I <BAL>< Y Z G<S`c D=NJ ULNA<A BEB@NBCN< ;D I <BAL>< b z: B>< I LD=_N@Q< ULNA< AGBU <A _ <@;G<>S`e X>DI B;I DAUG<>@H I LD=A D> X>DI B= D=C DB>V �q b KBAG<> PLA<V XD> N@=<B>@;JS`l I <BAL><I <=;AR Y : I LD=_N@Q< A@?=BN HB= C < V<AH>@C <V <AA<=;@BNNJ BA B XBNN@=?S`m <MU D=<=;@BN BX;<> ;G< U <BQ F O @;G B ;JU@HBN V<HBJ HD=A;B=; DX

∼ 60 ns
PA<< � @? YScn yV R Y Z G< A@?=BNz=D@A< DX ;G< ALI ;G<><XD>< V<H><BA<A BA C@=A XB>;G<> X>DI ;G<Sc9 U <BQ B>< @=HNLV<V @= ;G< ALI I B;@D= YScS

Z G< =DI @=BN ?B@= C <;O<<= ;G< VJ=D V< B=V ;G< B=D V< @A }| _ ;GB; @A F y C@;AScW DX DE<>NBU DL; DX B jt C@; �: b d F ?@E @=? jy ;D;BN C@;A DX VJ=BI @H >B=?< Y �D> BSc\ A@?=BN O G@HG @A =<B>NJ AB;L>B;<V D= ;G< VJ=D V< P
∼ 950 ch

O @;G B
50 ch

CBA<N@=<R FSc` ;G< B=D V< A@?=BN O @NN C < I <><NJ
30 ch

BC DE< CBA<N@=< F Z G< �r a =D@A< DX ;G<Scc B=D V< B=V VJ=D V< HGB==<NA @A
∼ 0.5− 0.8 ch F O G@HG @I UN@<A ;GB; B A@?=BN O @;GSce B V<HBJ HD=A;B=; DX

∼ 60 ns
O @NN D=NJ C < BC DE< ;G< =D@A< N<E<N D= ;G< B=D V<Scl XD> � C@=A P

200 nsR F BA HDI UB><V ;D j� C@=A XD> ;G< VJ=D V< YScm
�V<BNNJF ;G< C <A; I <BAL><I <=; DX b z: ODLNV D HHL> A@I UNJ CJ ;BQ@=? ;G< U <BQSen DX ;G< VJ=D V< V@E @V<V CJ ;G< U <BQ DX ;G< B=D V< F B=V BE<>B?@=? DE<> I B=J ABI _Se9
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UN<A Y �=XD>;L=B;<NJF ;G< VJ=D V< A@?=BN @A �
� A@I UNJ ;G< B=D V< A@?=BN ILN;@U N@<VSeS CJ b z: _ ;G< VJ=D V< @A BI UN@o<V CJ ;OD : =BND? b <E@H<A : b xt j| BI UN@o<>SeW A;B?<A F <BHG DX O G@HG GBA B UGBA< V<NBJ DX BUU>DM @I B;<NJ |_} =A Y Z GLA ;G<Se\ VJ=D V< @A BH;LBNNJ V<NBJ<V CJ �_s =A F O G@HG @A BUU>DM @I B;<NJ jz� DX B
25 nsSe` HND HQ HJHN< Y Z G@A U><E<=;A B V@><H; U <BQ_;D_U <BQ HDI UB>@AD= Y : = BN;<>=B;@E<Sec BUU>DBHG ODLNV C < ALI I @=? ;G< A@?=BN B=V V@E@V@=? ;G< ALI DX ;G< B=D V<See CJ ;G< ALI DX ;G< VJ=D V< Y Z G@A F GDO<E<> F @A BNAD =D; U DAA@C N< F BA ;G< <>>D>Sel BAAD H@B;<V O @;G ;G< �r a =D@A< DX ;G< VJ=D V< B=V B=D V< C <HDI <A TL@;< A@?=@X_Sem @HB=; Y a;>LH;L><V =D@A< PC <NDO ;G< �r a =D@A< N<E<NR VL< ;D HGB==<N_;D_HGB==<NSln H>DAA;BNQ D> D;G<> ;<I U D>BNNJ HD>><NB;<V =D@A< ADL>H<A U><E<=;A DC;B@=@=? B=Sl9 BHHL>B;< P

