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Frobtrem 1
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The figure_ above represents the photons in a beam of iight with some fixed
wavelength and intensþ. If size represents photon ener.gy in the picture,
which of the pictures below best representes a beam or ùgnt øtti'trar *re
wavelength but double the intensity?

A)

B)

c)

D)
Ø--

@@---'

Problenn 2

A pþsicist sets up â series of porarizers and finds that photons which are
initially palanzed in the vertícal direction pass through all the polarizer-s
with a net probability of exactty one quartér. If we send in a béam of
vertically polarized light with an intensity 1600 wim2 through this serics of
polarizers, the intensity of the transmitted beam wì1l be

A) 100 Wm'z
B) 400 Wim2
C) 800 W/m'?

D) 1600 Wm2
E) 6400W|m'z



Proble¡n tr
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The figure above represents the photons in a beam of light with some lixed
wavelength and intensity. ifsize represents photon energy in the picture,
which of the picÍures below best lepresentes a beam of liglrt with half the
wavelength but double the intensity? 
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A) 100 V//m2

@+oo witt.t'
C) 800 \MÁn'
D) i600 Wm2
E) 64t()Wlm2
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Froblern 2

A physicist sets up a selies of polarizers and iinds that photons which are
initialiy polarized in the vertical direction pass through all the polarizers
with a net probability of exactly one quarter. If we send in a beam of
verlically polarized lìght with an intensity 1600 Wm2 through this series of
polarizers, the intensíty of the transmitted beam will be
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Froblem 7

The graph shows a piot of intensity versus position on the screen for an
jnt-er{e1e1ce pattem produced in a double slit experiment with light. If we send four
individual photons through the same apparatus, which of the foll-owing statements
is correct?

A) Two of the photons will hit the screen at x(0 and two of the photons will hit the
screen at x>0.
B) Each photon will hit the screen direcrly behind one of the slits.
c) The number ofphotons hitting the scràen at x>0 could be anl4hing between 0
and 4, but is most Iikely 2.
D) Since the photons are identical, each photon distributes its energy onto the
screen in the same way, with the energy distribution matching the ãíassical
intensity pattem.

Froblem I

An electron is ìn a state 3/5Jx1) - 4r5lx2) .If we do a measurement ofposition, we
are most likeiy to find the electron at

A) x'
B) "tC) 3/5 x1- 4/5 xz
D) 9/25 x1+ 16/25 x2
E) All positions between x1 and x2 are equally likely.

Froble¡r¡ 9

If we perform the measurement of problem g a large number of times on
electrons with the same initial state, the averâge vilue of the position
measurements will be

A) x'
B) x,
C) 315 x1- 415 xz
D) 9/25 x1 + 16/25 x2
E) 1/2 (xt + x")



]he qraú shows a plot of intensity versus position on the screen for an
int_erference pattern produced in a double sîit experiment with light. If we send four
individual photons through the same apparatu., *hi.h of the foliowi¡g.d;;;;;
is correct? ,, irùeu,rç!e!.' lacL:. pL-oJ". hos p""V. + ,1 l^.,t1:5 r-e¡toa ¡)p
A) Two of the photons wilt hit the screen at x<0 a¡d rwo of the photons wilt hit the
screen at x>0.

,!\E1n photon will hir the screen directìy behind one of rhe slits. i

L?rl", tYTb.r of¡fo1o1s hitting the screen ar x>0 could be any,rhing between 0
and 4, but is most likely 2.
D) since the photons are identicar, each photon distributes its energy onto the
screen in the same way' with the energy distribution matching the ãiassical
intensity pattem.

Problern E

Froblem 7

A¡r electron is in a stare 3/Slx) - 4/5la)
are most tikeþ to find the electron at

A) *'
B) x,
C) 3/5 x1 - 4/5 x2
D) 9/25 xt + 16/25 xz

. If we do a measurement ofposition, we

?*,b^b',ììly
f 4\L
[;/

4 s1.rctÅ @{çde^l
r /¡ \z2 \t/ ;,Yr*rI

I ¡\.d,,
t"E) All positions between x1 and.4 are equally likely.

