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ABSTRACT

A joint taei Unbpyewst &éryl oo and the Advanced L
constructedexphooedehetbehaduouhgifnadilaesctsu |l aarrd
dynanlihcessophi sticated apparatus known as the
Spectroscopy (COLTRI MS) ha®@A CDODeERI dr® nrsd a autcit er
mi cr o sccoonpper,i ses seven essenti al component s:
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dynamires,reported.

To i nvest i giad ter dahfteu agenvonheaterdiil &t el yi precatdi ag t
Coul emb | obsyi oanc,yf @dlmes er pplk senj zad Coul omb expl ¢
reconstructidmrv &l apexplrdainndesh ndal idedta@at husi n
simulation data and experimental dat a. The
opti mi zat,itomx pneertihnoednt al data resudgymmgetfrriam
mol ecNgd 23 @®@CDHy sub 7fs demspast pdtf emesqgqfrenhbes
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di stribution o.n..a..x.Yy..p.0.s.i.t..on..pl.oB81l
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CEl Coulomb Explosion Imaging

TOF Time of Flight

COLTRIMS COLd TargetRecoil lon MomentumSpectroscopy
ALLS Advanced laser light source laboratory
PIPICO PhotoionPhotoion Coincidence Map
KER Kinetic Energy Released

MCP Micro Channel Plate

ATI Above Threshold lonization

SFA Strong Filed Approximation

OBI Overthe-Barrier lonization

SPI Single Photon lonization

TI Tunneling ionization

CPA Chirped Pulse Amplification



Chapterl I ntroducti on

1.1 Motivation

The evolution of at omi c and mol ecul ar p
devel opment opr opdadaevs nd®pti oso the faedmi c
facilt hextpilmog ati on of thRO0OmMmM8cr d8eomM®dewo Plhy <

recogbhheedcicgoiCthiiagpred pul se amphi tiechtoirgme (
gener atiimtgersi-sgthp y t ubpTédheiml 2 p 2aBedePsrhieze once ag
acknowl edgedoprtesxesgr cshpeci fically the experi
attosecondTHiig hittnhpaull aspsslai cseetimacrs i afa kb p t [hib]d e |

to describe the motion Adveheemewmd einmildiyghl ra
technol ogy have mnhatwgeaadl yt yi vpitlo sad dsfoa hiel 1 t at e d
n

teractions between | asers and atoms or mo |

The study of moltehceunltaerr adcytniaomiesdssivhabnbd ant eas
significant attenti on, | eading to the devel
techni geixeasmp | éns plamenlomd € sS[pEKE BT d-msdkpyged el ect
di ffrla@f BEoul omb expl osi p@l[0]Md @ihrdg ClOCHI )Tar g
Recoil l on Momentum Spéa@il[4loElciop ywdrCIOLTRE MS ¢ <
CEl and COETRIi MSol ves the explosive removal
originalstnmodctcwriearby measuring the momenta o
uses a combination of méastures Bahd &BmBgmement
both electrons and ions during an ionization
dynamnds eliont comr el ati ons

1.2 Organization

The purpose of this thesis is to explore
pul ses. The reseagahiizepdsnthieo mdwesit a @Rl T RINMS
and geometry reconstruction.

Chaptreerviag2wwosm i opnriozcagtsishens di ssotchastoongf | H
field.

Chapl3 triuelSOLTRI Mhi s i ncludes detailed desc
component s, di agnostics for signal prabl ems
calriati.on test

Chapitf @rc u sseismuolhahtei nGgoul omb expl o Pirmrc eisma @inm
exaemg wo geometry recacocsnsitgnuicat ec dnat dods



Ch apStsehrowlse appltihceatao potni mifzati on geometry
anadsyeal ex perir irdlgdn taanld madCt&a u |l e s .
Chaptdeiscusses future wor k.



Chapter2 Background

2.1 Atomic strong field ionization

Strong field ionization is a fundament al
intense | aser fields and atoms, especially w
than the i1 onization potentinalri of ftchariacit eir a [
| as@at ensi ty andelseicgtnriofmachannetgluye nleogw et he i oni z
if the | aser electriThibieledyi mer @al &omodtorcain
strong field a[plde]py,8 mahtdaroen i(tSFAAsumed t hat a
ionized, interacts primarily with the | aser

The KepladryasmpeltGelf s namedr the distinguished
Kel dybéd. Kel dysh paramet eirndiecatesitt daisn aomiunatai
mechani sms induced by unndteernsstea nlda lsteea rf ri eesl udl st
dynami cs.

00 & & QOO EXMO DI | 'QQIO0

0 GO0 BB N 7 o KT Q CY Equation 2.1
. 90 |
" 1ag ¢ Equation 2.2
Orepresents the ionization potential, whic

from the ground st¥treptr®stene si @oindatrioonot s tvaet
average kinetic ener gy oafndt hcea no sbcei IElqa taitud st eoc
22f or a monloashefolnf®teadccar e t he charge and the |
E is the electric fliied dt Ise rleansgarh forfe g uheen dya.s e

The poafenan adtom in a strong |l aser field i

andlaser fi.dlld>PloYensimdgl e photon ifp20klafti on
] <O 1onization types are indicated as folloc

| Ri gut,e (A) shows the atomiaca€etThbmphgobeaen
energy i s much smaller than the i onization p
bar rAisers.h ofning uiiné¢ Bgal, aser field is applied whil
compared to thean@oillomb MokteintphdttMPddcuonszat
when absor baenddi n 'Qf Rdthoontsh etr h &€ afsreee el ectron cé
phot omdDeh>(] t hebove threshol ac d[oth8 ]zAst isohno WnATi
Figui(eC)2,, as the | aser field strength increa

3



energy require®Wisogeteengnsemhéteroas the das
start TPlisd tiioont.he tunmhedYi N"@ U pA[lEZAR i ©mMowWwT1i)n
Figut(eD)2,. when the | aser field is stronger t
be removed without the need to overcome an
barrier i owi zlag ic&n ( OBl )

AR Ip L7 Field-free
AN e Coulomb
N\ I :
\ ’ potential
hw» ,
—~—
\ & .
V(r) \ 1 1 Combined
T \ ! potential
1 I
(A) Field-free (B) Multi photon ionization, above threshold ionization y >> 1
Field-free ~~ e - Field-free ™~ . e -
Coulomb % Coulomb ~ ¢
potential ,’ potential ,’
A
e— X e—
1 Combi.ned\ Combined
1 potential potential
1]
(C) Tunneling ionization, y <« 1 (D) Over the barrier ionization , vy < 1
Figute T2hhe atomic potentials induced by a | a

the Coul omb popglantormlioniBatMudnt iin red and &
purpl e. (C) Tunneling ionizationlined)r Oprees d
the filed free h@ouwlroammbg ep dtiennet iraelp,r esents t he
curves represent fThe ddmltikneddo upad tee nhteiaadle.d a
ionizati ®n plhe emed aarrow re@resents the phot

2.2 Molecular strong field dynamics

Hi s a fundament al model to study differen
fidind.gemerdadublte ionizat] B[A3,5]whd eshsYnetaa nse Hu e
YH*"+H Thenel ectr on 2mohleenc uilrer ali ated by an int

phot odiies edddiYatH *eH i oni ze via a +m@oNVumbl expl o
+e



Thdi ssoci ath eohna vpHoxaersfsbhe descri bed by bonc
t hreshol d vdibsrsaadioantailont,r appiTdhgee  d®ch dp dhitae mMteina
curf@BEECgn be calcul at[e2d6dlay BEhéoqgwgelWhRaot e

internucl ear di stance is fixetdhandli dbhaet il aseu
involved into the adiabatic ones. Consi der
move apart, it will foll owThhe adi aldt ied Odomn

[ 3[13[23,4]because it tends to | ower the potent.i
i n t h\ei bwedtli,onal trapping, [ 3Foekeaoavmt alse bp n.
cawbere the dissocitatapgedoil ecuhe bppgemegot e

For a highferthasmol ¢écell e, starts from the i
ofdHdccurs by absorbing three pho|tuBms ,stvéisiec h
the internucleahedimol accéei hasedaswespossible
emit one photon a-A8d stahsitabnthe €hd, | ghns
wavepacket corrdspendsat oonhhbiyp hpubmepensost oinss ¢
t hregdhaolsbdi3@B3gber amsree photonstlhdme amsotr ma
necedAddrey natively, it can-3costianee dihssbci at
of three absorbed photons.

4
lg.n+2>
21- lun+1>"]
0 |
_ g.n>
> =
LS lun-1>
m
= ]
lg,n-2>
-4 lu,n-3>
-6
0 10

R (a.u.) 7

Figuke DX.essed potentidi.alTheen ebrlgayc kc ucrwrevse sf orre
potential s, the blue dashed cyrmgves nesprte
ground$urarmei ¢ the fdrewwsdhei padd sthtaegy can
dressed by differrFemgturrenil8dr of photons.



2.3 Reviewof reaction microscope

Th&€OLdarget Recoi | Il on Momentum Spectros
[ 37][38][13], now more commonly known as th
Ul l ri ch aBnodc kS cnhgmii @ntl[F]ridahn KLfOBr8t.

Helmbholtz coils

electron grid drift detector
YYY
| . ion
E-field
projectile v
beam

supersonic gas-jet

Figu3e The COLTRI MS apparatus or Al rlebal cTthieo n
supersgreitc igcas oni zed by the projectile beam
el ectrons, or more recently a focused | aser
to opposite detedttzorsqi Iwshipreowihdee He |l magnet i
el ectrons.



=
5
1
3
I
2
£
=
z
120 140 160 180 200 220 240 260
Time of flight (ns)
Fi gust eNBmber of counts vs. time of flight fo
points) compared to from a supersonic gas | €
TOF from the mean value is propodiiremcal ohoo
electric fi€l7d3d] Figure is from
This advanced technique is instrument al [
ions in an atom or a molecule as it is ioni
electric and magnetic fields, arilc chrarmgelde du
mul tiple ionizations are projectedi manoi @roasli

momentum vectors of these particles can be d
position Thd ogunmdrn ©onriocv igdaes aj etthicnangap beam,
only in the drFiirgeudrddi m2ms odatgasfjem.reference |

tiymélight distribution of ions from room te
jet. The deviation of the TOF from the mean
the dirleedt minc ofi @l d. Thi s means the superso
in the direction of electric field. The supe
of only one molecule in the |l asemofiecus in o

The COLTRIMS technique has been successful
The Frankf ur[t8 dhroomepd itrhaz013 ectron | ocalizat:i
of mol ecul ar bonds are ubiqihéogsoupvien Uni g
Ottawa have made I mportant contribehiaoimerper
Ho mol eclu1&]2009) , t hey proposed a new met ho
photoelectron angumaredulsési bohi ped KlhpeimnHen
et al . [ 76] (20 2P) i ceaarho m=ett rhaotde d oan malgli ne an
wave packet in real ti me withMia etti nmael .r e[s70l ]u
demonstrated a nexwf pammPradi merafh@y ynzhiBn gi on
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mo me ntLuam. et (2102 2fc 02k tornuoclteecdu | M r orbital fro
mo ment um. The group in East China Nodmal U
fragmentati omi paohwanwgot h&0Ofotr aaat ngeOmdédiaatf
[ 7630.00)a@ng|[ é2@20) reported the experi-ment al
packet echoes i nThe sCOlglTRI MS tneod herciudwee has s

our understanding of molecular dynamics, off
el ectron behavior

Here we wil/l revi ewdl esmanesttihseacteengiaokveo rdke tvah il ce
measurements of both 1 onmoalnalc udd yrcda miomns biemiatv

ultrafast Thasami pukesasesi gn ®dfote@@ICTERIIMS fanndl
magnetiguif diedmdd eandvhelcenc trrecsrud t fr oam armp piosn it =
di r esc,t ieonna bd & thegongt wice inte and podeklayhre Senldicttiowe
sep allows for theppsietcise aedsur,mevlmiadhn f mat
thbe@onvetbethomant umrf opga retaicchl e

Re c enit e s tshhabvweMiebty[ Fl@bccessfully demonstrat
to f&gfmoPD®i mer by analysing th@lpoansmbmeat e
mol ecul ar orbital from the electron momentun

Mi eft74lludiDrdi Masi ng COLThM$emtosecond | a:
790nm,ard fepeti@kln. rahey offound a pathway t
fraodmDeD,di méuri ng the i.onization process

-40 ~

=
795
e

e
LTS >
=
s e

Potential energy (eV)

R, (A) 3 - R, (A)

Figus@lZzZupatedti al en®rOp¢i seenrdf atchees socfh eamat i c
of s Dor mati on. The | ower potenti al energy su
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ener gyheofndi mal , and the higher one represe
i oni mdtHtiegnur e[ Vv.§] fr om

As shoewmguxretlée m2rsf somr pwhiiicth Ahe | pwe st en
of the ground state. When ansegsteemrmde-es tren
Dener gy sursmooe ngndl othagr tt heaypd tl owa y i mel. o rPec
wher exD@asDmi ni mbomwewer gyhe sysdwan weh heelcomg i
shall ow potentiyall | owdil ¢ atek édrod yietth mik asClgleal wi t
f or matmodrecsuired Da deuterium atom D.