< 5%R b z: I <BAL><I <=; <E<= O @;G NB>?< A;B;@A;@HA YSlS
b z: @A ;G<><XD>< I <BAL><V CJ I D V<NN@=? ;G< B=D V< A@?=BN AGBU < P

AR X>DI ;G<SlW VJ=D V< P
DR BASl\

A (t) =
1

R
((1 − ε) D (t) + εD (t + 1))Sl`

O G<><
t

@A ;G< ;@I < C@= F R
@A b z: F B=V

ε
@A ;G< X>BH;@D=BN C@= D� A<; DX ;G< VJ=_Slc D V< Y

R
B=V

ε
B>< V<;<>I @=<V LA@=?

χ2
I @=@I @^B;@D= Y

D
B=V

A
B>< V<;<>I @=<VSle O @;G BC DL; jtt ULNA<A ;BQ<= O @;G@= } I @=L;<A Y � <>< F ε

@A Q=DO = ;D C < U DA@;@E< FSll CL; @A BNNDO<V ;D EB>J XD> ;G< o; Y Z G@A U>D H<VL>< BNAD GBA ;G< BVEB=;B?< DXSlm I <BAL>@=? ;G< UGBA< V<NBJ B=V B=J ;@I < V<U <=V<=H< @; I BJ GBE< YSmn
: = <M BI UN< DX ;G< o; PB=V ;G< o; ><?@D= R @A AGDO = @= � @? Y s F XD> B E<>A@D= DXSm9 ;G< X>D=; <=V <N<H;>D=@HA O @;G G@?G<> =D@A< HGB>BH;<>@A;@HA ;GB= ;G< U>D VLH;@D=SmS E<>A@D= Y Z G< ;OD ULNA<A O<>< ?<=<>B;<V CJ B ><A@A;@E<NJ_V@E @V<V ULNA< ?<=<>B_SmW ;D> F O G@HG GBV =D UGBA< V<NBJ C <;O<<= ;G< VJ=D V< B=V ;G< B=D V< Y �D> ;G<A<Sm\ ULNA<A F ;G< �VJ=D V<zB=D V<v >B;@D O BA }} Yu CJ V<A@?= F B=V I <BAL><V @=V<U <=_Sm` V<=;NJ O @;G B= DAH@NNDAHDU < Y Z G@A U>D H<VL>< ?BE< B VJ=D V<zB=D V< >B;@D DX }} Y} FSmc BHHL>B;< ;D O @;G@= |� Y Z G< o;;@=? U>D H<VL>< HD>><H;NJ ?BE< B E<>J AI BNN EBNL<Sme XD>

ε
XD> ;G@A o; P� jt

−6R Y �D> BH;LBN A;B;@D=A F GDO<E<> F ε
@A I <BAL><V ;D C <Sml D= BE<>B?<

0.23 F O @;G B= @=V@E @VLBN U><H@A@D= DX
0.04

Y Z G@A HD>><AU D=VA ;D BSmm V<NBJ DX
5.8 ns F @= B?><<I <=; O @;G DL> <MU <H;B;@D=A Y b z: V<;<>I @=<V O @;G ;G@AWnn I <;GD V B>< BNAD @= ?D D V B?><<I <=; O @;G V@><H; I <BAL><I <=;A DX ;G< b z: D=Wn9 ;G< [ r Z CBA< Y �DO<E<> F <A;@I B;@=? ;G< BHHL>BHJ DX ;G@A HDI UB>@AD= @A TL@;<WnS V @
 HLN; BA ;G< V<U <=V<=H< DX b z: D= ;G< G@?G EDN;B?< DX ;G< [ r Z @A U D D>NJWnW I <BAL><V YWn\