Frohle¡r¡ 9

If we perform the measurement of problem g a large number of times on
electrons with the same initial state, the averagevàiue of the posìtion
measurements will be

A) *t
B) xz
C) 3/5 xr - 4/5 xt

@þtzs xt + 16/ã5 xz
El1l2 (xt + x2)
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Problcm 4
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'l'irc Iìgure abovo rcprescnts tlìc photons in ¿ beam oI liglrt wilh somc ûxod
wavclcvrgth aud intcnsity. lf size replesonls photon energy in the piclurc.
rvhich ol thc pictulcs below besi; represents ¿r bearn of light rvith thc sane
lvavclcngth 1¡ut cloublc the jtrtcnsit¡?
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'I'he s,avcfunction for a traveling electron is ricscribcd by a lvaveplcl<ct vrhosc
rcal palt is slrcru'n abovc. Which oI thc lbilowllg coultl bc thc.: r.eal part of
the rv¿veluncl,ion Ib¡ a.n clcctron traveling wii;h doublc thc r.cJocit¡'?

A)
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*ra\\f,,Ar.*
ll)



Problcm 4

6 @ ---J

'l'he figure abolc r-cpr.eseuts thc photons in a bcam oí .lighi with soìne lìxcd
rvtwcìength and intcnsity. If sizc r.cpr:escnLs phoiol ener.gy in ìc pictur.e.
rvhich of thc pictures below best represcnts a beàm of tigút with [l].e sal[e ^rvavclcngtlr hut dorrblc rc ini,ensiiy? S-; I? S*<- Ç + ç^._-

Â) @ @ @ @p @u @--+ "^'9(/þ+^
@ @ @ & 6l 6l 61 6Þ @ @ @ &.,....-tuinÈe¡-çììyc) @ @ & ---, "Wr;
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D-^Lr^* - 4 2x gl'øb^l'

'I'he rvavefunctiol for a travcling elcctron is dsscl.ibccl by a rvavcpackct vhos<:
rcal put is s.hom ¿rbovc. 'Which of thc lolowing mulcl bc i.hc real part ot
thc w¿rv¡lunction lbr. ¿n elcctr.on trirveling rl,it| clouì:lo the v:locit¡,.l

vLl ocìì r
?-x gn",-.e,$la "-.

A)



Problem B

'Sr¡'l'1./\t /i 
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ïbt an electrou in a state rcprcsr.nk cì b1'lhc rvavrfur, Lilliil,u,"r,. ,, r,u*,.-
surr:rlc:rt of 1:osiùìon is performed. trVhich of tLc followiug bcst rcprcscnts a
possiblc wavclunction irnlnediafelr. after llic me¿rsurcrncnl,?

,Ì".¡
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c)

D)
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l-- )-t*-,,.
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Problern 9

lu ¿¡ double slit cxperimeni wifh elcctlons, what happens to the i¡rtcrfcrcncc
pàttcrn if rvc cloubÌc tho veiocity ol thc elcctlolis?

À) lt stays lhc salne.
13) 'I'he fringcs get furthu apart.
C) The fLingcs gcl, closer togcthcr'.

B)

Attu,'",e.
.,n611 

_

t c, vd,,,.r¡ L { í un \
¿\.v',e r,o f tw\.À\íZr'Å



Problem I

!-or an electrou iu a slatc r.cprcsontcrì by thc rvar,efunctiiiliiìlu.,r. ,, ,rr,,rr.-
riLrrolncnt of posiiìion i¡- pcrformerl. WhirÀ of [he follo.rvûig besl rcprcserri,s a
po!ìsi blc wâvçfuuction immcdizr.f etiy a.fter thc ¡rc¿rsrircncnl'?

r)i
Qi't

Problem g

In a. tloublc slìt expcriment rvith elcctrorrs, rvhal, hapl;ens to lhc interllcr.cncr:
p¿ittcrn if we ciouble tlLc vclocity ol the eloct¡ons?

AtSu.r.^e
., tl*tl 

/ l
t^¡.t V<1.v,'"'rc li¡,n !
á{.¿ t ,ov-:t â\ítcJ\

v\e45e{a-
=Ð J-|",{e ¿l"alge¡ 1"

o"r4. ç¿ì&t ¿dtl"iø
n ?-riJr-on,

c^d+ þ $ suc.<-

l+l'= o 1,.".e.

/7ì\\.:l

L, veloà*y 4 )x pr¡ ¡-¿nlr^-,
'422 r w^,/€lø s+r^.

A) lt stays thc sanrc
B) 'J lrr, ñirrg,'s gor fullì¡cr;rrrlt.