D’ HD' D," D,
g
=
o
Q
-ID? L [ : '
1.500 2,000 2,500 3,000
TOF (ns)
Fi guaMe &®2sured time of flight spectrum for ph
dashed lines represent ttheHbB&®mtde.Di gblirehestin

frgmil]



3,000

2,500 =

S

[

2,000

1,500

1,4IOO' . ‘1,6’00‘ 1,8‘00‘ . I2,(;OO‘ | ‘2,2‘OOI
TOF 1(ns)

Figulf.e Measur-ednppbowmobncispercdt&@uen TOF1 and TC
represent the time of flight of first i on an

show that the first and second iFoingsurcer iigsi nfart
[ 7.1]

As shdewmguttret Ae COLITRE MSIi tant he species of
frome ti me dfhieshs ghFomft il SH 'R p ekraDnee ntd,end i f i
from the dmadtcrgthmegbekrafTgbPonedatpstbhand st,hehowe:
the correlati omwassseme i adlagmémt ordes to reve
was used by the awut hTohriss taol lioowe dz et hteom bthoe i2dte |

D;f-> 3B D, DrDo'rr 3D D. I n order to do that thou
capabilities of COeTRI MSwideat ecteed) attdh,ere i on
This iIis the result of having opnullys sotnaen dnmmogl eaclu
detection events i ndi vpadruaand@ tye sasnadl | nooms & vheer as
constphiadattoona plooat @oi nci dence &pgoaft eud.meAfs Hd:
for the first ion and second ion from one mo

The sharp diagonadi flfiemeesnd h eopbrsechr sVnethetpr resem t s
t DEand’'chhann@&bel omb e x pADgdsiinoenrs aorfe Al so obser v
diagonal | i'meDshwmlwessitdire, Dand t hé+ b@Bxplomsiooe.
Finaly by wvarying the time between the pump
of D3 ®si gnalhe authors were able to measure
Ds+D on the singly eh8d3@ed H&tenti al as
Kunitskbégeedat he COLTRI MSneaex@trioa cthr it aot csmiuc

Hewhi ch in this context means a helium@a tri me
| oo dveluEdi mavat el n or deraut deondpsl,otyh itsr itphlee coi n
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ionizing the trimes#fwtho ca tCroiup loynbi duxifHdde est d to
c hanwietlh al | t hree ciamnsal d ®twe cttheed . s tTrhuicst ur e
reconstusuntgiadieader si on met hod, which involve
i on momenta and tracing back dosudmiteg ma npurtt é
repulTh©iicomaempboygedpat hbbk met hod torrmeonstrL

1/34

-1/3

13

'1‘/3 6 \/— 43 02 01 i] 02 03 v
(e,—€3)/V3 dabiz x yes,

Figu8&e (2eft) theoretical Dalitz plot for he
Figure[b6]from

Kunit sk56feitl Daaleidtazp ppriocattcadiod at a poi nt s, whi ct
used to simulate the experimental process at
| argeAtmbaeured seti sofc onopnailneangetndt abhe t o fi
correspongiAsgshedawmadret e | eft plot is the tF
the right plot is the reconstructed Dalitz p

COLTRI MSfilexanbs¢tehe source of i omwiizdatimamywtl
recent contributions focusing on t-hay mbt eeu
el ecltasge¥ 5SIA0 | mp ercteannttofgeo et ry r,gcearfsotrrmeat iboy
Boll [d83anhg COLTXKFILM@S hasdccéeéygetohstructed the
struct-uodopygrsiiddN)n.e ( C
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a b H (experiment) ¢ H (theory)
v
~ 200 - N - &
3 ‘b 3
H6 s . < .
cep—g' |, 2 < o
- 2 g 0 L ! g I
H T
“cs 2 £ s
JCa 3 5 LSS g ¢
H4 H3 s E
HNC 10 -200
: 0.8
0.6
83 Momentum, p, (a.u.) Momentum, p, (a.u.)
g
d e C (theory)

v
3 1L
- v

& &

= =

£ £ -ﬁ—'l—'—n

2 2

5 5]

§ 5 -

- p= -

$ *
Momentum, p, (a.u.) Momentum, p, (a.u.)

Figu®%e (2a.) st ri wdtopryeasHAI dNjhe 2 ( ) measured Newto
calcul at ed Newt on pl ot . Newt on pl ot shows

compoRegure[ 49] from

C2-C3 --------
C3-C4 ——
C4-C5 ——
C5-C6 ——
C3-H3
C4-H4
C5-H5
C6-H6

-C2 ——

N-C2 ——

N-C6 -~

Average distance (A)

| | | | | |
-10 0 10 20 30 40 50 60 70O 80

O 1 1

Time (fs)

Figuit® Reconstruct edi ddoopyrliangntehs Tfther y21 | o
assumealy Xpul se shape, which is in the form o
bond IFRINn@Qurhes[.4.9] fr om
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This geometry reconstruction nfeitrhsotd mosd ea i
the structure ofi mhblgawedhedcuwuli &r asi o g aahn ds ttahteen

modeling the i1ionization process and Coul omb
event. This simulation is then visualized wu
visualize the @xpceormpnaerntnagl tdhaet asi nBul ated mo
mo ment hen qafahmeotlyecul ar model ands tmedeloncamt

assefbed2dopyridine experi,emceessul @a wnlgolnin & xopnl
N+, C+ and H+. The authors employed the XMI
atomic arbayy nphysi cXs with mol ecul ar dynamics
i Rigux ethe experimental momentum results (b)
results Tha&graenedme(net) . vytal udaadeslodhprami os s hown
Fi gulrte 2.

Lai [et2faudi ed t he momekcetareof bomalt hefelNec
This experiment was performed with COLRI MS a

Fi gurle t2he schematic of | aser induced el ectr
potenti al is distorted by a | aser ftiaml d.e Th
written as a |inear combination of the 2s at
ionized from the molecule, the electron wave
t wo centers, causing a rmpdhadouloatliexn riom tameg urmalr

Figure[Vv.8] from
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(a) “polarization (b) s polarization
0.8 0.8

N . ____ AN
“'6’ 04 R O B 20
Q
02
098 12 06 00 06
p,(a.u.) p,(a.u.)

800

600

03 00 03 06 0'-%.6 -0.3 0.0

p,(au.) p,(a.u.)
Figulr2e (22) and (b) are the experiment al resul
perpendicul ar al i gsmmetnht sr eosfp etchte tnoo Itehceu |l aars eN

are the enlargedewvgewr®di arhei n owa) and (b).
photoelectron &ngula&f v $rombuti on.

According to molecular orbit@adn thheowryi t tt édre
' inear combination of atormiguinkel €cetaroms bi ¢
from the 2s and 2p atomic orbitals interfer
photoelectron angul ar distribution. B¥2Janaly
were able to determine the weighted coeffic

orbitals, and then reconstrhicd ultzh et2hneo | meecausl uarr
el ectron momentum can be obtained from COLTEF
both horizont al | aser pol arization and vert
el ectron momentum that i's paagsadrted ttloe trheme
perpendicular to the polarizati on. From (a)

photoelectron angul ar -ldikset rpialt uteirmrs .s HTcdhvegs ea arr
in both plot (c) @mwmldar(idz at iFon ¢taheeh@c) zoamaalh
energy band as i ndtidatcdde shy Whhd eddohed hxee mie
(d), the second and forth stripe maximize at

The ausbothe | inear combination of atomic or
14



electronic wdvefmundhtison ndfordMmati on, the al so
which they term tohrebi @oefusléeormdbn ggpuparnotxuimmat i on t
el ectron momentum for the experiments as sho
wi t h ptehrei neexnt al dat a.
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Chapter3 Reacti on Microsco
Construction

3.1Introduction

The Col d Target Recoil Il on Mo nteencthunm q $@ e
[ 3[73[8],3Jow more commonly known as thdefisedct.i
by tédeearch groupBodkiHog sat Stchemm ndikafinidretr ,.@int vy
advanced tiencvhersittagpeadteoaami cs ofi nelae crhaloencsu |laen de
i oni ziedt ebnys Al If i ehdesgednts and el ectrons fron

mul ti ple i oni zoanttioo np oasriet i porno[jdedenis@d mMhien ateit @ t
electric and magnetic fields. From the meas:
t hrdegemensi onal momedéuer mecédrs can be

Figurlem8g® WALLSOLTRIWM:. University of water
Ontario. ALLS: Advanced | aser |light source

COLTRIaM®acanssssvy@mofmary components: -the sp
| i ne dtehtee cstiogntan e swasctueumm sy st e mma gtnheetsi cca nctloiin g

Cobol d .Aaf ttvheer ehear t o fth et haeo i Oncrhi mdRd wMoBeormes a |l |
16



i nformation about each ion and electron det
|l aser pul se, and nothing is averaged. This &
of separate interactions toabtoblbhgttonedi. nTéae
event per | aser shot is allowed, which guar:
s ame molloe awlheae vea ctuhuins ,e rswipre o rs meanntcl, ogeadbsa § e t

beamees semMhealacuuimn gngdy sstoeorhs are critical f o
presstuimba¢ 1O0Oenvi r einnmeuncte df oirn tlearsaecrT h ® nfs 0 evi $ ih n
mirrdesigned to focusmahlk $lpstind) pe@amsutubt iang
significantl yt hia rperacspedr tiind reanls idte & dterliswg ufair el

order totamgete demati ty i s | ow enough to mai
focus, p etrhteb aggaesd eissh g s ader swhi eahg leiteved usin
nozak&j] mmer , apjeawusleist . anfhel spectrometer ai

external el ectr i ¢ efsipeelcdt iadned gngat gwheotoithd afinildeoled e c
trajiect arhat c.aMe almevh a hlail mlyaxkeadimeydcer o ¢ h aannnde | p |
signalemaytshtee npr eci se coll ection of data from

3.2 Vacuum system

To conduct measur emeadsune fdetcttiinvel ys ammenmg
adequate vacuuimne rv iapchhontommviblfendam de surroundin
ma kial i f ftidcruipvaer ttiawersds det ector s a@ynpdi cdadildlye ct
surrounding gas refers to ©Oamrtdhael ri, o mih@ acthi opnr i
could generate a "sogmirftiheamiormey mbear oofdeld t o
of thermal energy and obtain accurate moment
t arPDhlee . s uperascohniilecy ejdla tr eice i hni gg-ppgeaess sfurrcent yap g icah |
af ew b arlsoswrierstssmarmber (fhaoundpd®sing through
sliapamd beesfiinmtghley iennteeracti on main chamber.

