ISV HHS* - #-),-) ¥"%,01

2(+,+3( @1,-#1-)/,(4,5-(6(I-#6,.(6%'76%S$,*"%, .($*,-. 8(+*#)* - #1-)1,.(9%,-$,8"#$%,

)*HHS*:, "%, 8" #8%, (4,#),%6% *HH=%-$,$"-4*069,53,-*$ BHSSH/%, ) Yort+,*'%,) T'6 % 7$, (4, Y%6H",
(., "%, 8($--=%6,B(+%0)*-H6, - 0> 8%0+-96) %63, 24, 4%6< ) S(EYHBEBH OE) ", ), "%,

(+9%+, (), H)/$*+(. @, +IBT6*$,-) #,$.#66,8"HS%, #I=#)'%, (), *"%, (+ 9%+, (4 #,.-66-+#9-#):

e L A VAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVA

Electrostatic potential A

I"H$%8.7)"B-'&.812%3-'2,C&"+7 /& D7"=284'27&-"2'+/I&/-&,%' -, 236"1"-$1.&S/" -4" I
E&.,/2"1,..9'/1,228%&AF) " GT&+7,I&IT"=2"1"?" 4. 9'&H #H8%,2&42T"+"12$%&)

"0, H=Yo+#%,-)) Yo+, 8(*%0)*-#6, (4, <t*Vo+, 2(+,=-*+%(7$,- % @ -$,#5(7* A, =(6*$B, 4(+,6-8-9,5-6#3%+$C,
#5(7* D:AEB,4(+,8+(*%-)C #5(7* F:AE:, G* -$,%'%, () *+#$* 5%*<%0%),8+(*%-) #)9,-'%, *"#* <% #+%,
T$7H#663,- #1-)/:, H%6(<,-$,$"(<), "%, H#6'764*06P) %+, 8(*%0)*-#6, (4 #,$.#66,8+(*%-),-), <#H*%+:,

"0, #8,"#$,5%%),$.((*'%9,53,4-6*0%+-)/,-* *(,1J, K, +%$(67*:():

Projection 2D slice 1D slice

Inner potential, V
(o)}

50 100 150 50 100 150 50 100 150

X coordinate, A
0.5.m defocus

!"#$%&'()"*-;-'+&%'+,-&./O'&.&12%3/2,2"1'+32&-2",."'-/"4&','+%32&"-5'/63327&4'89',':;'<'=".2&%)
>37&%'+,-&./0'/"6$.,284™6,#&/'3="27&'+%32&"-'?"27";) @',-4'(A6'4&=31%/)

0 1. (1) (4,8#8%,$-4% 9%, 9669 GH=96,96) (7) %S, -5, B-+(B(+*-(#6,°( %)%/ +46, (4,
X0/ 0B+ (S B(*00)*-#6 HE()],-*$,BHY", "%, 8+(8(+*-(H6-*FE)* -$, #6669, #)9,"#$,



*0/0.)7.%+-#6,=#67%S$,(4,J:LDC,J:FM,#)9,J:DA, . +#INEK,4(+,10JC,0JJ,#)9,MIJ, P%E, %6%"*+()$C,
+06$8%"*-=9483($%, 7)-*$, #+%, -66-+#9-#)$, 8%+ BB +(.. @ ,

Q$,%6%"*+()$,8#$$,*"+(7/",9-44%+%)*, +U51908 #$%, 9-44%+%) %, /-=%$, 198BY() *-#663,
-)*%)$-*3,9-44%+%6) %ot/ %$,<-*" #, .- +($'(8%,*"#* -$,%>#%63,-), 4(7$.,.;"-$,-$,<"3,<%,7$%,
R8"#$B()*+#$*S,#)9,R-)* %o +4%+0B[)%#$*S,9%=-'%$,(),6-/"*, .- +($'(8%S,*(,$%%, 76*7+%9,
'0666$C,<"-" #+%,#6$(,8"#$%,(5T%"*$:,,G),*"%,01,*"%,8+-.-*-=0b, <#3, *"#48B(BOUG 6 BYo*,
O+, -$,%(,9%4(' TS, *"%, (5T%"™*-=%, G/, -667$*+#*%69,-),*"%, 6(<%+,8#)%63,(4%/:,O
8+('%$$,53,<"-" *"-$, 8" HSYR() *+1$* - #1%, -$,4(+.%9,-$,#,5-*,'(.86-#* %) %<#3,9(,

9%-+-=%,-* -$ 786, (4,*"%,R2+%$) %6, 1+ (8H#/H*(+SC,*"%,-)*%/+#6  *"#* $"(<$,"(<,<H#=%4+()*$,
9%=%6(8,-),4+%%,$8#'%:,,;"%,2(7+-Yo+,*+#)S4(+.,(4,*" %, 2+%$) %6, |+ (8#/#*(+,3-%693,*" %, () *+#$*,
“+#)$4%+,47)*-(),?V;2@,9-+U%CBP, GW66,87* *"#* *"Up(+3,-)*(,*"%, ) (*%$, 4(+, 1,64 Yo+ 6% T+%
Q) (*"%+,<#3,*(,9%+-=%,-* -$,54#$%9, (), 9-44+#*%9,%6%"*+(), <#H=%$C #)9,*"#*W$,<"#* <% W66,
'(0$-9%+,"%+%:

1 )'B-'3C&%C"&?