@t,'. Lirrs's lc[ r-lusc' r,rÁr, L, r' 
IL-lll 'M ,o+, J ç;Ð - å^

søraller ), + >røil.r arþley
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ProbÌem I 4

)cv

!qV'

T'he potc.rtial ene'gy a-s u r,r."tìuf,li z is shown tJ.=ilîi",r,.o" in a $horI
l'i'-e, whe¡e ¿ : 0 ancl ø : 5n?r¿ repr.escnl the ends of iÀc rvirc. lft,ire eiectrou
is in a bourxì state with cucrgy lcV (corrcsponciing to the doLt,rxl Ìilc shown),
for wìlich pboton u,avclengths wonld a photon bc capable of liberating thc
elccùron fron the r.vírc'/

À) À < hcl(lcV)
1l) À < /icl(2eV)
C) ) < ircl(3ev)
D) ,,\ plroioir of any wavelelgth ha.s some probability of libcrating {,hc

eleclron.

Problem l-5

Arr clectron in a hydrogeu alom is jlr a $l¿rLc ¿i\'(.ri ìr,r e srq 
'r.r.Dç5iNi61 

qf lþ¿
twÒ lo1\'est cnclgy cigcmtntcs

t ./õ
il,(;) :;Ç,r(a,) t +ar7)

where ry'1 and lr)2 a.le lltc wavef¡nctions fcir thc st¿.tcs r¡,,ith cncr¡;ics E¡ :
-).3.6eV and ð, : -3.¿1eV rcspec[ivcly. il a ncàsuretrc¡t of c:rerg¡, is
made, the nost lihcly lesult :is

A) -13.6cV
ll) -3.4eV
o) 

å 
(-13.6e v) -F 1(-3.4ev)

D) cil.her -13.(!cV and -3.4eV ¿re equally iilicly

rÍo



Problem 14

3eV

4-aV

T'he potential encrgy ¡rs o iun"tìui=ut ¡ iù^ slrowrr ir ,i"î1".," 
"" in a slìort

u.i.e, u'lrerc ø : 0 a'd z : Snrn reprcsenl thc encls of the 1i,i:.e. lf t,hc clectron
is in a bound st¿ite with oncrgy 1cV (conesponciiltg to thc cìot.1,cd Ìinc shnu,lr),
for which ¡rhoton t'avclcngths would â photon bc capable of libcraLiug tlic
clcctron f¡oln ihe ¡.virc'?

,4)^<r./rlcv.) nee{ E2le'v
ö; . ;;, ii;:vj + k+ > zQ v 

!r cõ r.i,"¡p,'v¡ ,3 * )2ø,V. 7 .^ <;1.
D) r\ l¡hur"rr uf arr¡ w¡r'clcrrÃih h*.5ofi1¿ protrrlrility ,,f lìLcrurllA rtrc

clectron.

Problem 15

An electro¡r in a hyclrogen ai,orn is in a st¿rrc ßir,,,¡r ].r.r, .r s n ll¡rl¡L ¡sitic¡r of the
two lowest encrgJ' cjgcnstatcs

Vta

,þ@):I,t\(ã) +fv"r.rl
t'ltere f1 :nrd 1i.,2 ale i;he w¿wcfrnctions l¡..r1

-1il.6eV an<l E, -: -3.4ell r.espcctivclv
rnade, the most likely result is

A) -13.6¡V
ñlll-B.l,,v

Cl) j(-i3.6cv) r ï C3.4cv)
D) cithcr,13.6cV ancl -3.,1eV are equalÌy lilieÌy

thc st¿r[cs r.vith trtor.gies ll1 :
¿ mca.suremcr¡l of r:nelgy is

fst,Þle {e5"ll5'.

Gf=à
(f )'= ä

Er 1-t-
ø, L P,-"1

lu t,r^y



Protrlem 18

r l;it l

Thc grapli a¡ovc slÌo$'s i;hc r.cal palt ol ¿ <lrc-clinlorrsionrr.ì u,avcpacJret I'ol arr
electlon lravclin¿ç iu a thin ¡,r'ir.e. Llol this clcctron, thc rrnccr*l,aintv iu positiol
is r:losest to

À) 0.5nm
lJ) Snnr

c) 0

D) h.

Plobletr 1 9

l,br the clcci,rol ìrr lhe previous pl.oblcrrr, thc rror¡Lentr¡m is approxìlnately

A) 6.6 x 10-25 hg n/s
B) 6.6 x 10-26 lig m/s
C) i.3 x 10-':5 kg m/s
Ð) 1.3 x 10-20 k¡1 rn/s

A) t¡1-:'t
R) ro-, s

c)1 m/s
D)



P¡oblem 18

r I¡t" \'1 /t

Thc graph aL¡ovc sho$,s thc lctrJ part of a r.rlre-clirncusional r.vavcpackct ibr an
eìectlon trà\(ting i¡r athin wilc. For ihis clcctlon, l,hc uncoltaint"t, iu position
is closest [o

v^onnkly I ^ c"r4a;t¡| *ç^En itø'vl"cla ' 1'-i;ð;ùvt- S"l "fn 
J*^.