Fi guZiel 13u.st r auaensd tchoemploanyent s of the vacuum
the chambers and pumps are interconnected, a
monitor the vaauumtlageelt i nTHhEAL TsIoMSN s e s$ g S D ¢
fiomamber s andThsee vheinghpugmepss .l oad in the jet s
bi g t urkofoeilgfifiPrgpbce 1800 with a speed of 1450 |
backing pump f olIT htehg eldi ¢ otuyruchagiber hReafimybitefir fp e rs e
18@@r bo molecul ar pauampl @bhdwda@d keX D B3 oz@nu b e
punpPfei ffer Hikpage p& 0np-3 MdpRbmépd B plEle second
stage chamber and itrdirwi dbu asgeyoPcihearhibieehrc e r & 0
turbo mol wc apghulamp pauffrbe d T e main chamPéeiif$epurt
Hi paceéu7b6 mol ecwhamppihhmpopedsBHA t he | et d
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c hambpumd esb hPef e iHfi fpearceu BB O mo | ewiutlha ras ppeosipp,
26 0.Al A spressure measurements set up connect.i
A..Without serncditmog tarey tcthasnb beasss ulr ewmdmsnr 1 0 o r

each chamber. Whesosemammhgr ,g atsh es et menstih uanm eesl

as indiTadbiled Bleg ccthiaomber and | et aupmpe scshuarneb e r
10%mbart al.l tTihnee sg miestsaue@®@amber i htirledfanbas ,t o

the pressure i n®mhkearo,n dancch attihe rpdri esshsddrbee ridm s o
18mbaburing the initial vacuum setup, there
chamber s, rapid gas removal iI'sS necessanby, a
pumpacked by t heschcoolcludypeu tapnaln & lhley, when condu
that involve introducing a target gas into t

evacuate the excesSBsetgves nf rexmptetr B en¥eyndt ttseni els e
setet ambbdye wi t hea lnte semohtdlgep uBkpo Cube serves a

pump f or aBolt hcha@mbercs ol | pumpusatn db & hceo nEnceocCtueb
contained exhaust system so that no gasses a
The Hi PaddeP dc80 8n@dl | rwed weirr «e ool ing. A chill e
t o styhset eanl laomwli ng t he water to circasaskeowerque
FiguzeC®nnecting the chiller and pumps i n se
t hppar al | el arrangement , particularly when t
sequenti al setup enhances <cooling efficienc
mai ntain stable pressure | evels.

HiPace HiPace
80 80
Turbo I I .
Pump Jet Source 27 stage 3rd Reaction Jet HiPace
---------- HiPace 1800 Chamber I I stage Chamber | Dump 300
HiPace J
700 [ ]
\
Gas Valve #3
handling ¢ EcoCube
Valve #1 ;
H ! Valve #2
Scroll Pump

_____________________________________________________________________________________________________

Figu2®i 8gram of the vacuum syste@OLTRIcMSIdin
consists of five chamber s: j et source chamb
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reaccthiaomber and the | ¢ur domampluepasildaer re. cSoenvneenc t
five cHéombdawo. Hi pace 80 turbo pumps evacuat

stage chambers into the jet source chamber,
the | et source chamber. The Hipace 300 turb
ch®dmr, and the Hipace 700 evacuates the gas
the backing pump of Hipace mp8®@0O. HTipackEc BOWb a
700he dashed | ines represent Dieheaidesnifeat igarss

and EcoCube €agube B8Bodnd in

TablldOpEration pressures of chambers and val

Detection area Jet source Second stage | Third stage reaction
chamber
Pressurdmbar) | 10%7 10° 10° 108 1010
Detection area Jet dump Valve#1 Valve#2 Valve #3
Pressurgmbar) | 1010 10? 104 101

> -
Figu3RBRi 8ture of the external gas |
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Source chamber

Valve A *

HiPace 300
& 700
EcoCube Valve B
P ‘ ________ .. Valve #3 Pressure gauge Q
| HiPace 80 [9¢ Bl Filter
; ! Valve C  —9¢—
Exhaust .| Backing
line i pump MVP | ! Valve D %
Rt g & % ValveE
Valve F

Fi guai &8gram of t heTlhextgearsnacly Igansd elri ncean be c¢
DThe range of t h-B plahees skucroeC ugbaeu gies ias cOo mbi nat

and a backing pump MVP.

As shdowmgu#htehe&8.gas Iis pumped from the jet
chamber to the Hi Pace 80 by the #Hi Pacsiet Bdt0e
bet ween the exhaust of the Hi Pace 80 and the
t o evacewdatea ntaHe gpesmpowmeg .t M egasi sllionsee,dovwal ve
vhwsB, E and F Dhioudg deompe nipea tndu,sbte at haende d,

v al#3au dte open.

UW-=

Fi gube Pbwer control for vacuumtbsryes.tem desi gt

As shdowmuZretBe vacuum dystemecopeimpd saot
associated pressure display control uni t s &

20



di fferent current reqguirements. A power conf
Sshowhi gu5Eh&8.system puman nlge Apgeaid brxe

3.3 Supersonic gas jet

Coum | 03mm g | dmm o fmm
. Nozzle = Skimmer§§ slit = aperture . = aperture |

1 T | 1

f—f——f————

~8mm ~60cm ~10cm ~20cm

Fi gua@ol3l.i matTlmen pds jjedt comebefooe pahAsesigamag |
the skifjmmersl i4a, and two apertures.

Figualehea&.i nterior obefhhe rethoMoruée te epdytam dfi n
from dtitesicheaamlregatsonozzl e.
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Fi guag&Tehad.j usafy asll et . The 4 jaws are connected
out si de.

As shdowmuibtrei dside the jet source chamber,
out side gas cyl Asdeh ofwyg ufl, e@g3B.wthim b meibmmer i s
mounted on the divider between the jet sourc
tip ttomwzdse. The nozzle is fixed on a rod,
two micrometetheccbhamboenbhpoydendhsi de the co
chambedq awtlapedture i s adjusbdplusetbyhé wmidt am
ot he gas Il ine.

Fi guagsenodvs the col |l i matniidn adfl yj eetx.i t Bhevi g as ¢
a3bmdi amedzz|l pasbhengh-da aneB mmmeor i &rotefa tti hoen
ski ninseirtsi p itweacttcheed nfoazczillei,t ati ng a transition

to a wider one. The skanmmesrl eah bhhaercwnt hal
filtering the outer poprtaivons.| iAdd dsiytsitoenmalclayn fa
mol ecul @ahebsampmeajsebni s amad enrttaiianli nfgort he condi 1
mol ecul e in the | atseerd ofi cecurd dirrc eor der t o oper

3.4Focusedlaserbeam

| n t he fundament al gpt rtalines v &a s s s inmeond e i nltEevh s
[ 4[34[448F s hEwru ait nWBmer3e. t he t ot al power P cart
measured the average power from power meter,
O ahas mini mucma nv ableu ec &Elqaualt d toence Bleyr s t he Rayl ei
and it is where the Gaussi@an beam has expand
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0 WQ Equation 3. 1
5 ) 0 Equation 3. 2
Tt Q f
& Equation 3. 3
U A V] =
P o
) 13 L') .
of — Equation 3. 4
. CQ
0 ) Equation 3. 5
Gaussian beam Shape and intensity distribution ImensligéW/mz)

1915

1.724

1.
— diameter
e

1.341

0.958

radiug (pm)

0.575

FWHM

0.259

diameter
0.096
-400 —200 0 200 400 0000
z direction (um)

Figu¥ e GAussian beam shape and i ntenstfiitsy di s
30fs, wavel 2hr00 hmr aRe Bt iktHzon aveda ag80pP O6wenlW, |
focal Qengbmlm and beam diameter d is 10mm.
| aserds direction. The intensity is illustr
intensity. The | arger dasbtedmaxbamuowut ht @hsit
small er dashed oval outl i nes & heéelhidnythidemrlea t v a

Il ines represent the Gaussian beam Tphe flidfet,
shows the diameters of a Gaussian beam.

As shewmguxrei Bt ensity and beam profile at
mi ni munvaiesabm i¢csk ¥ ¢ Rhgl ei gihg | pedg GThe peak
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intensity cd&n -be eakFcul &#PBdM 0The focal spot
t he i n€ &n snidotuWp it s-hi a b o3u8t6 enTidn z di r ec tmiom ,x and

and y direction.l1P®hewboxmt+h cpouteidbhn =z

directiormmimnd &@md 7¥ direction.

3.5Magnetic coll

Figulr@e Bi.cture of magnetic coil s.

The electrons born in the interacenemgireg.i
ranging from a few electron volts toA highe
homogeneous magnet i c afleilleelcdt riosn sn e eadnedd tthoi sc ai pst
Hel mholtz ¢dafli gutrtawsg oimeeonmpipiecaclul ar coi | s wit

6@nar e posichapoaretd a6l0ong t he same | ine. Electr
in the same direction. This current gener at
combined, they create a nearly uniform magne

3.6 Spectrometer

The spectrometer i s the centtroalgup aret tdfe tih
el ectrons .onTthoe dsepteeccttroornse ager cbleEXairbsdeiway 31
which have zero deadhitti mei,crho ghhapnmreeli sp loat, e an
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region is maintained by copper el ectrodes

w |

chain The electric field directs the positiyv

are captured by a homogeneousg omagredteicd of i | &
strengths can be chandethomogenerdusi ealalktexpe

inside the spectrometer by cohffkebBhgtoopper

Top (Ion ) Delay-line Hex &

MCP back >
MCP stack {MCP front [
Mesh Emm— |
I 4.75cm
Focus region —
27.5cm
Mesh — I v
MCP front —
MCP stack | mCP back —

Bottom (electron) Delay-line Hex——

Fi gulrl®i agram of tdred spetcd atoonre.t er

Cus hi ef
Copper P

{7 ¥
» 4

Resisto with cl

f or

Mounting frame

Fi gur2e Spectrometer Famdn iethsd dompanmrde ntnme.s hes

are connected by resistors.
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3.7 Delay line detector

T hieodnet eacntdore|l ectareenadét gcsame ,ofandvob antah nc @re
t he -t @yhemagonlail ne e( Hgd@®Mahdle )i belmann n e | pl ace (

[ 42he position and time informatmenhexXxampadséd
MCP.

3.7.1 Micro channel plate

Charged Electron
particle / multiplier tube

7 ':Charged
cloud

Fi gulr3®i agram of a micro channel pl

—

Figulrdai 8t ure of a .micro channel p |

The main purpose oél end tcmr @n crawldn ie pel cipdr altt ie ohne
of hftAd gshdwmgulrée a83. mi cr o channewi tpHtaale dosatai mygd
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both stuedtmemegonuws vi dual el ectrog mThesplier
chanarpdas al | el to ea&d haghgllhee 0 @ el dtaiviedra sur f &
nor mah. ckEacaedi dmsanecr o Mt eeasch MCP, there i
mar kign diintghte Sdirdbbtng open area ratio, which is t
to the total Wi%A\c sangaei MCRtbiabae aredassiusrteadn c e
20M ,wi t i amefadro&iimm.whencharged paatchamdelnt er
undernudetsi pl e coohéi chamsetlmamivelllectUlotni ncaltaeul dy
single MERiamaeel ectronf awtlarl pd@@&@&at hoMCP st ac
contains two miaareawictslaneé latbpaitavteaesng ltewo o6v o 1
increaseblddlain to 10

3.7.2 Three-layer hexagonal delayline

& r B

: "5 Ay |

Fi gur5®i 8t ures of a del ay | i ne deatyeecrt ohre xiangcolnu
dellaiyne.

The charsgend tdledudrom mhebotMClPe sd gaa hhaelp nd el ay
whipdsi ti on iidrefroTwealt @aolthiéy amye det ectorHhwesv ¢ wo
at hird | ayer to make it addetdedmabmuti¢elcagebi
The thr@ad daryerat an angl eWhebhc 6®HrAg ¢ dsoelaex ihd ol
| ayert gengnallTep sappplgssd ot h  dsit ro evattrhides m §
the delEayhl|liagesi gnhal uaveesfecaveemeeiet h t he si gna
mai nt aihngmoaenammdr ed t o t.herlhrief earreamdad awiernd
the charged coulbdyt he sniogndtyh @iotud d g Bh e,
el ectron <cl| oual Ii ssidyentadpcrt oeiair éb yopgo 8 f b r paantdi o n
enharmaiercg si on.
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40 -20 0 20 40 '
AX [mm] AX [mm]

Figure& Monte Carlo simulation of the dead r
rel ati vegx pagsd ddioaabsh g e r-l idred a(yat)h rheaed e olnidrae a(yb ) .
Only in the dark regions, the positiTdhre and
relative arrival time of the two parFtiigaulres i
adapt ed8.2]r om

As shoRfuvnguit®® Bhe deadt hricaaey emnl idrediagasi f i cant
smalcloemparagddub & g er-l idqeaidty dceathnect si mul tTdareous
t hfleaggyer-l idred ays only Dblind when particles ar
posi Thent hiprrdo vli adyeesrt a dnénif toiraomaadiodb m et 6 he si mul
particlreedhtiltes daenadd r egi on.