� �41 7 
6�841Wn`
Z G< I B@= HBN@C>B;@D= ?DBN XD> ;G< AL>XBH< V<;<H;D> @A ;D HD=E<>; ;G< @=;<?>B;<VWnc K BAG : b d A@?=BN @=;D E<>;@HBN <TL@EBN<=; ILD= Pp q r R L=@;A F B=V ;D U>DE @V<Wne
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Fit region
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B A;BCN< B=V L=@XD>I ;>@??<> XD> ;G< V<;<H;D> Y Z G< HD=E<>A@D= ;D p q r L=@;A @AWnl VD=< CJ V<;<>I @=@=?
QV EM

;G>DL?G ;G<@> ><NB;@D= ;D B U <BQ @= HGB>?< P
Qpeak

V EM
RWnm G @A;D?>BI A F O G@HG @A V<;<>I @=<V ;G>DL?G B= @=V<U <=V<=; <M U <>@I <=; Y

Qpeak
V EM

W 9n @A I <BAL><V O @;G B G@?G_A;B;@A;@HA Pjyt Fttt <=;>@<AR HGB>?< G@A;D?>BI <E<>JW99 I @=L;< F B=V B?><<A O @;G B= @=V<U <=V<=; ND HBN ADX;O B>< <A;@I B;< ;D }� YW 9S
dD=E<>A@D= DX ;G< B=D V< A@?=BN ><TL@><A ;G< V<;<>I @=B;@D= DX ;G< VJ=D V<zB=D V<W9W >B;@D Pb z: RF O G@HG @A VD=< CJ BE<>B?@=? NB>?< ULNA<A B=V U <>XD>I @=? B N@=<B>W9\ ;@I <_AG@X;<V o; ;D V<;<>I @=< C D;G ;G< b z: B=V ;G< UGBA< V<NBJ C <;O<<= ;G<W9` ;OD A@?=BNA Y Z G@A I <;GD V F O G<= U <>XD>I <V D= ;OD ><A@A;@E<NJ V@E @V<V A@?=BNAW9c V<;<>I @=<V ;G< b z: ;D |� YW 9e
�=@XD>I ;>@??<> N<E<NA B>< U>DE@V<V CJ <A;@I B;@=?

Ipeak
V EM

_ ;G< U <BQ @= B ULNA<W9l G<@?G; G@A;D?>BI _ E@B B
σ − δ

HD=E<>?<=H< BN?D>@;GI D= B
70 Hz

A@=?N<A >B;<W9m @=A@V< B
100 Hz

}_XDNV HD@=H@V<=H< Y Z G@A I <BAL><I <=; @A U><H@A< ;D s� Y Z G< LA<WSn DX B >B;< ;D V<;<>I @=<
Ipeak
V EM

@=;>D VLH<A B AI BNN AJA;<I B;@H U><AAL>< V<U <=V<=H<WS9 @= ;G< ;>@??<> N<E<N DX BUU>DM @I B;<NJ
0.1% g−1 cm−2

N<BV@=? ;D N<AA ;GB= B }�WSS <�<H; DE<> ;G< HDL>A< DX B J<B> YWSW
Z G< HBN@C>B;@D= UB>BI <;<>A I <=;@D=<V G<>< B>< V<;<>I @=<V <E<>J

60 s
B=VWS\ ><;L>=<V ;D ;G< H<=;>BN VB;B BHTL@A@;@D= AJA;<I Pd b: aR O @;G <BHG <E<=; B=VWS` A;D><V BND=? O @;G ;G< <E<=; VB;B Y q BHG <E<=; ;G<><XD>< HD=;B@=A B NB>?< BI DL=;WSc DX @=XD>I B;@D= BC DL; ;G< A;B;< DX <BHG AL>XBH< V<;<H;D> @= ;G< I @=L;< U><H<V@=?WSe ;G< ;>@??<> F BNNDO @=? XD> B= BHHL>B;< HBN@C>B;@D= DX ;G< VB;B YWSl
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