Problem 19

I,bl the elech on iu i,irc prr:vioris problem, tlÌe moûiontuûì is :r¡4tr-oxìnatolv

(Ðo.o r 1o-25 t<g rnls
B) 6.0 x ttt-26 kg m/s
C) 1,3 x 10-25 kg rn/s
D) 1.3 x 10-20 ks lr/s

-',.c1
6.é r(" '' Ss

lno
h

?-- 
^

kg ur

"Lg
10--26

D) hl2
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Problem 15

The wavefunction for a traveling elect¡on is described by a wavepacket lvhose
real part iÀ shown above. Whiih of the following .o.,id b" the r.eal part of
the wavefünction for an electron traveling with half the momentum?

Problern 16

'Wavepackets for traveling particles tend to spread out with time, a phe_
Domenon klown as dispersion. Which of the wavepackets below (real part
shown) will splead out the fastest?

@

@

o
,o)



Problem 15

The wavefunction for a traveling electron is described by a rvavepacket whose
real part is shown above. \Ã/hich of the following 

"o.,id 
bo the r.eal par.t of

the wavefulction for an electrot traveling with h;lf the momentum? \ß
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Problem 16

Wavepackets for traveling particles tcnd to spread out with time, a phe_

_._:iyq1"" .lnown 
as dispersion. Which of the wavepackets beìow (real part

,/' show:\wlll spr.ead out the fastest?

( @ ) A ù'4"slwa'vegac¡el

\4"" - V- d hr5.5l, r^,3e "l
@ wwvut< f wa"elo,gll")- 

æ 
^¡^ sn(er çr:ì|ion

+ f"*"+ 5[eÃÅþ.
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Problem 17

The diagrarn above shows the allowed energy levels for an electron in some
molecule, relative to the energ¡' E :\e.V it wouid take for the electron to
escape. If the electron is in its ground state, and absorbs a photon with
energy 14ell, the fi¡al kìnetic energy of the electron will be

Problem 18

For a gas of the moÌecules in the previous question, how many spectral lines
will be present in the emìssion spectlum?

A)3

B)4

c)5
D)6

tr) 10

Jlt^þrc It'l 
uH' The electron cannot absorb a pìroton with energy 14eV
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Problem 17

The diagram above shows the a.llowed energy levels for an electron in some
molecuie, relative to the energy E :\eV it would take for the electron to
escape. If the electron is il its gr.ound state, and absorbs a photon with
erergy 14eV , the firral kinetic energy of the electron q/ill be

A) 14eV

B) 12eV

D) 25ev * l*y ^*3y E,) o

E) The electron canlot absorb a photon with energy 14eZ

Problem 18

For a gas of the moiecules in the previous question, how many spectral lines
will be present in the emission spectrum?

Snz fri*f e ' ¿nl"u e

,¡.rsìble 5lnce 4,,2æ
' cêrrc t ?r-* l" ele+r t

atÅç¡)-e ; "J-.^,

A)3

B)4

c)5

@
E) 10

D) 25eV
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Problem 19

Suppose we have a sho¡t air gap between two wires- If we send an electron
towards the air gap with ân elìergy iess than the vork function of the meta,l,
which of the following could be a w-arefunction thiGilËl---F 

-.,_ o'A/'tr^^t ,I
(Ð ^ 'tt'l ;tr _ | _^AJ_ 

5"+ +r"

"r+ "+

ênør3|

I"øes )o
eJeàw-

¿¡|¿- ^ÀqL.@

-¡ --"\.f\_,_

@ftlo*e oÍ |Le aVovQ-

Problem 2O

\4¡hich of the following is the most likely wavefunction (real pai-t) for a.n
electron in an infirlite wire iinrnediately after a measurement of mornentum?@,r\ _1 \-

@
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--Problem 19

suppose we h¿l'e a siro¡t air gap between two wires. If we send an electro'
tor'valds the air gap with an energy less than the .work function of the nietaì
whicÌr of the foltowing could be a warefunction that results?

-^/\/..-'

@

@) ^ ú,"":,{;;f1ì/,r"_,J
Y-t -rA/-

@ A^y "{ l1^¿ obuve @\lo^e of

Problem 20

Wiich of the following is the most likely wavefunction (real par.t) for an
electron in an infinite wire imrnedia.teiy after a rneasurement of momentum?@,r\ _J \_-

*m"'Ë"t*-^
^"-" -li, {^r'^¿l iJo

Nu "+r'- a¡\r€ "

!l,e aEovZ

@
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The five functions shown above represent the real partof the wavefunctions for
traveling electrons.