3.7.3 Measurement

r'y tz

f

)

1) [

v N\

€=-=- -
Va
ty
layer A

Fi gulr7e Bi.agram of a single | ayer.
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Equation 3.6

B =0 0 o Equation 3.7

C =0 6 o + O Equation 38

(D) 0o U Equation 3

®w =—=0 ¢6 O Equation 310
—=

@ @ Equation 311

® =—=¢6 0 0 Equation 312
—=

® 6 o6 0 Equation 313

W =—=0 6 0 Equation 314
n

The position on a single |l ayer is coded b

opposite corners pif gualh/e Tahreo de sa st i sohno vAn | iary er
by Equadtrepr&sénts the velocity inFdlhleowii megc

ass midrairncitpheespoandi 6non t he | aylertr eBuameg!| ay .
equasBi dnamnhde 3di®Bowensi onal position on the hex
any two | ayers-3udidng Thhguat igmmas s3f9om the thi
source of information i dhei paadamener wiDdem ssiag
which should align the a@resdeclitednepoeds ti onbé ot
way that the position | ines foeanikilch Aaeands A

should be zero when both B and C are zero.

3.8Reconstruction of momentum for ions and electrons

}7

Fi gulr8rajectory of i1ions and electronaxi s, the
the | aser-aixs sal amg the »spactiiTheme tdéasdli somml ong
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the top detector tip the Vvecuiscalg gpiosti anoa 1is

the focusiag position is d
detector
____________ JRE—
Z

A\ 4

X

Fi gur®e &@&8n exampl e of tprl ajnect dirhye fdars hieand iinre
detector, x 1s the Tdhies pilnaicteimaelntv elno cxi tdyi rceacnt i
z components. ai lofeo It Irpmywejcenmtriyb eo f

Equation 3.15

4 & 24
n o
, w Equation 3.16
n «ao 5
, , W W Equation 3.17
n a 5
. NOYOO o Equation 3.18
n ?—0
From the measured position and time infor

reconstructed-3byl denggu atni oorhse 3s.plect r omet er mov .
due to the electric fi &lheo, §xd)dJFolelpowsa np so jwé
i ofnl t est he detector WwWihteh moé¢ hy® nd inringd d tail o v ed eotca r
time oThedli ghibthkeeand yscdainr elced iewansi |y cal cul a
di spl acement by ti me. To determine the mome
relationshi p itrhiattelageinlklywh a we zehents aime di dipd a
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detector

A y
Velec,xy
|
| Uy,
16
.ka‘ X
Fi gu2@ t3rraj ect ortyhxeypfl aenlee.c tTrhoen si niint i al vel ocit
y and z ceinspotnheentvse.l ovci ty -plearneegddveut ae vel DI
in t-leaxg. Theart acfeodolaoriwse caufl ai rb hregptl iacmre, whi |
i ndizr eicfit d lolmao wsau hi fodr mly accel erated motion.
T—— Equation 3.19
0 =— Equation 3.20
R= Equation 3.21
S —=s
va . ,00 Equation 3.22
mes—g— w
0d& . ,00 Equation 3.23
T(&) 8—8— W
. QOYO O o Equation 3.24
n ? 5
4/ & Equation 3.25
El ectfobhesw spiral trajectmtra etshef rimant ttohne d
i nf |l ubeymeceeldh o mogenefoiuesl el ®@rcd ra chomoédsenshswmag
i Figu2Pe eBl.ectraonscbobat omoti on. The ini-tial v
plane. The final position on the detector (X
equation 3.21, and the period for a full Ci |
ad y component of velocity-3c&2d.be calcul ated
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VoS-

detector N g

Fi guzil&l 8ctron trajectories on aadh@dtecéepresBni
t he diameter of2rt e Rciirsc uleagruimeetdi dm.r det ect i
l ines remain within the detector. while the

For i1 ons, the dplspdnecemmewnltd i me tlhes xyt han t
R. For electrons, 2r skhioguukrde BBe.ekcéso®nshanl R a
initial (x, y) position after each period T,

3.9 Signal system

To ensure the proper collection of 4dll si g
First, i nspect cabl e connections within t h
spectrometers to flaogesctiThes, oexaimieet cabt
from flanges through the electronilasnet zitghal
by using a pulse generator and assess the MC
Finally,siagmsa&lssddtheecti on process within the
count tests. These steps collectively help e
entire system

3.9.1 Cable connections

— FTI2TP FAMP

v
v

CFD

v

PC

v

TDC

Hexanode

Figuz2e A.signal pathway from hexanode to PC.
12in feedthrough decoupl er. FAMP: signal a mj
TDC: -ttdimgi t al converter. PC: computer.

32



—_ — ~
Iondetector mmmm—— MCP front ‘ Electron detector s~ MCP fiont |

! i 4 ! | ' ! 4 ' | v
[EAMP  x1 x2 vl v2 z1 22 McP| [FaMP  x1 x2 vl v2 21 22 McCP |
! v ! ! ! v v | { ' ! ! ' !
[ cFD  x1 x2 vl v2 z1 22 McP | [ CFD  «xI x2 vl v2 z1 z2 McP |
—

Fi gu23 T3he df bsgrganna|l fr oamo dputeernt.or s t o

The signal processing in COLTRIMS involves
them to thhecomptutati on is triggered hkeyr a si
signal s from deitnecclhugdr sd ealraey cloilnle¢ ety eyah,ad, es| d y oln
antl signal from Thes&GRRisgrmapungth t he FT12TP f
decowmimlehi gh frequency signal decoupl er (HF:
device to pick up hFgbh2TRegeewaydsi gnal gnals
FAMPt he amplifadptusboabfFact ®@eamgs @ uftreadm fodrt d
di giti ziTohge csiirgcruailtss .are then processed into
t te @i gi tal cohwmeatetrafd®d®Cd . COLTRI MS setup,
timing represented as anal ogmpvloilttuadgee. pTuwl sa&c
uncertainty, constant fraction discriminator
fraction of a pulse's amplitude by combinin
ensuring consistent andt er me bAsTaDrCe nfeugngestriionngs |
synchroni zed stopwatches. Each arriving pul s
triggered, al/l clocskstfermeeze for readout by

When the buildup the COLTRI MS or open the
checked before and afdent iarstbietmb btaengtt arhem h g an

the delay | ine and MCP, extending al/l t he wa
within the GapklkéefcedneabmgehodettalAbs2apameddAx3
Resistance check proceduAppeaddxchAedkl|l i sts ¢

3.9.2 Checkdelay-line signals.
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[T‘i"\'*"f“"‘l; i8¢_ ‘ ®

R— S

V-V (9 92(9° 9297 g¢ (e g

power

Figu2Z Bi.odr amdealeays.i gnal test

Use t he sgeagmearlatpourl stgou tc hpeuclks et hfer;@mugnlaé sde
framseame | ayer s hbiurlsdt ,bepdwlerntdamnc atthe si gnal
si gntatixelt @« hamhel FAMB ha&ndsci | | ocshcetecpke. o8B & p o
signal frombthe i X210 citcepetalide xRIlsarhea nfnred m s am
|l ayer, the x2 channel on hiuitear §ANKP penhds utl de re
should be no si gmBal cforngpm ratnhge rt hceh a mmpeults .and
osoislclomeaindenti fy any issues with the del g
may have a probl em.
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Tridfd M Pos: 152.0ns CH2

Coupling

i

\4

S N N R R N By =

1
1
1
1

50ns

150ns

CHT S.Dlr.lm‘lf ' IZLH2'SFJ.EIm‘-.f 1 50.0ns CH1 .~ 10.8mY I [ T B B R =
19.5328kHz 50ns

\ 4

Figuaz | 2ft) yellow curve represents the inp
repr esentssi gtnhael ofurtopmu tx zh ec lsd mgmaeall . p(lroitg Htr)om t h
has a delay of about 150 ns.

As shdéewmguzzBe h&@. i nput signalmeiasudetthaktrnl
contrast, the outputamplgniiedrom 1Hhem¥,2 wih
del ay of abeusi §gb@hspasses rméeatrioea gdintades,i ngl
delaayt rt butbd resi st ambeae ap fl ,etdbfeourc ecphpeecrk iwni gr el
signal can be found in Appendix A. 7.

3.9.3 Dark count test
Il n "ion mode, "setthaendM@®Pt fvenpoisnti al, w h
mai ntmearedzero voltagilberahatbBvdadtpmsgedbewd
hundred volts in the pouaistéidwe trhaamgoes.it €Tichties
ions. Dar&reocondpestgdnihgyi on mode voltages
| aswehri,@lhlsbadratal | ecti on over aplpnrlotxa snta,t etl tye
vol tagadgdCPe f r-2400Visn BIFE30t00V t dared 0 NVs pat enti a
di f ferentbtenwoe trmdeselne £ .e st hemegh e-idmgtge ensur e |
capsairreound i mage with nablusmmdkadth daarieaa .0¢C a t
test spmeonfl drommeedbot h detector s.
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Fi gu26xy3mage

3.10

The i nci

f ocal

327

40

30

20

10

dent

—[ T T T T T T T T T T T T T T T T
L. o
L AR
| Sl T "‘-j' R Jelit ':j:| i
STt e AL Y R
| A anteg Pty T UL TR e e
B Rl R VL et P
o .'1-.,,_'-:{_7.':4' TN 5,*:—_;’:_;7?-.--:;&
W S o e A A s
-40 -20 0 20 40
X (mm)

of

Laser dignment

36

a .Sagkalodat et teison

beamsaxorsi @ginmMatrierfd efct @nd
| engitrt eotfh et 3geand) a tsm h etnhgea x i s .
aligmpmodtseh stul e

without I

tbtye az
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Top view

mirror

window 1
aser
-«

.|
L
|

—
T
P—

T

Fi gu27ealB3er al i gnTneentl gsreorc eisss -aXignhealndltomg (4
al ong-akhe. X

Accurate positioning of the et I's essent.i
through the window and is subsequently refle
Our aim is to precisely alioh the g&as$ gnente nwi
are pr Aypipeerdiixn A. 6.

Fi gua28o8using mirror w'ith 75mm focal l engt

The f ocusiismogu nmbirdrao rf | a nngiec rwinteht er cofmtr ol | €
mani pul ate 1 ts postihrim@aet,r o nse tneutl st nagnhedorugdelesp ut er

mi rarsorpasni rtdhoenedheonnner two micrometers faci
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the x and vy dir-@icteomnison waleir@n st haeiirtehc ttiloen g
perpendicul ar t o-dtilree cddtoenc tadri sg,nAa nui It thlu & thzea tl &
Figu7oah8s method simplifies the complex task
steps, thereby enhlaoncca lniigz a shhedimply Ercde I8 .oy oif ma @

shows the successful adjust mentga th@elk aser
Akegbservation is the appearance of the dens
have interacitedewsithytheghoghof the focal sp

-10000-

— 1000 -

y (mm)
y (mm)

—100-

o o S S S S S S W S S S S W i

-3 15 [ 15
X (mm)

Fi gu2%A)Bhe-i yd d\ega@) Enl airgegeoxpltonte densest
The gas | et-axiss afl oommg pgdiei tyi ve t o nRaexgasti ve,

3.11 Data analysis

3.11.1 Calibration process

It is important to recognize that the real
or theor eRaorcadx avnapluee,s .during the assembly of
to the flanges, measur emealt| megope chat ectcaurr
perfectly parallel to the spectromethasmu.ri Srigmi
its precise alignment wiltdedlhley,spwee taiomeftoerr t
to be vertical dand tbhhee Adodidtzioondarlifm @l t he exp
process, the exact electric field generated
well as the magnetic field produced by the ¢

due to the presencace cofmpmuwletnit sl e nedlAenddtarngg t an c
ot her f aicntfolrusehrdcie@fF | i ght af d Op pdsaitdd tommi ned fr o
exper iTrhentesf.ore, a calibration protees 0 1t &
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el ectric fi elndagsnterteincgtfhi e(lEd nfsitealbedn)ghbc éBshr gl ¢
parameters.