X%+YRES<YOWE6,8+(%WT"'%,)%>* *<(,$%*-()F(,9%$'+-5%,8"#$%, () *+#%$* 53,9%4('7$-)/,
%10/, - +($'(8%:,, YIOW66,.#P%, 7$%, (4,#,.(9%6, (ST *"#* "#S TT$* #,8%+-(9-' =H+-#*-(),-),
8"HSYL -.H#I-)%,+-886%$,-),#,*"-),4-6. #* *"%, (5T%'*,86H#)%5,8%+-(9-'-*3, 1, Y%, H#), 7$%.#),
(5T%"*,6-P%,*"-$,*(,(5*#-) (tB6%*%63,/%) Yo+ #BoS T6*5% HT$%, 7$-)/,2(7+-Yo+, *+#)$4(+.$,<%,
'#),9%(.8($%,#)3,0[,9-$*+-57*-(),(4,9%)$-*3,-)*(,+-886%$, (4, =#+3-)/, $8# I\ T$* 5%6(<,#
$8%'-.96),6-PY%, " $%+%,-$, J () *+HS$*C, 5% HT$%, #,=H+-#*-(), (4,8"#$%, 9 (%$)W* " #)/%, *"%,
S)*%)$-*3,(4,5"%,5%¢#.:,, X(<%=%SANE6,$"(<, "%, (5T “WBA%"™(),*"%,8+(8#/#*-)],

066%™+ (), 5%H#. ,-$,*(,8+(97'%,*<(,9-44+#*%9, 5%#.$C, <-*" 9-44+#*-() RYBHN6)9-)/. (), "%,
8%+-(9-'-*3,(4,*"%;886%%34, %, 6((P,#* #,9-$*#) UBY66(<,*"%,$8%'-. %), *"%, 9-44+#*%9,
066%"*+(), <H=06$C, 5% HT$%, %63 #+%, “HHEWOBODOH=066, 44+*" Yo+ #)9, VHHH-3YBHH$%,
$"-4%(.8H+%0,*( ¥V, #-)C,7)9-44+#*%0, <H=%:, G4,<VBB+RTGHEHETH(4," *'%,
O-$'+068#)'3,-),8"#$%,$"-4*,-$ #,.76*-86%, (4,]3,9%/+%6%$C. #)9,*'%6+%6,<-66,5%,#),(8*-.7.,#.(7)*,
(4, )F+HS*:,, "V, BH+*-'TOHAB*- #6, " =H67%S$,9%8%)9,(9,8%+-(9-'-*3,(4,*"%, +-886%$:,,G4,<%,
$96*,*"0%, (5T%"*-=%, 6%)$, (AT #6 9-$*#)' Vol HH<H#3,4+(. *'%,$8%'-.%)C,<%,<-66,"#=%,
(8*-.7., () F+HS* ), *'Yo, H#])-4-%9, - #1% #$,<%66: ,

A d | B
- ¢ e T p)
P
2

sin@=A4/d Q

I"#$%8&'1)"B'+&%"34"1'+7,/&'[+&1"6&-'#"C&/'%" & 2F"'==%,12&4'?,C&/)



4% Q, (421 NHE(=%,$" (<$,#,9-44+#%9, <H=%, ?(+#)/%@,8+(97'%9,53,8%+-(9-' $ #**%+%+$,
24%9@:,,G),8H#+* HC, *'%,*<(,$3.. B4 #*069, <H=06$,-) o+ 4%+, *(, SH(DT AU *+HS*,
#*()%,9-$*#)'%, 2+%9, -+'6% @ ,#)9, 8-+ (BB =) *+H#$* 256 7%, -+ 6B *" Yo+ 4+ (., *"%,
$8%'-.9%):,
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I"H$9%8/0)"B-$68%"1,."6$.,2"3-3="27&"-28%=8%8&-1& 3=';'K&L'&.8&12%3-'?,C&/'8&.37'+&%"34" 1"
[+&1"6&-"?"2T'4M :: '<N.&=20',-P<'NY%"#720) QIIR2'278' CE&Y2"1, '4"68&1"3-'3="27 &I&+"12$%&/" I
136+%8&//8&4'%3$4#7.9'@B3.4)