Quesúiom nr rvhich wavefunction describes the particle with the largest momentum?

A)A B)B C)C D)D E)E

Questiom 2; which wavefunction describes the particle with the largest unceftainty in
momentum?

A)A B)B C)C D)D E)E

Qurestion 3: Which wavefunction describes the particle with the largest uncertainty in
position?

A)A B)B C)C D)D E)E

Questiom .fl: A double siit experiment is performed with elecirons and an interference
pattem is observed. A beam of neutrons (larger mass particles) with the same
momentum as the electrons is now sent through the same slits. compared to the pattem
observed for electrons, the neutron interference pattem has'brighd'spots which are

A) closer together
B) further apart
C) atthe same locations
D) in a completely different pattem.
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The five functions shown above represent the real part of the wavefunctions flor
traveling electrons.

Quesfiom 1¡ which wavefunction describes the paiticle with the largest momentum?

"Õ l"rpsl 
çD) D ey + jn*rl¿sÌ 

À
A)A B)B C)C

QuesÉion 2: Which wavefunction describes the particle with the largest uncertainty inmomentum? 
c\",4eSl ,^^*a.rká

A)A B)B C)C 6ò F.lF a l^'ærl r).q" + ,,\Y:2 Ll t'' ¿iecå¿l' *" ^ ^Þe uatx

Quesrion 3: which wavetunction describes rhe parricle .,'th thî l"|.ffi *."nç:lrf;'sr t^ p

position? ' 
^,r*Iu:,^fu ;n p.,5ìtrb^

A) A B) B c) c D) D 4,BD : ['-. ,- tp.="& **' ìs -^refi,^"fù-.,
Questiom 4: A double slit experiment is performed with electrons and an interference
pattem is observed. A beam on neutrons (larger mass par-ticles) with the same
momentum as the electrons is now sent through the same slits. compared to the pattern
observed for electrons, the neutron interference pattem has'brighd'spots which are

A) closer together
B) further apart

@t the same locations
-D) in a completely different pattem.

€â"."@ y^r^-ulo^
4 s*t^e "-*rxleyfrL,

4 lu,^.e. ¡^*leryt.



Quesfiorn 5: The f,rrst picture below represents the photons in a beam of light with
some wavelength and intensity. If size represents photon energy ín the picture,
which of the remaining pictures best represents a beam of light with half the
frequency and half the intensity?
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QuesÉíora 6: A new kind of ís produced in a particle acce
new ways at

distance
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Questiom 7: In a photoelectric effect experiment, no photons are observed when a
beam of light illuminates the metal. which ofthe fonowing changes will likely
result in photoelectrons beíng ej ected?

A) Doubling the intensity
B) Doubling the wavelength
C) Focusing the beam down to a smaller area
D) Ali of the above
E) None of the above



QuesÉiom 5: The first picture below represents the photons in a beam of light with
some wavelength and intensity. Ifsize represents photon energy in the piciure,
which of the remaining pictures best representr u b"um of lighì with trairthe
lrequency and halfthe intensity?
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Questiom 7: In a photoeiectric effect experirnenl no photons are observed when a
beam of light illumínates rhe metal. which of the following changes will likely
result in photoelectrons being ejected?

A) Doubling the intensity
B) Doubling the waveiength
C) Focusing the beam down to a smaller area

and

D)
E),

D) A-ll of the above

@No". of the above
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Question 2l: An electron with energy lev is initially in a state described by a
wavepacket traveling in from the left in a region for which the electron,s poiential
energy is shown above. After some time, the position of the electron is måasured.
which of the picturcs bclow could be.a possible wavefünction for the electroir just
after this measurement? (ch"ose llne besl o^t-.n\
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Questiom 22: The first picture below represents the probabiiify density for an electron
in an energy eigenstate. which of the options below best represents tire probability
density at sorne later time?
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Questiom 21: An electron with energy lev is initially in a state described by a
wavepacket traveling in from the left in a region for which the eiectron,s poiential
energy is shown above. After some time, the position of the electron is mèasured.
which of the pictures bclow could be.a possible wavefunction for the electron just
after this measurement? (ch"o5e *he besl 
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Question 22: The first picture beiow represents the probabilify density for an electron
in an energy eigenstate. which of the options below best represents the probabiiity
density at some later time? 
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