The foll ovi;gNawadagasitf oirrmetdhe ALLS | aborator
femtosecond | aser with a pulse duration of 7

Calibration of magnetic field

(A) wiggle x (B) wiggle y (C) wiggle radius

electron radius (mm)

electron x position (mm)
electron x position (mm)

40 80
electron TOF (ns) electron TOF (ns)

Fi gu3Wi gl e spectra for applied voltages r a
pl ot of AnoWieggl e x: electron TOF vs. x coord
coordi MWatgg |l e( Cealdd cutsrroand XTu@F dv sy. are t he positi

and radiawswiThetlyel |l ow dash&OFI| ifroes eadh c atoa

hori myoreteaiedda | i nes i ndicate that theplmangenet i

120
100
80

60

TOF (ns)

404

20

04

node number

Fi gu3l@ OF.nwogdlee cycl offciean 2pearsi. od

The gng laeld puescd ir siphlhaey se |l ect rtome TOdFr ves sarsdi ng
of hit positions flrtons tgheen ecreantteedr boyf gdreatdeucatldr
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field while maintailThengi mefokéedetel estadputt e
the extrapolated Vhisespécthemzesothuaoaodlk. fo
TOF of)fyasred nmagnetic field strength. Addi tio
calcul ation by considering the offset from t
i n wrhieggl e x .and wriggle vy

Fi gu3@el Bustrates thhreoeiseheaotnfi 68d8nhs on9dédhst a
The spacing between any two successive node
el ectron moving trans,vaenrtsheilsy sipnaca ogiaigetn@n m
throubboes . cl orsepr dvent =kilOglceér onsi wifaily ki net
towards the detector. Conversely, nedesgloca
el ectrons or those initially mowhamggeawdiyr & ¢ tc
by t he elDeucrtirnigce aftni, élndcm eabe voltage applied
resulted in a | efThwardbskerivatobnthe codssste
stronger electric field | eads to a reduced d

Fotthings need to be confirmed from the wiog
noddowhggdredixygl e yt lsdaonen di ddrted qrrget B cweecloli | s
ali gmegarall el wi tBe ttehremisnpee ctthreo meitneeg nzeetrioc off
3. Determine the exact strength of magnetic
avoid nodes.

As shéeéwgudx t3he nodes found in wiggle spec
i ndi cates t heoi tsliOnmes tzaeerdoc yocfl fo t sreotn2 ores.i oMa ginet |

strength B can be dal-<eu| awbddcby tthted Iod U Stwii 0

cal i braviobtmdige&aOpVp | | atheéd r evs glgtl ien gdpiescptirany eadr e
Figu¥2n3this cotecigonpbdabpedewmteten t wo nodes.

(A) wiggle x (B) wiggle y | (C) wiggle radius

20

electron radius (mm)

electron x position (mm)
°
electron x position (mm)
°

10

o s 10 240 o L 160 el 0 80 160 240
clectron TOF (ns) clectron TOF (ns) clectron TOF (ns)

Fi gu32Wi 8gl e sgpmppliae dodbvOoO(MARg®I ggl e x: el ectr
coordinate. (B) Wiggl e vy :Wieglgelcet rreahda TuGsF ons T OF
radi us.

40



Calib

rati o

n of

(A) m/q spectrum

3.6e+5 [
3e+5
240000 -

180000

Count

120000 -

60000 -~

L

L

0

Fi gux3A) 3 m/ g

I T S —
8 16

m/q

(A) TOF spectrum

24

504

count

3600
3000
2400

1800 -

electric field
(B) TOF spectrum
16000 -
12000
E
S 8000
4000 -
0 —— _._)_‘ i
2 0o 1500 000 4500
TOF (ns)

(B) m/q spectrum

specB)r uTnhDFo fs pieocntsr.unf o f

(C) TOF vs. (ym/q

i ons

5000

4000

4tz 30004

TO

2000

«
<

1200 — 3372 1200 - “ 5 14 15 ‘ e
ool ]2]? == l ““E \.- /'\ l' t 1000 -
o QMM__/\‘_J‘——-J__/L of I\~w-—‘/ \”‘“'-)'"/)\»*\m N 0
o 1500 Tor (n:)mn 4500 0 8 wa 16 24 0 1 2 V[m_;q 4 3 6
FiguXZ4 (3A) enl arged TOF spectrum. @B) enl arg
Thm/ g spaercd rUOF se@rvdhrradnwmral § btghaet el ectri c
When deail omgz avi ¢ v etlhoetii rt e/¢ © wa nddelst e)cot otrhse t i me
flight to dée/t&ecto+, Whercd dsis the tiTaeal di
TOH or different i onBharealpirongatwiwolmvreasl tthe f o

st elplsd:e matti flye as ti hthveo my ega lsRpeeccotgrnbiez.ec @rr. r espondi n

in TO

zero

As shdwmulBse TOF
are sever al

whi ch

F spectr um. 3.
field.

F o n,
of f se

has

Heakd( bfd@tQ candbébkeer Mhered.
peaks

appear

41

t Chodmept aerritefnignhéei me | aueerso od f T O
t phei ask st BfSobNe"gni/ ad ch to2c8a nf obre Nc hos en

t h
t canAfbteere acsailliybrcaalicounl,atceadn. "doubl e

t o Tbhee i TnQxFo npsei askt eantt
a TmMeq TvQaH upee a2k4 .abt. 4283 ns,

wh i

c h

co

£



24.5, might be attributed to the presence of
remaining in the gas | Fnemftbom &/ grepeotsum
identified with an mliqg o6heOupcomhhghni sr oge
essential to solve these questions.

3.11.2 Channel filtering

For mol ecules that break into two fragment
by analyzing the correlatidcngmag@gBBoef tthlee xi @
shows the TOF of first detected ion, and the
coincidence experiment, only one interactior
ions originate from tma ngdamd meosal nd3d WRllhee.O cTahsee st
than one event peim ellaosbeyre ds/ hgo,t . aFsiP ¢sid 3B ci adh

di sdiimgto mailb hleinde at i 84 ¢ hte) Td/NA€eN'. NT®ol at e

this ~cthhaennfedl, | owi ng sltreiptsi adrle , e d@lt @y eids. f i |
exami nonheemtdhe®f the di agoh@F, IneafulgpIyedBL Pl PI
Then the data crarhebe ufm lotfe rmeshsenta lsuenm bogaiant go mMi ¢
the Coul omb explosion channel results in ne
charged Aragmenesd, aflsi gduSrohBs,t rtatee dc haann el i
frm the background.
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3.11.3 Channel analysis

From the previous sectionzY aN+ctNud o mbe eerx p |
identi fied.
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As shoPinguid@® tBBheftlimeat spectruny fNrr*Nt he ¢
shows two peaksn.s Faromt vaamdf mosechl g, awag Nr
detector, then due to the electric force fir
Nt akes more time to be*fdeiteesc tdeidr.e cRort ot hteh eo til
has shoftighme Same resul tacfamr bleotol stelh & efdi b
second i on.FiAuIEMBwn (B and (C) represent t

and z components for the first 1ion. (D), (E)
z components for thel stewdiatires minl.pyo(p@) r aadi 0 E3
aloagis. Similarly, in (C) and (F), those fi
those second ions are flying away from the i
are |ike real i mages drmeatf Icyainn g htoaow awhdesr ea ftth
interaction with a | aser pul se.
3.4Summary

I n this chapter, an extensive owvkRlUlvS ew o
COLTRI MS is presented, along with detailed e
signal inspecdiaserprabtcgaoameas, jaad rdaattiao m ntad syt
Additionall vy, t he appendi X S e c taiboorut ¢ adrett aii n

operation procedures for starting and end an
Regarding the data analyassthéeheé anget i ma
demonstrated, oacocompaxpleanbédti dths ofThdédeNZruc

experi ment presented in this chapter serves
applied to our COLTRI MS pereg®wpeandmAbtS. ahd t
sever al guestions that mu st be carriFod f or w
exampl e, the appearance of tlmaa@m/l q i-inwmdtghee aty
need furtheNonmnetvksltegatiewnen with this i mper
and data analysis have been validated.

Beamti me has been sich@24f edusiomg eccppridh enetne
Domol ecul edhatseAlelx®P.eri ments are aimed at exp
repetiti o-envwaptheaps ec acrorniterrol | ed | aser pul ses.
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Chapter4 Experi ment simul a
geomerecynstructi on
framewor K

4 1| ntroduction

Thi s «ohapgtdimtsed apewxht! iferaodirdets elauiclhd$ hepon
s t iuebsf B r[i4c@hhtlea ma d[h4a7ijan K, Ramadhan A, Nooijen M, Pantazi S,
Karimi R and Sanderson Approaches for Constraining Uncertainty and Degeneracy in
Geometry Reconstruction of Molecules from Simulated Coulomb Explosiofi8Dhata

Coul omb expl osi ®&nfjs i anatgiearigmuidguEeh § t he st r uct

mol ecul es i nEstsleea ttghaes | npohl aesceud zel eitassal i hgagment at
during which the positiveldyuet hiar Cod | Dhnddg hem tc
momentum vector of each fragment i s measur ec

appaifdi3whsiictmcoegamet and positigmM8$enhsaifbdbrmat i
aboumotlt @deunietbisal egrecoonteetdt fei secorded moment um
butt hreel ati onship betweeni snomeht whowaep Re ge a me t
experi mehtBAhsweoshewn that ,wahiiddop |lvaayldoon t ree tChaordl
approach eexprep memhaisaeld hdanti ani t i al nucheaureis

cersagni ficant f ghaotweveesrt | 8B pobBBC bhpHetcal ae c
structure from only the final moment um Vvect
i nver sion or i bparcokvw ddreddoen cividpe docgpec hof t he i nter
goviemtghe iinitialt hfeopriwtss dhhen.chldét enge of repro
t hate out of equilibrium as t[hdedwi trlreswptondr it
knowleftie nucl eaHodeséer buhiHamepase sprabhem,
technique necessitates the use of an opti miz

L®gar ® e[tbdadr.e 2t00e5 f i rst to use few cycl e:
7fs) and CEheotloe cruelpaorr ts tornuct vw0,e 20 Eshmpa/loly ento | €

the inversion processompgamngadbCwipiotr@abod s al ave na
surfaces to reconstr eosstODtahnegd e G g o h Ddé] galon
also used the inversion method -atnadm rmeloed eld
di chl orom€t)harmrse ngCH ubaged stmohaséedcanneal.
globally optimizes the molecular spati al C Ol
uncertainty in the geometry reconstruction v
t hveel ocity vectors. However, they were only a&
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of measured velocity vectors, out of poten
measurements. [Bfpichpased an .i ”POOMOsi on met hod
smal | triatomic mol eculTehsetyaisti endy tah esiirmprhetxh o8
reconstruction of simulated gredmednr n®3d oy de
The simpl ex oali godmiateli p pveads f or s o[l 5y& |mfdu ritihreerar
i mprovements were therefore netekdedsttiot ustoelsv e
chall enge of a mol ecul ar reconstruction, Wi |
[ 54]Since the simplex algorithm is a | ocal S
guess geometry, for some casesnfriamitshehagldo|
mi ni mum. Neverthel edbs,ahBEoyhat bear esulat s @0 11
|l aser initimatednmeltpiepl eneinani obtained the av
anglelaracCOmpl oyi ng[] &2h]éAnsiimpglegx st odhe geome:t
effort using CEI was pe[r56]nrmed ERynpKwryietds lkai re
met hod by -upi hgbhedl boktbdeuENI| ¢ éhioefidet meshot
works, by matching experimental momenta to a
in a-dt measi onal array, definRB)®R bHoO waetvoemri,c |siek|
experi mental work, they did not -gpveableeaiT Tl
basic idea of the method is stild]l 41 hemaear
probl em, where a smalllarc hsatnrguec tiunr & hvei lilnirte sad |
in tma&l fmomentum. [ S@§hbwedet hat. mBOLBpl e init
result in identical momenta for a triatomic
Il imited case of fixed total energy release.
released @&a@nmolggcdlremwoul d of course have a ¢
so called Adegeneratedo geometries could pose
approach to Coul omb explosion imaging 1in cC
appach should have a process in placehéabr i c
result from degeneracy.