’G) *-$9%+-=#*-(),G, . #P%, 7$%, (4, *<(,5#%-', #*"% .#*-'#6,*((6$:,,U)%,-$,*" %, ;#36(+,%8#)$-
A(+,*"% %>8()%)*—#6 A7) ()
")
" # S%& %(— %— %+ ,
#)9 $-.-6#+ #88+(> H5-()$,4(+ SNTH+%S$,#)9,$"T#+%, + (B B0,<-66,5%,-/) (+-)/,*%+.$,(4,
$%'()9,(+9%+,(+,6#+/%+B,#)9,%"%, (*"%+,-$,076%+W$,4(+. 76#,4(+,*"%,'(.86%>,%>8() %) *-#6C



e¥ =cos(y) +isin(y):,

Y%, #6$(, #P%, 7$%, (4,()%, +%$T6* 4+(. ATH)*T.,. %" #)-'$C,<"-" $H3S$, *"#* *'%,
¥06)$-+3,(4,H#,<H=%6,2(+,*"%,8+(5#5-6-*3,(4,9%*%"*-)/ #,8H#+*-'6%@ -$, *"%, $ T#+%9, #/)-*79%, (4,
%10/, <H=0647)*-()C38-'#663,<+-**Yp O,

()'B/"-$/3"4,'+7,/8& 38R&12) '

"788($%, <UH=06,#,$8%'-.%),*"#* 8+(97'%$,#,$.#66,8"#$%,$"-4* (4,*'%,-)'(.-)/,%6%"*+(),
<H=%:,,Q$$7.%,%"%,8"#$%, $"-4*% =H+-%$,#+($$,*'%,$8%'-.96),-), *"%, .#)) %o+, (4,#,'($-)%,
47)*-()C,

#(X) = ecos(2x / d),, , , : ?1@

;"'$, R$')7$(_9#6,/+#*')/S;_$1 (+-%)*%91#6()/1*%?-$1#)9l"#$1#18%+'(!9’ G*$, .#/)'*79%1-$!
[=%),,53, C,.7" $.#66%+ *"#),I:, 1%#)<"-6%,<%,6%* *'%,-)-9%)*,%6%*+()2$@, "#=% &%, *-.%
-)9%8%)9%)*,<#=9%47)"*-()

- # 10 y y y ’ ’ ’ 70@

<Y+ Y, B+(BHIH-(), OSH)* K = 27/ A:,,00):, 20@H3S, < H* <%, %6 % +(), <H=%$, "#=%,
<H=BY%)/<"] ), #+b,8+(8H/H )] ), "%, 9-+%*-():, \7$* 5%3()9, "%, $58%'-.%6), "%,
<#=%47)"*-(),+%46%"*$,*"'%,8"#$%,$"-4*,(4,*"%,$8%';.%) . #$

- H | .¥0 234567
Hlna! 3 4561#*1"an'

Y%, #),#88+(>- #*%,*"-$,53, %%, 4-+$* %o +.$,(4, "%, #36(+,%>8#)$-(),(4,*"%, %>8()%)*-#6C

, , 134568 $069:46, , : , M@

<" 4906-%%, (), 5%, #$$7.8%-(), < #5] (X) -$,=%+3,$.#66.,,;"-$,- B(+#)* #88+(>-#*(),-$,
H66969,* Y& (#)*'+&H#,--./$01'20/34HHG* $H#3$,*"#*9%,%644%' (4,-)+(97"-)/,*'%,$8%'-. )

), ¥"-$, #$%C #,8%+-(9-","H)/%),*'%,%6%*+(), <H=Y\WS$, ZHIBO"T-=H6%0)* *(,$#3-)/, " #*,*'%,
$8%'-.96),-)*+(97'%S3,#,<'(6%,)%<$%* , (4#=96,<-*",$.#66,#.86-*79%6,$78%+-.8($%9, (), *"%,
-)'-9%)*, <H=9%,;"%,-)'-9%)*, <H#=%,-$,7)"#)/%9,-) #.86-*T9%C *(#,4-+$* #88+(>-#*- (%,

Qi XU K00 Y0O<, <H=I086-*79%,-$,#) - #1-)#+3,)7.5%+,-$,#,$"(+*'#)9,4(+,$H#3-) ¥ "#* -+ -$,
#9=#)'%09-),8"#$%,53,]Jc;,

| )'S&+%&/&-2,2"3-',/'4"==%,12&4'?,C&/

"06,$%'()9,%%+. ), P M @%68+%6$%) B -(9-', $%*, (4, $(7+%$, (4,)%<,<H=%S$:, :"%,)%<, <H#=%$,
#+0b,9-44+H#%0, <HEASBE6-*79%, <=3"H#* 8+(SHIHYo #* #)I6YB@, "%, #)/6%S$, $H#*-$43

’ ’
"

sin/ :E:’ , , , , , 2d@



2HYHT$%, "%, %6%"*+(), <H=%6%)/*",-$,$.#66C -), 8+#*-#6 SEFE OB, .($* #,4%<,
9%/ +%UB, ', 9-$*#)'U8, 5%66(<, *'%, $8%'-. %), *'%,0-44-+#*060, <HHBH, #,8"H#$%,$"-4*,
+06*1#+9%9,53,#, A ABQH Yo6#*- =968 # 5%, $"-ADE"H#* ¥ %, 7)9-44+H# %9, <#=%,"#%$:,Q* #,
9-$*#)'%" 5%6(<,*"%,$8%'-.%),<%., "#=%,*"%, (=%+#66, <H#=0647)"*-()

, , - 4 FB# 110 9%9:4 6 /0 CGHI. , , 2A@

X%+TBW=06, “#PY%) HO=H) H/%, (4, %o, 4t =% ¥V *<(,9-A4+#* NI IWEI0E:=% #,
8%+-(9-'-*3,-)B,T7$*,6-PY%, "%, (+-/-)#B 6., 2*(+-)/,(7*, 110 <%,"#=%

: : - 4 FEB# |10 KB %9: 4 6 /0 CHULMYN, ?D@

YU ) %+%$4S, 7$,-$, "%, -)¥%6)$-*3, (4, "%, 08U HSC, <"-" -$, <"#* -$, #1)-4-%9 #)9,
“+)$4%++%69,5(,*"%,9%* %" (+:, £ TH)*T., %" #)-'$, *%66$, 7$,*"#* *'%,-)*0%)$-*3,-$,/-=%),53,*"%,
H1)XT9%, M TH+%9, (4,%"%, <H=%AT)*-();, 1%, H/)-*T9% S TH+%9, (4,*"%, <H=0%4T7) *+($,

UONTHE, *(,*"%,$7., (4,3 TH+ %S, (4, %" V6 BHH #)9, "% - #]-JH#+3,8H#+"%, #])-*79%,$"TH#+%0,

(4] 10 -SHE<HIBONTHE *(JB(,<%, H),-)(+%,*"#* A#*(+,),%):, 2D@C #)9,*"%, #])-*79%,
$ATHI%9,(4,%"%, +%$* -$

, . O O# RRS%9:4 6 10 CHILMNE o6 PTUKE %9: 4 61 /0 CHILMNG

G* *7+)S$, (7% ¥"#* *"%,- #]-)#+3,8#+* Fo+3,$.#66C'#7$%,()63,*"%,$%'()9,*%+.,-)=(6=-)/,
O*+-57%%$,*(,-*:,, . "#* *%+ WS, #/)-*79%,-$,#*,.(5* #)9, *$,$"7#+%,*"%+%4(+%,$(,*HB,-*,
5%,-/)(+%9:%, +%#6,8#¥&%=%+$,(),*"%,(+9%+,(4,7)-*3D,-*$, $ T#+3527$-)/,076 %+ WS,
4(+.T6H@

, , 008 4$V: 4 6CWREABGV $6M@ F@

"06)C ), %/6% %) #, ¥+, (4,(+9%+ HA* Yo+ %>8H#)9-)/, "%, $ TH1IN6,)*%6)$-*3,:$

, , O &8 $V = 4 6CWRHEAB@V $67,

2-)#663C,<%,'H), #P%, 7$%, (4,%"%, A" *"#* *"% @B BHE6:,,:(,$%'()9 ,(+9%+,-1GT

, , AB@V $ 8 v(ﬁ"cvv)@# V(W<z(,

Q)9,+%86#-)/k = 271/ L #)9,)(*-)/,#*, VCWM&E6# C\MEBE3"%,-)*06)$-*3,-8,/-=06),53

, , 0 &8 $%= 4 6CWHEY<Z(6, , L@

06, (JFHHS* ) $4%+ A7) *-(PV;2@$,9%4-)%9,*(,5%, "%, $H#6-)/, (4,"%,-)*%)$-*3,"#)I%,
+QBH*-=0,*(,*" %o, (+-1-)#6,8"#$%,$"-4* -), "%, $8%'-.%):,, Y %o, <+-*%b

, , Q 4 A0 # ABXCH=>] >4 63 *

<"%+%"%,V;2,-$

1 1 A_\ # C\MPEY<Z( 61 1 1 1 1 7]@



$,47)*-(),-$,#,=%6+3, - B(+H)* +06$T6*:, -=96) #,8"H$%, (ST *"#* "H#S$ #,$-) TS(-O#6, =H+-#*-(),
<-*" 8%0+-(9] C,*"% #.(7)* (4, () *+#$*, <%, (53%+=%,-),*"%, - #/%,9%8Y) 9B/, 86#)%, *"#* <%,
"H=00, A(T5%9,():,,;"%o+%,-$,g%+(, () *+HS* <"V #)9, #6S(HHHE TH<" Yo+ W EZ( "HS H),
%Yo+, SHETYB, * Yo+ %, #+06, #6* %0+ )#~-)/,8($-*-=%,#)9,) Y0/ #*-=%, (J<+H#$*, #>- #,-), 5Y*<%%):
16%6#$%.) (S, <Y W66, %>864-IHBEH-'0b, <YHB<HIB (TS, '5/6& "%, $8%'-.%),$(,*'%,

V:2, #$,9%$'+-5%9,-),*"%, 6-*%+ #5985, (88($-*%,8(6#+-*3h

J)"T3?'43&/'27"["?3%KU'

"0, 5#%$-', 8+(56%.,(4,01,8"HSUB()*+H#S* - #1-)1 -, =" #* +-I"* #* "%, $8%'- %) C #*" aJbC =" %o+ %,
-$,)( OISR Y 0% H)HE3$-5,#5(=%, "#$,$"(<)C,"(<%=%+C,-$,*"#* 5%3() 989%6,%)C,
#5#,9-$*H) %' 9-$86#'%69,4+(.,-*C,*"%+%,-$,$75$H#)*-#6, (" 4USO+#$* | (%$ 4+,