Thi s fsoteumlsy t he al gor intabpmpfimigant momeolt ae s o ¢
structures and i denGadmdtnrgy dreejcesnrey t@nciiyw itr cnaesue s
simulated carbonyl sZd f& d& o(@O&®)u | ioenbtihce sOEGBY
procesussi mgppt weac hlewmpk t abl e met hod, and a n
optimizatODG8 metadodommaoCSt arsgestelienct@HI .due t
and linearity, while also exhibiting slight
making it of interest to experimentalists. T
arise from conceAsedelbrae i W@phiep r3stt eashgde s4.+ st at
a combination of both coTwoerstiendul anaddst enp wii s
dat eageet e mpod omaelkde tshpplmedc dlwlde t o any unknown
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nucl ear distafé&uno tospsodsdsii @8 aAt] raam seel ect r o
and vibratiaornealc oenkdtiedhearteénde nf i n all momentum vec
the Coul ombmoedkell oasomescdi Betberni isggma b atoaid
experi ment mbmdat am seatchheor fed i nto our recon
the reconst mMmhenedwngeomgi ape geeoerthp htghreens wi t h
the reconstructed niggee® maltihleietteywaonfds t @ waclf h @tn me t
evalivoenbasedhneutmber of events successfully rec
thaebi | ity to deal with degeneracy.

4.2 Preparation of simulated OCS geometrieand momentum vectors

4.2.1 Coulomb explosionmodel

To simulate the ©OCH vimbisliearpll iofsy iomga o&s s u mp
applaised n preVdpdEdBELMESE. Al six electron

removed, and there isrinmgtchrawagred.r etdhentefidrud,i
bet ween el ectrons and nucl ei are not consid
already broken, and structur al deformati on
potenti al i's nagyée i g4 bpei cBar gedspaehicl es, C
The point |l i ke i on approach assumes that th
mutual Coul omb repul sion. Thiesrreafnosrfee,r roendl yi nptu
enedgy.The i mpact of an external el ectric fie

ion starts with Theer of iinmiltiimsaol nenadoatha teerdT wh e n
momencampoereghit it mi ni mailt Hiur-2@.ek@Wtheamsieder i |
itothe asymptotic moment um.
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at the origin (0,0) aaxdi 9xggeénbkiad oomar armte.t I
The final asymptotic madmdanltounng itsh aleis snietdi vae
i n the thipdnguécacr asretcoamdd quadr ant
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0 phmfd no |
s T fe PP Equationd. 2
[0 2 T 0 wm
Qo 1 a Equationd. 3
Qe 10 p nn » »
Qo L > PSS Equatiord. 4

Consider the tri atFamgiurwdsefisdce masack psboewnt i bl
positionpéeéanmpddsr @ ntdhe momentum vectors. Und
at p&PO&=p$6=0, and i ni roirals) .gedimedeg yt {e CO and C
and bonddcsarneggltehe key paramet erhseniof i alnitsge enet
descuishwgecsdods i n the followhnghids$ swagsi bhe o
geometry is no longer a factagrmucdiumee od ure afcdc
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mol ecul e. Furthermore, to ensure pagaordlbucre ias
positioned dthet lhx yagrangiiesl, ot dgretnhda he position

calcul atptlane.t Ae xy T, pté@p@&pHi rcaln mMemearittaam n(e d
Hami |l tonian of t hkeq uadslEgmad. e Adet aii loec | ilry, t
comparison with experi meingdg aad dtjcesspaepd ps)h ea sf i n a
Showhi guot e The center of maspsalicen@tt tdep ®giitgii
and structur eplraintesei n e Tit=h ed dbtye t hiene@di nt wh
mo ment um, I n a simulation stgrnaipgn, L56 pm,th%
[ 5[59,9]reaches an Tdasy mmtuat i © noschdadrte Mad Il add by

4.2.2 Simulation of initial geometries

Two datasets ofarienigteinairhaad efainresdtr i erse has ge
l engbheend bormdkpeaks eat approxi mately 150pm, 16¢
and the second one with peaks atnegqualipriuh
dat aset I's thehpwirmamf efwhciucsh, caosnt ai ns mor e
stretched and bent compared {68FEmMenequatl edr
criticgeabm€Ory exhibiting stretching and bend

bond | engths exceeding equilibrium values an
val Beexi bility in differentbymoalle couianrg sntorluecc
compress, s twiettdicehih,i neerdd ol NPdd Y p(rG),, 3 50 phgr a nd

(140A, 180A). Then, the corresponding momen

Coul omb explosion algorithm.

50



Distribution of simulated geometris

nomralized count
[ =]
o

0.0

1] 50 100 150 200 250 300
bond length r., (pm)

o ®)

nomralized count
[ =]
(i}

a 50 100 150 200 250 300 350
bond length rog (pm)
1.0
(C)

nomralized count
[=]
w

M — e
140 145 150 155 160 165 170 175 180
bond angle B, (°)

Fi gu2®i sAt.r sobfyuetdigodcsr om si mul ated OCS geom
simulated geometrles of OCS — g
40+ g
20 1 .
E
g o 1
>
_20_ .
_40_ -
-300 200 -100 0 100 200
X (pm)

Fi gu3 ee@Gdmet rwyi tphl omtar gi ndlordiost giimat i esnsnul at
Threed, black and blue area represent oxyge

51



Thpeaks of thergdssndiciabaet i D0%. THG pand 177 .
161.5665pectThe vavleudaH@a 0S8 3 pm, a hldPI .4BRAHAW r e
43,t he nucl ear distribution of egaecnhetrdatiteempil ®t d
fi,potsictarobnon at om at tphoes ioatroi&gyi gne h(ela t0o)m alnhde nt,
at omuah wahydotiss evenly dawiideandyt hdpdoacyegde n a
the second quadrant, whil e the suwldfwikei s p
mo | e&ceud cer di maé¢esucentleat of henass i s at the or

4.3 Geometry reconstruction using a lookup table.

4.3.1 Look-up method

Theoept behiupdtablleok s rel atively straight
certain number of Coulomb explosions with a
mapping from mol ecul ar sAguxztmueesl|l tt oofmosnteat i
numer ous si muwlpattiaobnlse, oaf laocsoykmpt oti ¢ moment um
table can be correlated with any experi men
corresponding to a poamwmetnitcuum aw ¢ ecstedtresqgd aindlEse r v
reverse. This involves searching for the mot
and subsequently deducing the corresponding
by calculating the sqgedra&mndd ntoalnl dev eveteamr ¢ he

The -upokable has two parts: thecshbgsbbhadof

final mome rem JfmMyvie thMmmsh) it , expressed in th
frame.r effective compari son wi t h t htihse f orr
experi mental momentum data. The sum of the n
event has a vleeys smflhd/ [$6udhj@Fér st , remove ¢t he
center of mass, ensuring zero total moment ur
section 2 to rotateplmomenwiutmh vielté os ame no0i &1
reduces the momeinmemswietchtoourt tloosi ng Tof or ma
reconstruct the geometry corresponding to a
values the following steps are carried out.
Computational steps:

(1) Generate a loelp table of 100,000 events, with (g, res, docg uniformly distributed
within the ranges (10pm to 500pm, 10pm to 500pm, 140° to 180°).
(2) Adjust the experimental momenta to match the format:

— n m [ [imn ) (e, wheresm  represents the
experimental data.
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(3) Foreach experimental momentum, compare it with every reference momeatum,

from the lookup table. Calculate the square norm of the differenCeeas == .

(4) Identify the smallest difference (error). If this error is below 1*1(kgm/sY,
indicating an error for momentum componenivRhin + 0.1*1022 kgm/s, then recognize
the corresponding geometry from the table as the reconstructed geometry.

(5) If no matching geometry can be found, the reconstruction fa&hisis unsuccessful
and the algorithm moves to the next one.

4.3.2 Reconstruction result

- o
40 - reconstructed geometries - C |
from look-up table -
20 A 1
€
& 0 :
>,
_20 - -
_40 . .
-300 -200  -100 0 100 200

X (pm)

Fi gu4ee@met rwyi tphl aotar gi ndbrdreconburiuyohed geon
| oo tabl @€heetb@dd. bl ack and blue area repres
respectively.

Herme ,represents the moment um 4 crtdar sa tthoata
of 2000 momentum vectors, 1993 of tAmonmnget r
the 1993 wleomepetak esoyvcaalnae arldésbo2r. 289 m 7,1 5pmd
161 .A39r0espectivel y. Th®5.a6y8e70pdny 8,2 Avaanbd? A4 1 Jar e
Compared to the simul at ed rgeefo niedtdr.i8e2s4,p ni hies anvu
than the expected value of 179 .rd38rddta,l soi mi l
exhibit deviations fAsons htoRweng aidng itdh ep ad leap evsa | ¢
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di stributionsdibfeOenC aocp &r ead et ¢ i gluE eo di gi
with significant wings on the oxygen and s
geomeamdee®nstructed within a tolerance of (I

original geometries. This means that the ren
| ow accuracy or failed to produce thencborec
each momentum vector set is around 4. 98s.
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To understand the per,ftdiremamocree nrhaliviea agdd d retr ie
the geometGyamnibef edreé noed as

Md:— -— =—\ -— - — - -

Gs= O "0 =0 o o o o o

Mgcal cul ates the momentum difference in th
whil egqrtédppr eents how far the reconstructed
geomé&t gysde sfp.l ays t he dgaemlddfcGi o mebdO®E8erviEnt s.
the momentumsldos$éeteoenczer o, there are many
di ffelrieinged, e a4 .si mil ar i dea 1 s oM er veed:y whoen
some data stillG.ihaae astpthpebleabkuwhiaoh i s ba
concept, is not a reliable method to accur at

4.4 Geometry reconstruction usingan optimization method.

4.4.1 Optimization method

Setting up the optimizaithbe peobhsemr usct iam
The standard form off6ilan toptmim izmit leoeh( grc orba/xein
funcdonsubject to 'Qaon sthy BA@ApHBihl nc tna n s
mhx EAOQAp R . For our geometrysreeqns te dooeiaocn,
optimization probl em. The goal i's "R mini mi
=) == .Herme@)r epresents the momentum vectors i
optimization process .cocsthegs e amentauones regttd meuécyt ur e
equality con®twr ai mgti ve an dtyi ©ehgsu aitni oAesdst (i 10)n 2.
(e ) represents the expElhe menéequlualmotment c
Q®, define theOh®xbagus AnmaiQét)s (dt is impor:
t hat atnoe rree sso it ihdeitmeonns i o R Bdr x|l angher emolae ¢ albé

can be incorpor at eldn uosuirn gchaslicmilfeatnicosnhse,psunct i
utilieepgl oyinggoimeé 6met @oidor Tshuiist eadl gfoorri tchom si
nonlinear optimizati on.

The optimization algorithm deicdds)s warnd an
evaluates the objective function and constr a
al gorithm proceeds with iterative updates t ¢
algorithm updates the cueremtevahdetchbésrther a
bds within the constrained region. Additiona
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mu
ca
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ar
al
p o
co
mu

nction witdpcdgdel)s,petcherveddtoer(mi nes the direc
e next point and computes an appropriate s
erations until convergence is achieved, W
| er amde-l183eevet wunt il the maxi mum number of
sur e tdseo lowttiiomszeand detect degenerate geol
I tiple times by a set of starting points w
n be uniformly distributed or fiotly own anhke
pl oration of tthiessshoelmast t o b a §)p as€tealr2Bin5g poi n
e uniformly selected from within the speci

gorithm, i terati onpsr ofcoers seeadc hi ns taa rptairnagl |peoli r
ints result in an identical solution, it
nsidered fully optimized. However, i f the

ltiple geemptomdesngcd o the same momentum VE
Computational steps:

(1) Set up the optimization problem:

Objective function:"Q® == = ;

Coulomb explosion model functions as describeskeiction4.2.1.
Box constraits:0 OreeO 5 0 0 prenQ500pm &hd 1400dhes 0180°.

(2) Adjust the experimental momenta to match the format:

- n m [ [ ) (i, wheresm  represents the
experimental data.

(3) Initial guess points:

Uniformly select 12®oints within the constrained space as the starting points.

(4) The preliminary result:

Eachstarting point undergoes the optimization algorithm independently, resulting in a
solution.

(5) The final result:

Classify the resustbased on the number of different solutions. Usually, results can be
classified into one of three casesiquesolution doubledegenerey, ortriple
degenerey.

4.4.2 Reconstruction result
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1 1 1 1 1 i G
40 - reconstructed geometries . C
from optimization method - s
20 A .
3
g o0f :
>
_20 - .
_40 . .
-300 -200  —100 0 100 200

X (pm)

Fi guf ee@®met rwi tphl ommar gi nalordirsetcroinbsutribogitlseed g e C
opt i mineatthiodde r ed, bl acrkeparedebhltueoxggea, car
respectivel y.

Herme ,represents the momentum 4 €ctdar sa tthoata l
of 2000 momeanldlfumt vemtpreduced reconstructed
f odorc@anddcarle52. 336pm, 178.814pm, and 161.65A
arle60. 011pm, 1d5=546pmgeéamdt 1 6&8 are accur at
within a tolerance of (NO.O0OO0O1lpm, NO.0O1lpm,
geometries. And 650 of them are iHdemtihfaived
doubl e solutions, 632 of them have triple so
degeneracy probtegen8RabWw aasenonThe esti mat
for each momentum vector set is around 2.04

4.5Degeneracy region

Il n this sectionis aexelgagresdea dye greengir@amcy i S
requiring further analysis of the results.

4.5.1 An example oftriple degeeracy

Startiangd ewgietnher acy case as shown bel ow.
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TablleCodmpari son of reconstrwetitaml ree snelt thod dk
the consdi miemed opodm mi zati on met hod for a s

Geometry (&, res, docd (pm, pm, degree) Error f(x) (kgm/s¥
Original geometry (127.5295, 176.970, 162.922
Look-up method (217.8787, 108.9899, 164.6464) 10
Optimization method Geometry 1 = (127.5300, 176.9699, 1400 105838
Geometry 2 = (146.413151.7719, 161.6%) 105803
Geometry 3 = (213.083111.018, 164.3632) 10579

10-42 4
s —— geometryl

—— geometry2
geometry3

10-45 4

10-48 4

10-51

fo(x)

10-54 4

1057

lll ZIO 4‘0 6|0 SIO
iteration

Figu8ktdration plot (in tiog geamed)rifes. t hr

Fotrhteeat stretched and b.enTheg eloowednrdyaernegt s |
stretched to 127.5295 pm and 176 .d9066&€®8dpmt or
162. 9Th22 Mmome st ammlrceuslua tteads,y mp h o & ncv enc@oofr-nt um
3.765234%3e834-2921e0, -232.,4 ®4,A®RG 21 e 6 -2324,4 901)e kgm/ s.

By empl oyi-ing ttahtel d om&kt hod, the reconstrucl
108. 9899 pm, 164.6464A). The corresponding e
of the differedteHmwmeat umwhes a&Opl-bynegrthe

optimization process, thred@dabbltufbpona &aoeéeati
starting points test, t h @ rseeolsdtcd reeslphroavs etnhtea t ti
degeneracy. This indicates that for the give
demonstrating a degeneracy of three. Notably

i's signifitdhamtltyhlagmiipolodka bl e met hod. Additi on
FiguB8ehadws that the opti mi z a3tli oint eprractci eosnss ,c orn
errdld®ofn our previous study [tHhajtondryo pohsreede t
points wer er u®edwafsa dadc haine v e d .

4.5.2 Degeneracy region

58



Al | geomet rtihdkesgepkmaledgeathenivi t hed I h@pmpace
OcandOr500pm alOddlPBAAOFWL UD(A)4L,. these geomet
a degeneracy regi eno.deThibsasreag iddann kibse dceoal gogrl &
represents more | inear mol ecules, dark bl ue
regi on, a geometrytwi 160 Al ibkteddyd celgigee n@lr as g
problem. Al so, if one btohned oitsh @srtlrbentoacteseod | ke ¢ ly
t beatdhdeeogener acy. Moreover, by plotting the
region, we can understand how the degeneracy
secti on gu.BeBiWM, bl ue pointdgdegemreeacyt cazdzes5%
out si dadegkenebgc ghi.gulog Ci, Red points % epres
degeneracy cases, and they are |l ocated withi

(A) @

160

140

500

250 0 &
o 0 & fco(pm) 0 <

o2
S, 250 500
Stp, 250

) s00 o rcolpm)

250
fco(pm)

Fi gu9 A edg.e n gregdrglniroewpr esent snome ¢ @ dlaisnke aon su e
more bent gADudtgra®r acy r egdeognen e rBac yb |cuaes epsc
section 4. (c) red points are degeneracy cas

4.6 Comparison of look-up table method and constrained optimization method

The r ecioommetsiud ¢st@ c ¥.i Joank24d 4. 22 nar g zTehde t abl e b
presents a compariaocoocumddy e adk chauspy e malt led e
met hod and the optimization method.

T a b [2:eComparison of reconstruction accuracy and speed between two methods.

Accuracy (pm, pm, degree) Time Identify
per test degeneracy
Look-up table (1, +1, £1) 4.98s No
Optimization method (x0.001, £0.001, +£0.001) 2.04s Yes

AsTabl2e hé ws , the optimizati onpmeahbd maet pe
terms of both accuracy and speed for the tes
of 2000 momentum vectors in section R¢cteodly
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within a (MoplfMdmpay eusf ngup hteabloecokmet hod. The |
geometry is successf ull@% sbutty psied allotrH bavreveeerr rf chra
with the optimizati on metoltdde, craswsl.t Amomeg dli¥
have a unique sol ut(iNOn 0@Wilppm, aNpre@isgimmon N®f
remaining 67.5% are degeneracy cases, where
solutions are also discovered. Furthermore,
| oo table mebadodt wsceorlkat of the optimizat

The precision of reconstructi-op tBblIreli a
achieve gr eatienrmtghirae cri essi solnatni looopat e Yobne; t means
significastoragheapleerenesol ution increases,
exponentially. This exponenti al growth in t:
| arger, meaning méuetAtomerareai meolvedrge t
l'i kely result in atl ass iefpfoirdiaennt troe mon et 1t ha
the -dpotkabl e is | imited to theawmal yesepoeser
geometries that exist in thei $sabétecandnosip

an exact solution toThadecoesbngttruchi speedc
mul tiple factors, turpc | tuadb Ineg, tahleg ogii 2 éh ms mToa
provided here i1 s onlhyamypaleimeénnttehd stBhset taflgg ol roiotkh
up table method,esgpdmudn atni ntgabdcechs gmiorbg/.i o@wd rya
constraliinrreglamompti mi zati onumet dlblde smefphsdesn
accuracy, speed, preciadodomess|itexe bdegearyer aany
|l arger mol ecul es.

4.7 Reconstruction for a second simulated dataset

A sedamndsetgemnvetrt &t éod n 6o clkaenndg tbhosnddpaeradklise a't
115.710pm, 18G177669Ww,2Agndc |l ose to the equili
aims to capypreat héemaveor of molecules and
compression, or bend. This dawupaseé¢étdbie met bdo:
the optimization method. For a woptakhboe mmeodh
57. 6% of them get reconstructed geometries.
tolerance of (Ni1pm, Nipm, N1A). I n contras
optimization method, 100% of the gkbmefriéeser
are within the stricter tolerance of (NO.O0O1
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e simulated geometry

=10 look-up table method (A)

3 = = optimization metho
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Fi guroBo4d | ength and bond angl eandstributi
reconstructed results

Tabl3Compari sonvaolfaspeakagal ues of distributi
geometries and .reconstructed results

Average geometry (unitin pm, degree) Most likely geometry

Original ro=115.238,6= 156. 046, reo=115.710,4s= 156 . 789,
geometry

Look-up table ro=116.685,&= 155. 300, reo=116.277,&= 156. 392,
Optimization ro=115.238,6= 156. 046, reo=115.710,s= 156 . 789,
method

Fi gulr@Gel Mustdgoatreddcdtise rri buti ons obtained froc
as the originhdblgsbdmewsri be. akedage values an
The distributions obtained from the optimiza
di str iolfyrtandine,s i ndi cating high accuracyp Howe:!
table method are different from the original
its better accuracy in reconstructing geomet

4.8 Conclusion

61



|l n hssydyloempar i sotinh & eldtpwvetleaetlheod hand onstrai
nonl i near opthianviezaue ebnnc tneeidnhuolda thegd hagt § manet r o m
mol ecuten©€Bt ed e xFpdtrdsai nngd @lrooncbg shso c amhp rboev e d

The 1 mpact of the finite time during which ¢
shoul d be. cAolntshioduegrhedt hi s time is short Comp:
scal es, it is not wmegloi eifdleec.t Difmitlhaer Ilya s etrh ¢

Sshould beHowesedgerkdcause previous studies w
successful, it ma k efsi cs eunnsaen stwe Thdt garisthh 8 P&
mapi bhgt ween initial gabaetbeers ¢ e nwomesktalbal re® dne
|l east for the simulated data. The apphbhptaetio
5.

The |l ook up table method is simple tso i mpl
some ability to per-dogenneralmywsdaEesed uilodn ef nocro unt
chall enges whegrer apnpllaescth é ¢ ®,ed ai r ed storage
exponentially with the makmmegr idf aatl emkse ierf fa
optimi zatpgermnf anemshByWepreowvi ding a | arge set of
guess solutions and caes yli ngpiaduaarttihidfleymtud er pt
convretrgsul ts,camnolhud gdbiwekildpt hrmteab | e benef it
optimization method is that i1t can indicate
than one geomel m i aadllgbitst ilbba e,u rmeotl reucdutbuarneds by t hi
met moe accessible for further analysis to di
triatomic moldeguerinegi@Ely, i ns 3befswlhere degener a
mo s t p.rfohbiasb | &l il owts @ dibb a ok szaasmidion of whet her
geometry distribution is trust waorottheynhé lad dyg

rejected. Alternatively, this coe.lgl ,bder iuvseend)
filtering process which could i mpose conditi
val ues, such as smootiml yorwaemry itmg cpharoasme ttehres

SstructDhese advahe agesnsmakiened optimization
met lmod al uablf esrtapdoyriolagc hand under standing mol e
expl osion
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Chapter5 Geometry recofstr
and OCS

The aim of this chapter is to demonstrate the implementation of the optimization geometry
reconstruction methodection5.1 provides a detailed procedure for applying this method to
real experimental data fromx®. Section5.2 presentgshe geometry reconstructigrsults of
the experimental dafar OCS.This chapter includes text edittdm an irprocess publication
titled AOptimized geometry reconstruction opd* 222 Coulomb explosion imaging daia.

5.1 Geometry reconstruction for N2O

The asymmetro0c sn®il Eambmlde didt e for the appli
explosion i maging, (cCoENbw c FSeedvsei[rr@q Bsptieubdyi achs | a s
witwawel e®®@®OIm mapanids e oll6edOgrtehé i ed on covarianc
indicate correlatiosewstbhbu&Katemegcoitj@am.pobiet
ot her hand,ul é mgloayned dence andwliKble clg&dJal | a:
explored various fr a@mendt atnivers tdlgan real £ onx etr
processes i n hinglhulcyedc ICaorud ednpir ex s ® st ak{ ng
femtosecondys .f dPrr eivo o[BG asit awrdi@lidNc hann el revea
that as theNbam@ W«Nternggttchls, Nt he badredcr.&mglse bet
studte&i Z&O&d nm, 100fs |l aseltiapdrcdoODFemasd dpt
These studized uwirreg amlad sysi c al mechani-Nal sin
andONbonds stretch iRuw=thiRenan®me GLRyng p avihdeir @ n :r
represents the ebuiflvabmrdvhbteirbidnhde |pernogdtuhc.e d mo
can cover the measured momentum range.

511 Experiment datafrom N20-(2,2,2)-7fs

| nr@acent stutdlye blyi atriienienergy rel eased we
of the energy expected from Coul omb explosio
geomet Oy i &GfnEMR113pnw LI mMs 1 BAS) shdwmuirre 5.
the percentage is 86%, i odmferadm ntghda h@o kli el i
energy. Thi s7fssh ocvhss ninhddabilas® 2hat e f or alpgpded ng
geometry reconstruction method.
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Fi gultkki eti c energy rel e@eedombi @ pearte minhtealg e
equilibriAmsgpbtmatwgs originally publ 6.88hed i
It has been recalcul ated and replotted.

The Coul ombic ener gybypedridvehneti aaggen eitd cc a&lnceulg
( KERYy Chwel opnbti et e mty y t he eTlqhud | KER isiemoelng i s

gi vesh— by and the foukbtemébbag¢wnl cal-ated as

Fr22R)-7s, the average KER for al/l €

first, and then it should be Abkiswimighdt hett he
initial point, the itnitt@ibalammemyeg pbdt e honidaod| e a
t hen af talrl at htei npeottent i al energy is transfer

Il n the following secti onayraentéaley zeexdp efrii rmeetn,t
by an explanation of the reconstruction pr
di scussed.

The expearsiomeductwed at the Advanced Laser
titamapmphire | vaistelr asny sbatmput spec,itramd cehee
experimental setup is the | Spée]adogdteard tstetse d
amnt emsli ¥/ ®mere generated by directing the |
with argbhol gawed by compreddieoh alserc puy pes m
a parabolic omitro oa s(up=elrOsOom inc agia s ojneti noafgi M g
(singl eddl ercetgraiacd )fai ndkee laanyode det ect or captur
coinci déheeevetndisg dvemte fiyping coi nci dtemtcaels i r
mo me nit & Imefarsaerd | of tchheost ongzewas
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Il n preparat i-enptfhoranaalnyosries ,i npar amEeit @unise ar €
52TheO2 ZX)hannel represents the ddOssoteatui en
|l oses 6 electrons, resulting in each of the
charg@sY#MN N+ 20 To distinguish between the
mol ecul e, i toime defrim eithila e iNohne e il h eedacahs idn h
a momentumy; NnBched:tPRRet her wi th tnhenNdi,Pmamgdi t
| ##. Thsbedmweleawn each pai rardedn ontdenc faisens pveecctti ovresl
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respedtCoelrel ati on map showing the magnitud
vectwaarmsd PPand a 45A DDefseremae¢ iloinnef kinetic
eveidmhe. bl ack reference Valnfee KBRt iheatred trhed em:
indicates the average KER, and fbe g¢qlul bwbt
structure
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(A) Traditional Dalitz plot (B) Angle classifed Dalitz plot (C) Therotical Dalitz plot
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Fi gua@albi.t z NpOQ-(02t,sZ ff&)r ( A) Tradi-axiosnal e Praed s & 1zt

energy differences bet wteamdtOneomdtiegr mi enparl e sf er mat
energy from mi?dd( 8)f Aagment!| Nssi fied Dalitz
based on varyiWfgroddabuM80€) a@ahgbeetical Dali
momentum structures for points on theyy Dalit z
bl ack arrows reprrgsand bhepmememiva t ife Moment
10 % 8 10.0 1 Nen 0
5 0.0 %/y 5 5 10 5 2
=10 M*’ 2 ,7i5 | ) -1.0 w :
.—1,0 -0.5 pxc(v,:u) 0.5 1.0 ’ -5 px(oau) 5 -1.0 -0.5 px?:u) 0.5 1.0
Figus Hewt on MkOot2s22f o/l €ft Fit 9 miingdhtQ aNs refer
respectively. The orange arrows represent th
center of mass. The f imdmenrtodum s\heoomso rtsh ea rneor
then the coi mem@ondmngedNt ors are Hhadéd at
momentum vectors are placed at right side.
I n the initial stages of analysi s, it is
data results. These visualizations provide ¢
complicated metFhagd3 .e (As) samadwn CG)n i |  ustrate t
the | owest momentum compared to the other tuv
are very similar, it is reasonable to expect
of angl emso nbeenttwwuemre v ect ors. Consi deMOn@gR# he eql

113pmccRLIPmMs ad@dA)he short 7fs pulUse mashbe:

| arge

r bd madGn viehaestymenet r i ¢ Ot riutctiug er @ds dNnabl e

angbaemsdare different but still relatively cl
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compared Amd 11®)pmshows the kinetic 1e0B6¥r gy r
Fi gu4ade sp.l ays both the traditional Dal itz pl
angld@hangl e cl asplidti ed armxaolletdzcdloorrepresent
i nformation rdlnattehd st qpltote ewemtt.s are arran
with tbéeamgasing fromot 8 GG iddaotwn,watrhdes . maj or i
haWeal ues greater than 150A and are | ocated
ori ghgmeometri es r efmleegty trlee efasetd thhaotm t he mi
compared to the other artcoms$y mwohsitlley tlhaer geenre rtg
O.Fi gubsehoSvws t he Newt ogBlnmdl o sasusrienfgerdenees. |

and O as references, t bécfemttlreery tswdip@emdmemg at
energy 1Is not S y ncnoentsri i Setiag nl Y Avsiditah B d  pd D t wi t
reference Iis centered at the origin, suggest
terminal i ons, t hAisg ud(s€ xFb.chisti isd n anlgl ywi tthh et hlea l
Newton pl ot (¢ 2y-2 fcehhaantn etlhei sN not r el ated t o &
concerted process included.

5.1.2 Reconstruction process oN20

\ PNm

Fi guaeNeO 5structure: Dashedtuoed théemm=EDal ¢ Niat

i onyk= Middle nitrogen ion and O oxygen ic¢c
structure at some ti me t after the Coul onm
vectors of the three ions.

Il n preparation for the geometry rErcguséruc

56. The i1 nitial geometric structure, represe
study20 As B triatomic mol ecul e, its tthriee pc
straightforward to describe iIits geometry usi
i Rigue eThe momentum values for each 1 on, der

state shortly after ti me t.
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Fi guv7.eome mtnad fevwvalessti on as time <changes fo
equilibrium.

To apply the geometry met hod, some par ame
given the initial and final moment a, the in
parameter t reprddrentils atgheearctthi ntewnatth ew hai scyhmpt o
condition. A&$ gu¥t(elugfttrimitsedsiimul ati on is for t
structure undergoi ngma&pruil toondbe eedBdfpaln@s iaoond, Pwi t
changing overi biamekandedoaodea gripfl i®d gse etviewaé
t hpeeri od ovmoswhscpgntthalkantpllibdeaa g eme E1 3i $,c ho:
wher e t huent mo me Bt falnadt ttehe val ues dxkhiigbudte nbi.ni
(rights¥hows that Coul ombi c 2fEb 8,c setsh & oerl eecatcrhi d
5.B675, which is significdidtloy ¢$mal ICoeul oommp a&r

AConstrainedo refer saraepop ltiheed btoox tchoen salrgaa rni
are defined @s 5 ®OmninGVSBOEmM, NERPMOEMRAIE20A <
180TAhese ranges are sikgnnoegwialnithryi ulna Nsfierru ctthuar
mol e,cudetsoinabal ecase where significant | aser
pl alchee al gorithm uses Multi Start to search f
finds the gl obal mi n i utmuimf. csrérhleyc s wdt i ir mgnt pe i b
constraints.

AOptimi zati onodo r ermiemismiagdzol ndgthjee ca i gamr i ft thme t |

-0 == , Wheemrepresexpasr iimoametnaelas at edi me t an .

repr etsheentmno metnetruamh i vely cal cul ated Taourfiing tthhe
measured moment & htto exlperalmgot alt hmoment a sho

format as sexpl®inhe imm M M Ao
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5.1.3 Reconstruction results
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dBl ack |l ines repr erseemdn stthreu cdtiisotnr irbeustu lotnss, oda n
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For a total of 1080 2e 2e2t)s cthrmaoomel he 1R63
reconstructedecorstud adtnigofihne aad o) e©d t"Q8Be 3f3Wmn c t
o rfpscan be mini mi2edant o mep rwavleuree nt0 WwHen cor
in our pre4dGouensthdy the moment-22 akgegmmgasul
err ofmak®ks the accu#2&ckgimd sO f\Wd Oftn@rhde etthaat t he

degenerate case in this test, whi ch means al
The reconstruction is not 100% reproduced, t
this might be because some &t shé&wmud(ec, bl es
B&C), the black curves represent the reconst
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f omtnRnfoandare 114.557pm, 122.143pm, 169. 071/
represent the ground state distributions, w
Mor se potenti al using Density Functional Th
obsed vt hat t he niveamddynmReaawge hst rRet ched by 1. 3
respectivel y. Additionally, the bond angl e

descri bdgdb,bilwhschdpssumed proportii@a@mmdndgdtretc
our method allows for morNNmahNhOltomd all eigteles o

be stretched in varying proportions, with n
behaviours. This flexibility allows for a mc
Fi gud&(e)5.di splays the distribut-ploot of To ecroast
geometry plot, weohsrat phacer abglaartch et e . O Tih
the second and first quadxasetsepapdeveintt gky a
Finally, we shift the center of mass to the

5.1.4 Geometry reconstruction for NbO-(2,2,1)-7fs

By following the procedure in the previolt
resulptrse sared e .
N.O Y&N R+ O

0.9
87% o221
] ’ —=— 222

86%

o o o
(2] ~ o
1 ] 1

Coulomic energy percentage

o
(&)}
1

T T T T
30 60 100 200
pulse length (fs)

o -
-~ -

Fi guaxki beti c energy r el e@ocswldo mbsi ca paoattecrethieaalg ee
equi l i britbor gesiNgg e 2 , RD-( 2aBd1l) .
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As shoRwngu9mre S.he percent age -7Masl uies f807r%, c hwa
indicates it is possible to apply the geomet
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magni t ugiensP fawrd @ | or ebdl uien, balnadc kr,eBD i rsda sp ebautt ii vo
of angles between t We athiig eleo medneinrt ugr e/eerc,t op wsr
respedtCoebrel ati on map showing the magnitud
vectwaarmsd PPand a 45A DDefseremae¢ iloinnef kinetic
eveidmhe. bl ack reference valnwee i,mnfd ihnKkeBRr eesd trhed ems:
indicates the average KER, and fbe g¢gqlul bwbt
stuctur e

When compmomergt urhedi Ft gub@oiBol R, Rarld ichant
Fi gu3feor5.t he (2, 2, 2) ecxhdnrnomeelr, nboontehn tcuhma.nfnoerl st |
For a nearly I|inear triatomic mol ecul e, it
from the two terminal i lomise i (2 al miptec lmgpmeealt tu
of h@ s mpébakrtvladmuet he. tlem mc aater &s2t,,2,,i20ch ec hRann
has aager peakn\AadIdu e itomand Ityhe thhe (2, 2, 2) chan

which is higher than the 74.6eV observed in
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As shorwnguit® Goaul omb forces and momenta c¢h:
mar kedl 3ast t20e get asymptotic momenta. WHiIile t|I
the midads Mot consistently inclbesa,sk42PM t hin
Figur2Cph.it shows a slight decr eashel gfudriel oSwe d
(Dt)he Coul omb force for terminal N i sThoebser v
mi ddl e N ewmpagrieence a

Fi gutl @8Moome mtnad fewaclessti on as time changes fo

equi l i(LANDi uMo.ment a evolut(iBdnlan fiomeeshamges.c
changelshma@@)pfliodd moment a evol uti elnd sfldlrh é€tDi) me
magnipfl oé#df orces evoluti-bAasfFor time interval
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