V¥ %+4%+%) %, 5%*<%%6), "%, 7)9-44-+#'%%69 #)9,0- A4+ *QHOUVHHESL, #, $-* T#*-(),6-PY%, *"#* -),
"(B(/+#8"3:,,;"%+%,-$,#, +%64%+%6) %, 5%H#.,2-),(7+, #$%C, " Ve TYONIBY6H. @ #)9,*" %o+ %, #+0b,
O-A4-+#*YTHo#.$,A+(., "%, (STYO™ ¥ -)*Vo+A%+%,<-*" -* *(,8+(97'% #,"(6(/+#,2),*"%,
~+($'(8%,<%,9()W*, +96'(+0,#),- #1%, (4,(7+,$8%'-.%) C, <%, +%'(#RR-)8&-)%., " (6 (/+#.S,(4,-*,

G),8+#*-'%,*"%,) %' % $SH+3,=H6 TY5H; 04, + %0 . #+P#56 3,6 128§%%, 2-/: ,d@88($%,<%, "#=%,#,
$8%'-.%),<-*" #,8%+-(9-'-*3,(4,ald K*"#*,<%,<-$",*(,-.#/%,<-*",03J,P%E,%6%"*+(J% #
#=cd6.,"%,9-44+#*%9,5%#.$,<-66,.#P%,#) #)@% CWX4UY<26Q)63,0:A,.-66+#9-#)$C,

5% #7$%, /d a:JJOA:,,;"%, ) *+#$*,-$,8+(8(+*-(#6,*(5in(mAz / d* )B,*"%,4-+$*, #>-.7.,
("7+$,<"%), Az/d> =1/2C,<"-" <(+P$,(7**(, "a0JIIK:,G),(+9%+,*(,(8*-.#663,-.#/%,*"-$,
$8%'-.%)C,<%,<(769,"#)/%,*"%,(5T%'"*-=%,6%)$, 7++%)*,$(,*"#*,-*$,4('7$,-$,(),*"%,86#) % #*,
"a0JIIK #<#3,4+(.,*"%,$8%'-.%):,,"-$,-$,=%+3,4#+ #<#3,4+(.,*"%,(5T%"*C,$(.%,LICIIJ,
<#=%6%0)/*"$h,,;"%,+%#3$(),*"%,9-$*#)'%,-$,$(, IHBBHE*,*"%,#)/6%,-$,$(,$.#66C,#)9,$(,*"%,
9-44%+%)'%,-),8#*",6%)/*"$,-$,*;)3:,,

0)%+/3,?P%EC@ MV?K@ ,

133, IMFJL
10J, IMMd]
0JJ, :JOAIL
MJJ, Jio] .,

G,8.&")"V.&12%3-'?,C&.&#27',2'+3+$.,%',11&.&%,2"-#'C3.2,#&/)

@)"G7&'W3-2%,/2'G%,-/=812"3-5'&68&.."/7&4

I$7#663,%"%,4(+.76#,2]@,-$,<+-**%),),*%+.$,(4,*"%, R$BH*-#6,4+ %0/ 7%)'3S, (4HIN, (5T %™,
QBS$(),8+#*-'%,8%(86%,6-P%,*(#*T#663,4('7$,(),#,86/0806:"%,$8%'-.%):, %, "T#)*-*3,

e # VE>$#66%9,*:RO%A('T$S,=#HET%C *"#* -SS* W B#5 (=% %, $8%'-.%), *"#* *"%,
(5T%"™*-=%,6%)$,-$,4('7$%B,<(+P$,4-)%C, 5% #7$% #$,4#+ #3$,*'%,(5T%"™*-=%,6%)$,P)(<$C,-*,-$,
'(66%*-)/,%6%*+(), <#=%S$,*"#*,'(769, "#=%,$*#+*%9%3( %, $8%'-.%h)

"0, +%6HS(), A(+, 4 TS-) H5(=%,*"%,$8%-.%),-$, " #*, ()%, /%*$, $*+()/ %o+, () *+HS* #* 6(<, $8H#*-#6,
AH%NTY%)-%$: ;" Yo+%, "%, 8" HEYb, () +HS$*,-$,)Yo/#*-=%C, *"%, $#.%, 8(64#+-*3,#$,*"%, R#.86-+79%,
FHESHS H H+-$%$,4+E%,6($$, (4,%6%*+()$, S H Y0+ %69, #) 16U 4., 9%) $%, 8#+*$, (4,



*10/h, $8%'-.96) G* #ES(,<(+P$,<%666,<-*" "%, %o>*+#,%44%"*$, (4,$8"Yo+-'#6  #5%o++#*-(), (4,"%,
(5T%"*-=%, 6%E<%W66,9%S$+-5% ;56 (*+#$*,. %" #)-$.8,<(+P, *(1%*" %+ #)9,<%,/%*,
%10/ $*+()/%$*, - #%:

(43,5 H#2(-9, )47$-(),5,<-66"%) Vo4+*" 7$%e #$, " %A%A(7$j, (+,R7)9%+4('T$S,=#67%C,
<)+ #663, [-=06) #$ -/+02068 5%+, Ri)9%+4('7$S,.%#)$,*7+)-)/ /83 *"%,
THH0)* <), <" Vott]) Y-, (5TY*-=%%, 6Y6S #P-)/,-* <YoHPYo+ #)9, " YoHIHAL(T$-)/ #5(=%,*"%,
$8%"-.9%):,,

Y %,%),%>86-"-*63,-)'679%,-), "%, () *+#$* *+#)$4%+,47)*-(),2V; 2@, "%, #.86-*79%, ()*+#$*C 53,
[-=),* ) #)I6%, o K -$,*38HEE3+(7)9, :JA+HI-H)$, 4(+,5-(6(/-#6,$8%'-.%)$:

, 2-)#663C #H-%-(),*(,¥"%,V;2,'(.%$,4+(.,$8 "Yo+-H#6 #5Yo++H*-])*" %, (5T%'*-=%,

6%)$:,, 1#)%*-',6%)$%S$,#+%, *o++-56%C, #)9,()%, (4,*"%-+,5#9,8+(8%+*-06$,-$, *"#*,<"%), 5%6#.$, #++-=%,
H#* ¥'% 8%+-8"%+3,(4,'%,696)$,*"%63, #+%,5%)*,.(+%6,$*+()/63,*"H),'%3, (7/'G* -SHS,-4,"%,
A('#6,6%)/*(4,"%,6%)$,0906HS%S, 4 (+, #HIS/" #)/6%$,#)9,* Yo+ %4 (+%6,#+-$-),4+(.,"-I",
$BH*-#6,4+%77%)'3,'(.8()%)*$, (4,*"%, (5T%B4,<%,4(' 7$,#5(=%,*"%,$8%'-.9%6)C, *"%, %644%"*,(4,"%,
#5%0++#*-(),-$,*(C,-), %44%*C 9%+ %ot $%, " W DUBUBS+()$, 1++-=-)/ #* $*%%8 #)16%5%,
6-P%,*"%,8+(56%.,(4,/64$5$,6%6)$%$, " #* "H=0,$8"Vo+-'#6, +H#*" Yo+, *"H) BH+#5(6-', T+=H*T+%K, *'%3,
596)9,6-/"%, +#3$ #++-=-)/ #* *"%,8%+-8"%+3,.(+%,$*+()/63,*"#),*"%3,$ A FOP4*-',6%)$%S$,
"H=00,)(*"-),R$8"Vo+-H6S #5(7*, "% BT * "%, %44%"* -$ #88+(>- #:949%, $#.%6,<#353,

<"H* -$, 166969, 98! Vo+-'H#6, #5%0++#*-(), (Y%A 4-- D63, <"-" "#$,7)-*$,(4,6%)/*":, G %, *<(,

+3( &1$,-),(7+,4#-6-F, -$#5(75Q..., Y-*"5"%,  Og*Vort.,*"U5()*+#$*, *+#)$4%+,47)"*-(),

" H-$ A+

CTF = sin(-7Adf* +£C A f - )., , , 2@

<"%+0b, "%, $.#66 NTH)*-18,9%$' +-5%S$, "%, 0%/+%%, (4,#.86-*79%, () +HSC *"#* -$, () +H#E* *"#*,
'$,8+%$%)*,<_~kl"g%+(,9%4(I;7%, 9$,*%+, ’()63’ 5%'('%$1-'8(+*#)*1#*,"'/",$8#*-#6,
4+%"T%)'-B$:%: #+(7)9,M,K, +%$(67*-()
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I"H$%8 @G 78N'=$-12"3-' -4'27&' 13-2%,/2'2%,-I=8%'=$-12"3- 2'(; KL’ ,-4'4&=31$/'3=",83$2"}) (A65'
?2"273%2' -4 27 +78&%"1,.,88&%%,2"3-'C:sM(66 )"X"27'27"/'173"1&'3='48&=31%$/'93$'1,-/&&'27,2'278&'
13-2%,/22%,-1=8%'=$-12"3-'%&6,"-/'%3$#7.9'13-/2,-2'3C&Y%', Ytt&'3="/+,2",.'=%& Y $&-1"&/'$+'23",’
%&/3.$2"3-'3=",83$2'I<NI)I-6 D OB&1,$/&'27&'Cs' 28%6'3++3/8/'27&'4&=31$/'28%6)"G7"/'173"1&'3="
48=31%/"1'1,..&427&'Z[178&%\8&%'48=31$/Z)

Q) #6*%+)#*-=%,<#3,*'%,V;2,-$,9%$'+-5%9,-),*"%,6-*%+#*7+%,-$

, CTF =sin(y — ),

G),*"-8,)(“45-().* " RH=Yo #5%++#5-(), AT)*-G ¥ -$I-=%6) #3

x=-TASfP+EZC A f,

0, A-+$* ¥Vt -$,4"%,%644%" (4,#,8%+4%"*,6%)$B, U5 SBHEHAY%' (4,$8" Yo +-HBH5()

"0+ 00, H+00, 4T+ Yo+ *%o+.$ ¥ H#* 3(7,'(769,-)'679%C, 5YPA B, "-/"VEH 9%+ HBs+1*-()$,
),*"%,6%)$,

*gpk 5O6'(.%,$-/)-4-'#)*,()63,#*, +%$(67%-($,5%3()9,1,K:,,"%, *(8,(4,27+%, /" (<$ #,1+#8",

(4, y #$H#,47)*(),(4,$8H*-#6,4+%"7%)'3:

])'V-C&.3+&'=$-12"3-"

Q,"-I" 9%A('T$,=H67%,-.8+(=%$,*"%,=-$-5-6-*3,(4,3(7+,8+(*%-)C,5%#7$%, -* /-=%$,3(7,.(+%,
$-N)#6,-), <" %, 6(<GI+I"NT%)'3,+#)I%, <"+, $"(<$,*"%, (7*6-)%, (4,*"%, 8#+*-'6%:, HT* %o+ %,-$ #,'($*,
1), 5%, +%$(67*-(), (4,%"%, - #1%$:,G*,'#),5%,9-44-'76* *(TBH*-(#  66366,*"%,+#8-9,
($-66#*-()$,-),"%,V;2C 4(+,()%, *"-)/:, HFEB"3S-#6,6-.-#*-(), -$,"7-*%,$%+-(7$:,,Q,9%4('7$,(4,
L1.,.9%#)$,*"#* 3(7 #+%,4( 7$%9,#,=%+3,6()/,9-$*#)'%C, 2$(.%,dIICIII, <#=%6%)/*"$Sh@ #<#3,
4+(., "%, $8%'-.%):,,M(<,$788($%,*"#* *"%, %A 4%'*-=%,%6%"*+(), $(7+%,$-0%,-$,$7" *"#* $(.%, (4,
%10/, -)'-9%6)*,%66%"*+()$, 4(66(<, #,$6-/"*68%-+4D0)*, 8H" *"H#), (*'%+$:,,Q,*38-H#6,$-*T#*-(),-) #,



(S (8%, <-*" #,¥T)I$*%),4-64.%)*, $(7+%,<(769,5%,*"#* "%, -)'-9%)*,%66%"*+()$,4(66(<,
BH*"$, ¥ H#* 9-44%+ -) #)/6%, 5INIHO-1)$: ,;"%$%, 9-44%+06)* BH"$S 'H#) 567+, (7* "%, - #I%, (4,
"I & %B(67*-(), AYott* THBH+I%0, 9-54H) VB, 4+ (., "%, $8%'- U)%, =H+-#*-() ), %66%"*+(),
8H#*" -3, #66%9,20"#03;/*8.8&3;&,
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Figure 6. CTFs at 0.5 and 1.5um defocus for 300 keV electrons, with decay at high resolution
(51‘3=20, 40) typical of a FEG microscope. Values are plotted up to 0.33 d-', that is to a resolution of 3

2(+,%>#.86%C, $788($%, "%, $8%'-.%),"#$ #,8%+-(9a; 1B, Q*, (7+,9%4('7$,(4,1,1.,<%,
#+%,6((P-)/,4(+,9-44%+%)'%S$,-),-)*%)$-*3,<-*" *"-$ $#.96,8%+-(9--*3:,,H7*,*"%,8%+-(9-',8#**U+),
- #1%9,53,%6%"*+()§++-=-)/ #* #) #)/6%, (] "™M+#9-#)$,<-66,5%,$"-4*%9,581]Il.,a,,1).,
'(.BH+%69,*(,*"%, 81 Vo +) - #1%9,<-*" gY%+)/6%%66%*+()$;"7$,-4, "%, 8H#*"S, (4,4"%, ) -9%)*,
%6%"*+()$,"#=0%,+#)9(., #)/6%S$,-),*"-$, +#)/%C,*'%1,).,8#**+),<-66 BOY*9663, <#$"%69,
(7*h,,;"-$,-$,<"3,*"%, 4-%88.-$$-(),%66%"*+(),/7)$, 20FSBA(7)9, (), 046%WEH -($ #)9,p+-($,

S H($'(BY%S@ H+%,$(,- 8(+#)*K, *"%63, #6629, %44%*- =%, %6%"*+(), $(7+%, $-9%, *(,5%,$(,$.4#66,
w4k #)[76#+,$8+%0HI$, (ATkY(+,1 1O +HO-#)$ #+% HIHE6%C, <"-" <), *T+) #66(<,"-/",

+06$(67*-() 4*,"-I", 9%A( TS, =HE TUHB6,*"%+%,-$,#,9%'H3 #*,"-" +%$(67*-(),<-*" #),20fC, (4,*"%,
HB8+(>- 4%, #1)-*79%, -66 7$*+#*%9,-),2-/;,D:

;"%+%,-$,#)(*"%+,8+('%3$S$, F#*,-)' +%0HP% P, #)/76#+,$58+%#9,#)9,*"%+%4 (+%, BH #86#35%$, S
'("%+%)'%C,'#66%9,R"#+/-)/S:,,Y"%),#),-)'-9%)*,%6%*+(),-$,-) Y6 #F$*- #66 3,$'#**%+%9C,-*,
*+#)$4%+$,3(.%, (4,-*$,%)%+/3,*(,#),%6%"*+(),(4,(0)%,(4,*"%,#*(.$,-),*"%,$8%'-.%)C,*38-'#663,
"#7$-),-*,*(,5%,%T%"*%9,4+(.,*"%,$8%'-.%):,,;"%,+%$76*,-$,*" #6" REBH*#+*$,*(,*#P %, (),
#,8($-*-=%,"#+/%:,,;"-$,"#+/%C,-4,-*,-$,-)"(.(/%)%(7$,(+,-4,*"%,$#.86%,-$,*-6*%9C, #7$%$,#,
9%46%'*-(),(4,(*"%+,-)'-9%)*,%6%"*+()$:,,;"-$,9%46%"*- (), "#$,*"'%,$#.%,%44%"™* #3$ #,6#+/%,$(7+'%,
$-g%K,-*,"#7$%S$ #,=#+-#*-(),-),*"%,% 6B+ ()/6%C, #)9,<#$"%$,(7*,4-)%,9%*#-6$,-),*"%,

- #1%: ,

06$9%6, %" H)-$.5,5(*","H=06,"%,%A44%'* (4,56 T++-) *"%, - #%:,,:"%3 #+%,*38-#663,.(9%6%9,#$,
H#,FHTSS-#),0%H#3,(4,%'%,V;2, #* "-I" $SSH*-#6,4+% T%)'-%S:,,Y"%),<%,-)'679%, *"-G, €6,
1(%$,53,*"%, }#.96836&:/-8&#7<3;2003'%,V;2,6((P$,6:P%

, , A # CWKV K@ LIme 211@
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#)9,=,"#$,7)-*$,(4,). O+ KOH#)9,-$, #66%9, " %K (+S, (+,R%)=%6(8%, 4#({S:,.+3( &1,
- H1%S$,"#=Y%= =H6T%$,M0&1J, KOGT* %=%),*"%$%, =#67%S$,#+%IUeBHQ"#,1JJ,K O,
$BH*-#6,4+%0"T%) -YoS KHAYo, 1) TH Y60 * @I, *"Yo-+, (+-/-)#6 #.86-*79%C #)9,"-/"%+,
SBH*-H#6,4+%"T%)'-%$, #+ %, #06) TH%9,%=%),.(+%:

2-17+%,D,$" (<), %>#.86%,(4,*'%,'(.86%*%,V;2,#*,*<(,9%4('7$, <67, ,;"%,g Y&+ %6"7%) '3,

=H6T%, M6-/"*63,)%/4*-<BOT7 %, *(,#.86-*T9%, ()*+#$*:,,;"%, #/)-*79%, (4,*' %, V(B-664#*%$

57+ #6SQ%'#3$,<-*", 4+%"7%)'3C,#)9,*'%,9%'#3,-$,4#$* %0+ #* "-I"%o+,9%4('7$,97%,*(,*"%,%44%"$, (4,
$8#*-#6,-)'("Yo+%) %:

S&=8%&-18/
Q6.($*,%=%+3,5((P,(),"-/"&%$(67*-(),01,*#6P$,5+-96463 #5(7* *'%,V;2C,57* 4%< 9% +-=#*-()$,
#+96,7)9%+$*#) I#FH0) %, GW=%,/-=%),.3,(<),"Y@Y(=%6+=-%<,(AHBT5T%"* -$,/-=%),-)k,
Y#9%C,q:,X:,,1]]0:,,Q,5+-%64,6((P,#* - #-)/,#)9, (+#$* *+#)$4%:2,/10 ;./+;/-? ,dDk,IdA.

IAD:,

Q,9%%+-8%-(),(4,%'%,V;2,#)9, - 8(+*#)*,8+#*-#6,-$$7%S,-),01,- #/%,4(+ #*-(), #),5%,4(7)9,
),"#8*%+$,11,#)9,10,(4,#,5((P,53,0#6%W$,(<),1%*%+,H:, 1((@0€5":0"03A#2*&#B360+05:&
U>4(+9,0J1085#-6#56%, ()6-)%#*,

" BKNNS-*96:965-+#:MBB-5N 3#69%NO(‘[%6*#-6:4#*-()r9('G[alJADIJOD

m(*4(+,*"%,4#-)*,(4," %5 7* ,*"%,9%4-)-*-=%,5((P,(),;01,8"3%-'$,- $k
q%-.%+C,s79<-/QJJIL:,C.'3+10++0/3#D:&;2./13#EOQ;./+;/-2BH#D! :,, 8+-)/%+,E%+6#/:



