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SUMMARY

In the irradigtion of condensed phases a hgh leser irradiances, the
gectionremovd of a high quantity of materid is observed, and this is usudly denoted by
the term laser pulsed ablaion (or explosve desorption). This phenomenon has found
extensve and very important gpplications, but its mechanidic understanding is very poor.
The present work addresses two quedions Can a phydcdly dgnificant criterion be
edablished for defining the phenomenon? How physicd and chemicd processes in this
regime differ from those a low light irradiances where conventiond
photophysics/chemistry holds?

To address these questions modd sysems compossd of sSmple organic
compounds frozen a low tempeartures are studied. Time-of-flight mass spectromelry is
employed to probe gection effidencies as a function of las parangeas and
opticd/imaging techniques are employed for probing morphologica/dructurd  changes
induced inthefilm.

Through the compaaive examination of nonabsorbing dopants of different
binding energies to the matrix (CsHsCHs), it is demondrated that in the UV irradiation,
two fluence ranges can be ddinested where different materid gection mechaniams
operate. At low fluences, gection is consgent with surface vaporization/desorption,
wheress & higher fluences, gection is dearly different, entailing the unsdective gection
of a volume of maerid. Therefore, the term “ablaion” should be employed for denoting
exdusvdy this higher fluence range This differentistion has important implications for
the gpplications of ablation. The gection of dopants drongly-bound to the matrix is
edablished as adirect experimentd criterion for the identification of ablative regime.

By the use of opticd techniques film mdting and gas bubble formaion is
demondrated beow the threshold. Consequently, ablation of molecular solids with
nanosecond pulses is due to “explosve bailing’. Beddes the implications for ablaion,
this demondration may provide new ways for studying organic compounds in metasteble
states.



The trandationd didributions of the gected desorbates in the UV irradiation are
shown to exhibit diginctly different dependences dove vs bdow the threshold. In
contrast to most models, in the ablation regime they are shown to be determined by the
gas phase collisond dynamics and the gection process as wdl. A number of additiond
features are determined that can provide the bass for the development of more eaborate
theoreticd modds on the flow dynamics of the gected materid.

The photochemica processes ae dudied for prototypicd organic compound
(CeHsCl). It is shown that UV adlation does not modify quditativey the reactivity
petterns. However, quantitativdy, dgnificant deviaions from conventiond kinetics are
noted, suggedting thet the description of reactivity in UV ablaion requires congderation
of the padld influence of the theemd and phydca processes In paticular, product
formaion is shown to occur manly in the film and as a rexult, photolyss yidds and
photoproduct formetion effidencies depend criticdly on the time scde of maenid
gection.

Fndly, prdiminay dudies on the femtosecond irrediation of these sysems show
sonificat differentiations from the nanosecond case, suggesting that laser pulse width is
crucid for the desorption and ablation gection processes.






TABLE OF CONTENTS

INTRODUCTION .....cciicieisteisteeste s e s e teses e sse s saesessesesaesesesseessesessesessessssnsnes 16
11 IRRADIATION OF MOLECULAR SOLIDS.......ccotireirieirirenenesieennan, 16
12. MATRIX-ASSISTED LASER DESORPTION TECHNIQUE................. 18
13. PROPOSED ABLATION MECHANISMS......coooiirerrereeneese e 19
1.3.1. Photothermal MOGEIS.........coovieieireresee e 20
1.3.1.1. Desorption via Surface Evaporation...........c.cccceeveereruenene. 20

1.3.1.2. TheBottleneck Model ...........ccooorirniireineiereeseese e 21

1.3.1.3. EXplosiVEe BOIlING....cccooiiiiieiee e 21

1.3.2. Phonon Avalanche MOdel...........cccoenineneiecseseeeees e 24

1.3.3. The photomechanical MechaniSm.........c.ccccvvorrinniinnennineeneens 25

1.3.4. Photochemical Mechanism for Molecular Ejection.............c.......... 26

1.3.5. Problemsin the Study of Ablation Mechanism..........cccccoveveeienene 27

14, CRYOGENIC FILM Sttt 28
141, AdvantageS Of SUAY .......ccorererieerieirieeresienesie e 28

1.4.2. Previous Studieson CryogeniC FIIMS ........cccoevevevievenesesenesieneenne 30

1.4.3. Scopeand Outlineof the ThesIS........ccoviiiiiccciecceee e, 33
EXPERIMENTAL .ottt st 37
21, VACUUM APPARATUS ...ttt 37
211 Thelnlet SYSteM......cc e 37

2.1.2. TheDeposition Cl.......cccooviiieieeeeeseeeee e 38

2.1.3. The DepoSition ProCESS......ccciieieiieieeieiee e s e s sees 40

2.14. Massspectrometer ChamMDEN ..o 43
2.1.4.1. TheQuadrupole Mass Spectrometer ..........ccovvrererereeenen 44

2.1.4.2. Optimization of Quadrupole Mass Spectrometer ............... 44

2.1.4.3. lon Deflection and Detection..........cccvveereriinneneneieenenenes 46

2.1.5. Determination of thedrift time.........cccocvereininienere e 47

2.1.6. Timeand Energy RESOIULION..........ccceiirieierieirieerieereeseesee s 49

22, TOF ANALYSIS. ...ttt s 49
2.2.1. TheDetection EffiCiencCy.......cccoceecveieieicicceseceseeeece e 51
2.2.1.1. Estimation of the Absolute Desorbing Amount................. 52

23, THE LASER SYSTEMS ...t 53
24. OPTICAL IMAGING EXPERIMENT ....ccccoiieiieeees e 54
THE THERMAL NATURE OF EJECTION AT LOW LASER FLUENCES....57
31 INTRODUCTION ....ooiiiieiiririerinieesieiesie s essens 57
32 RESULTS .ttt sttt st st ne s 57
3.2.1. Neat TOlUENE SOlT......ccoeeeereriereeere e 58
3.21.1. Fluence dependence of the desorption Signdl ................... 58

3.2.1.2. Optical/lmaging Examination............ccccceueverrereriereeseesuenens 60

3.2.2. Mass Spectroscopic Examination of Mixture Solids..........c.cceeeeee.e. 67

3.3, DISCUSSION ...ociiciiicieirieisieesiesesese s e esesse et ses e ssesessesessesessssenessensnses 75



3.3.1. Demondration of solidliquid phase trandormation at low

FIUBNCES. ...t e 76

3.3.2. Quantitative ANAlYSIS.......cccceierieriereeese e 82

34,  CONCLUSIONS......coieieirreres ettt 84
THE DIFFERENT EJECTION MECHANISM AT HIGH LASER

FLUENCES -ABLATION ..ottt s snns 86

41.  INTRODUCTION ....occcoiicirieeiietee et ss st se et essens 86

42, RESULTS ...ttt ettt 87

4.3, DISCUSSION ....oooiiiiiieiiireisees sttt es 93

4.3.1. Demonstration of the nonevaporative nature of UV Ablation.....94

4.3.2. Implicationsfor MALDI and related Applications..........cc.coccueu.... 98

4.3.3. Mechanism of UV ablation. ........c.ccvrinninnenneinecneeeese e 99

4.3.3.1. Thecaseagaingt a photochemical mechanism.................. 99

43.32. Thecasein support of “explosive boiling’ .........cccc.c...... 101

44,  CONCLUSIONS. ...ttt s e neenannns 105
EXAMINATION OF DESORBATE TRANSLATIONAL

CHARACTERISTICS ..ottt 106

51, INTRODUCTION ....ccoiiitieirieisietsise st esestesesee st sessese et e ssesesessanens 106

5.1.1. PoStDESOrption ProCeSSES........cccueirieerieerieesiee e 107

51.1.1. Supersonic Expanson Moddl...........ccceoevveiereiineienienenn 107

5.1.1.2. Knudsen layer fromation..........ccccceeveveveereeiesnseseereeiennens 107

5.2 RESULTS ..ottt sttt 108

521 NEBE SYSEMS ..ot 108

5211, MiXtUre FilMS......coooiieieerieereeeee e 112

5.3, DISCUSHION ..ottt sttt 115

5.3.1. ADIation REJIME.......cviiiieeece e 115

5.3.1.1. Dopant Trandational Characteristicsin Ablation.......... 120

5.3.2. Sub-ablation Regimein Neat SyStems.........cccovvvvrenrennenenenieens 122

54. CONCLUSIONS.......ccoeeeirierieieee s sesee e sesseseese e ssesseneesessessessessensesessens 124
PHOTOCHEMICAL PROCESSES IN THE UV ABLATION CRYOGENIC

S O ] 1 5 1 SR 125

6.1.  INTRODUCTION .....coitieirieisietsiee sttt e sse e sassesassanens 125

6.2. STUDY OF CHLOROBENZENE FILMS.......ccooieeerereeeeeeseseeeenne 126

6.3, RESULTS ..ottt 126

6.3.1. Characterization of the Desorption of GHsCl........ccccorvveerinnene 126

6.3.1.1. Fluence Dependence of the Desorption Signal ............... 126

6.3.1.2. INAuCtion EffeCt........cccvviriinrirrereser e 127

6.3.2. Photoproduct €ECLION..........cceeveeiieiececeere e 129

6.3.2.1. PUISE EVOIULION ..ot 129

6.3.2.2. Fluence Dependence........ccereereerieienieesie e 133

6.3.3. Photoproduct Trandational Distributions ...........cccceceeevvreieennnens 136

64. DISCUSSION OF THE RESULTS ..ot 137

6.4.1. Desorption Dynamicsof the Photoproducts...........cccccevvevevennee. 137

6.4.2. Reactivity CONSIAErations ........cccoererieereinieeneeeseseseseesee e 139

\Y



10.

6.4.2.1. KineticConSAeratioNS........ceeceeeeeeeeeeeeeeeee e e e e e 140

6.4.2.2. Plume Ejection Time and Photolysisyield...................... 142

6.5, ISOTOPE EFFECTS......ci ittt 145

B.5.1. RESUITS....ciiiiiieirieesses et 145

6.5.2. Discussion of theresults.........cocvveieininesere e 148

6.6. CONCLUSIONS.......cocieeetesierieeee et e s ssesse e eenennens 150

EJECTION DYNAMICSIN THE UV FEMTOSECOND IRRADIATION .....153

71, INTRODUCTION ....cciiiiieirieisietsis st sas s sas s sessa e 153

T2, RESULTS .ottt 153

7.2.1. Toluene/Dimethylether MIXtUre ........cccoceveienienineineeeese e 153

7.2.2. Neat Chlorobenzene.........ccovveeeeciesceseeese e 157

7.2.2.1.  Ejection Dynamics of CgHsCl......coovevevrvveieececeviee 157

7.2.2.2. Ejection Dynamics of Photoproducts..........cccceevevveiuennene 158

7.3, DISCUSSION ..ot sie et esse e sseseseesanens 160

7.3.1. REACLIVILY PaterNS......cccovieiieeieieeesees et 164

T4, CONCLUSIONS ...ttt 167

APPENDIX I: MOLECULAR DYNAMICS SIMULATIONS........cccocevvvrerinne 169

81  BREATHING SPHERE MODEL ......ccocviiirierieeseesneesesee s 169

82. EXPERIMENT VS.MD SIMULATION ...ccooeiiirinereerese e 170
APPENDIX II: MODEL FOR ESTIMATION OF NUMBER OF

COLLISIONS.......cotiiieerieesie sttt nnenens 174

REFERENCES..........coi ittt 176

ARTICLESIN BOOKS......cooiirieirieesiee s 186



THISPAGE INTENTIONALLY LEFT BLANK

Vi



LIST OF FIGURES

Fgure1-1 Desorption intendty as a function of the laser fluence in the irradiation of

neat toluene solid at 248 nm, with 30 NS laser PUISES. .....ccccveeveveneeenerieee 17
Figure1-2 The figure illudrates the spinodd and binodd curve and the region of
MELBSIBDIILY. ....vveecececeeict e 22

Figure 1-3 Chemicd potentids of liquid (1) and gas phase (2) as function of
temperature (at constant pressure) [13]. The diagram illudrates the
metedability for sysem that remans in the liquid phase beyond the

intersection point (equilibrium of the two phases). .........cccceveeerierievesiccieennne 23
Figure 1-4 Toluene (left) and 2,5 dihydroxybenzoic acid (right) ........cccceevvevevcccniesececeee, 30
Fgure 1-5 Kindgic energy as a function of inddent laser fluence for benzere films

(Graph iSTrom ref. [49] ) ..ooeieereeeere s 32
Fgure 2-1 The vacuum expeaimentd goparaius V (shutoff vave) F (finemetering vave)

P (PreSSUIE QAUGE). ....cveeverveeeeeieetesiesteseeseesestessesse e ssessesseeeseesesressessessenseseesessens 37
Figure 2-2 TDS spectrum oOf Neat tOIUBNE. .........ooeeeeiececeeee et 39
Figure 2-3 The Arrhenius (neat toluene) fit to the experimental data (Fig. 2-2).........cc.c....... 40

Fgure 2-4 The graph depicts the change in the traremittance of the solid CsHsCl, as a
function of depogtion time (the presence greph is for depodtion a a
Pressure of Pyep=2" 10 MBDEL). ......ovvveerrereeereseseeeessessssessssessssesssssessssensons 41
Figure2-5 Reflected HeNe laser signa as a function of depositiontime. ..........cccceeeeeenenene. 43
Fgure 2-6 A typicd time-of-flight spectrum. With the red line is the corrected for the
drift time and ionization probability spectrum. The arow indicates the
MOSt Probabl € tIME. ..o e e 47
Figure2-7 The optical/imaging experimental SEtUD. .........ccooererriererenersese e 55
Fgure31 The Desorption Intendty of CgHsCHs recorded from freshly deposited
s0lids as a function of the incident laser fluence. The eror bars represent
20, as determined from at least 67 different measurements of each datum

point. The insat depicts in higher detail the dependence observed a low

[@SEY FIUBNCES. ... 59
Fgure 3-2 Sami logarithmic plot of the desorption intendty depicted in the Fg. 3.1 as
ATUNCHION OF 1/FLASER. «ooveeerieiiie it sie ettt st s ae s e e s e s st ssaree e 60

Figure3-3  Trangmisson images of HeNe beam on CgHsCHs films that have been
irradiated with (left) 2000 pulses a Faser < 45 mden?, (right) 50 pulses
at Fassr » 60 mdenf. For recording the images, the left portion of the
HeNe beam is blocked in order to more dearly illugrate the scatering

= S 61
Figure3-4 Integrated light trangmitted intendty behind the irrediated area in the

images as a function of successive laser PUISES. .......ccvveveeeecece e 62
Fgure 3-5 The grgph depicts the permanent changes in reflectivity as a function of

NUMDEr Of SUCCESIVE [aSEr PUISES. ..ot 63

Figure 36 Time redlved trangmisson a &=633 nm upon irredigtion of the films with 1
UV pulse @ the indicated fluences. The Sgnd has been normdized to the

transmitted intensity before the UV pulSes........cccevvvececcicce s 65

Viii



Figure 3-7 Time renlved reflectivity & =633 nm upon irradiation of the films with 1
UV pulse & the indicated fluences The sgnd has been normdized to the

reflected intensity beforethe UV PUISES. .......ccooeveveeeeece s 66
Figure 3-8 Trangent Image of the of the transmitted HeNe beam ...........ccccoeeevvevceenee, 67

Figure 3-9 F.aser-dependence of the desorbate intengties of the akane andyte and of
CgHsCHg from a 1.5 (molar) mixture of the two compounds as a function
of the laser fluence. (@ (CHs)O/CgHsCHs (b) c-CsHg/CgHsCH3 (€) c-
CeH12/CeHsCHz The intendties are corrected for the different relative
ionization efficiencies of the two compounds in the mass spectrometer. ........ 69

Figure 3-10 Concentration (i.e. I(dopant)/l(dopant)+i(toluene) for (up) c-CsHs, (middle)
(CHs)20, (bottom) GsHi2 in the plume as a function of laser fluence in the
irrediation of the indicating mixtures of the compounds with CgHsCHs.
The horizontd lines indicate the initid molar concentration of solutes in

tNE SAMPIE. ..o 71
Fgure 3-11 Sami-logarithmic plot of the desorption yidd depicted in the Hg. 9 for
toluene and ¢-C3Hg, (CH3)20 asafunction of L/F ASER . voveeveereerenecieeeine, 73

Figure 312 Desorption intensities of (CHs).O as a function of number of successive laser
pulses in the irradiaion of its mixture with toluene a the indicaed
FIUBINCES. ...ttt nre e 74
Fgure 3-13 The figure illudrates the temperaiure caculated from the theoreticd modd
as afunction of time (red 110 mJcnt, blue 85 mJcn?, purple 60 mJycnr)...81
Fgure 4-1 Desorption intendties in the irradigtion of CgHsCHs/CioH22 (5:1 molar retio)
as a function of the incident lasr fluence The data depicted & fluences
below 250 mdcnt for CyoHzy represent generdly averaging over 5-10

PUISES. ...ttt te e e et e et e st e e e seeae et e s e e eaeesessenseneeneeresseneeneas 86
Figure 4-2 Semilogarithmic plot of the data of Fig. 4.1 asafunction of 1/F| ASgr ..ecoeeeeeene 88
Figure 43 The graph depicts the concentration of GoHp2 in the plume as a function of

[8SEY TIUBNCE. ... 90

Fgure 4-4 Pulse evolution of the rdative desorption intendties of the dopant to the
matrix recorded in the irradidgion of freshly depodted mixture of

CgHsCHs/(CH3)2.0 (5:1 molar ratio) films a various laser fluences, 240
mdcnt (), 220 m¥ent (), 160 m¥ent (), 130 mIent (). v, 91
Figure 4-5 Pulse evolution of the rdative desorption intendties of the dopant to the
matrix, recorded in the irradigion of freshly depodted mixture
CegHsCHs/C1oH22 (5:1 molar ratio) films a various laser fluences, 300
mdent (), 270 m¥ent (), 220 MICTT (). e sesesenes 92
Figure 46 The figure shows the time of the maximum in the reflection pesk from Fig. 3.7
asafunction of laser flUENCE. ... 101

Figure 4-7 The grgph illugrates the maximum normdized reflectivity from FHg. 37 as a
fUNCLioN Of [8SEr TIUBNCE. ..o 102

Figure 51 Mogt probable Trandaiond energy (Errans) of the (up) GsHsCl and GsHsCHs
(bottom) as a function of the incident lasr fluence (FLaser). The errors

bars represent 20, as determined from at least 4-5 measurements. ............... 109

iX



Fgure 52 Time-of-flight spectra of CgHsCl recorded in the irradiation of neat  films of
the compound a Faser » 45 mJont (top), FLaser » 80 mJont (middle)
and Faser » 150 mdent. (The spectra are not to scae.). For the spectrum
a 45 mJ/cmz, the fitted Boltzmann has ugire » 20 m/sec and 500 K; for
the one a 80 m.]/cm2, Ugrirt » 300 m/sec and ™470 K; and for one at the
highest fluence, ugift »375 mM/sec and T» 800 K.......cccevvieiecieiecececiees 111

Fgure 5-3 The plot illudrates the time-of-flight curve fit (hadf range Maxwdlian) resuts
(right) drift veodty (&g) and (left) temperature (T) as a function of laser
fluence in the irradiation of neat CsHsCHz SOlidS.......vvvvveveeiiieee e 112

Figure 54 The figure depicts the Erans Of the GHsCHs and the indicated dopants (up)
(CHg)20 (bottom) GoHz2 as a function of the incident laser fluence in the

irrediation of mixture solids of the compounds. The erors bars represent

20, as determined from at least 4-5 MeasUreMENtS..........cccvveerererereieseiennns 114
Fgure 5-5 The figure illudraes the Errans Of CsHsCHs as a function of the totd

desorbing material in the irradiation of the neat solids of the compound......117
Foure 5-6 The figure illustrates the Errans of CsHsCHs as a function of the totd

desorbing materid in the irradiation of mixture (CH3),O/CsHsCH. ............ 118
Fgure 57 The figure illudraes two characeridic TOF curves recorded in the irradiation
of CioHp2/CsHsCHs solids at fluences above the threshold. .........ccccveeeeeeee 121

Figure 6-1 The figure depicts the intendty of CgHsCl recorded in the firg pulse from
freshly deposted film as function of the incdent laser fluence The eror
0 G (= 0= = | 024 o 126

Fgure 6-2 Pulse evoution of the CgHsCl intendty in the irradigtion of freshly deposted
films & low Faser. FOr comparison purposes, the corresponding pulse

evolution a a higher laser fluence isdso illugtrated. ........cccooeeveceeivciecnenen. 128
Figure 6-3 Probe tranamisson of the film following UV irradiation with successve laser
pulses at the indicated fIUBNCES..........cooeieeeiereree e 129

Houre 6-4 Pulse evoution of the intengties of CgHsCl, HCl and (CgHs), in the
iradigtion of freshly deposted films with  »30 mJon?. The intensties
have not been corrected for the different detection efficencies of the
vaious spedies in the mass spectrometer. Essentidly the same pulse
dependence asthat for (CgHs), is aso observed for CgH4Ch and C1oHgCl..130

Fgure 6-5 Pulse evolution of the intendties of CgHsCl and of the various photoproducts
in the irradigtion of freshly depodted films with  »100 mJont. The
intendties have not been corrected for the different detection efficiencies
of the various species in the mass spectrometer. In fact, for carity of
presentation, the intensities of HCl have been scded arbitrarily. .................. 131

Figure 6-6 Pulse evolution of the CioHoCl intenisty recorded a Faser> 70 mdent for
film that has been irradiated with 30 pulses & Faser » 35 mien?. (°)
Corresponding  pulse evolution obsarved in the irradiaion of freshly

deposited films exclusively at Fiaser» 70 MO ..o 132
FHoure 6-7 The figure depicts the intengties of the indicated photoproducts as function of
the incident laser fluence. The error bars represent 20. ........cocoeeeeerereeeenene. 134

X



Figure 6-8 The figure depicts the HCl concentration as function of the incdent laser
FIUBNCE. ..t srenre s 135
Fgure 6-9 llludration of the TOF curves recorded for HCl a low laser fluences, and
exhibiting two wdl-defined components the dow one that is observed
from freshly deposted films a low fluences and the fast one that “grows
in” as parent Sgnd induction becomes important. The depicted spectrum
was recorded a R aser 0 30 m¥om? and has been averaged over »40 laser

Figure 610 (a) Huence dependence of the CqHsCl and HCl intendties in the ablation of
CegH1o/CeHsCl films with a 10-to-1 molar concentration in the two
compounds. The eror bars represent 20, as determined from 4 a least
measurements of €aCh datum. ..........ccccooririreir s 143

Figure 611 Desorption intengties of the parent molecules CHsl and CDal recorded in the
irrediation of thick films of the corresponding compounds as a function of
the incident laser fluence (FLaser). The lower figure (B) depicts in higher
detal the data below the thresholds. The eror bars represent 26, as
determined from 4 MEBSUrEMENLES. ......c.cccveerieriereeere e 146

Figure 6-12 Most probable velocities (Omp) of the ChHsl and its deuterated andogue
(CDsl) as a function of the incident laser fluence (FLaser). The data a very
low fluences (FLaser < 10 mdent) are recorded by the averaging over 30
pulses. The erors bars represent 20, as determined from a leest 4-5
MEASUNEIMENTS. ...ttt a e e e n e ens 148

Figure 7-1 The desorption intendties of (CHz)2O and CeHsCH3 from a 1.5 (mdlar)
mixture of the two compounds as a function of the lasxr fluence The
intendties are corrected for the different redive ionizetion effidencies of
the two compounds in the mass spectrometer. The error bars represent 26..154

Fgure 7-2 Concentration of (CHs).O in the plume as a funciion of the incdent laser
fluence in the irradiation of the mixture of the compound with CsHsCHs....155
Figure 73 Pot of the dependence of Omp of GHsCHs and (CH3).O as a function of laser

110 156
Houre 7-4 Desorption intengty of CgHsCl recorded in the firgd pulse from freshly
deposited solid as function of the incident laser fluence. .........cccocevvverennee. 157
Fgure 7-5 Pulse evolution of the CgHsCl intendty in the irradiation of freshly deposted
solids at the indicated fIUBNCES. ........coeveircre e 158
Fgure 7-6 The HCl and (CsHs)2 concentrations in the plume as function of the incident
laser fluence in theirradiation of neat CgHsCl SOlidS. ...cvvevvcveeiieeee e 159
Fgure 7-7 The figure depicts the intendties of the indicated photoproducts as function of
the incident laser fluence. The error bars represent 20........cccovevveceevcecienene 160

Figure 8-1 Concentration of volaile and nonvoldile dopants in the plume vs laser
fluence from  Molecular Dynamics Imulations based on  experimenta
data presented in chepter 3 and 4. The horizontd lines indicate the initid
concentration of dopants in the sample. The veticd lines indicate the
approximate position of the ablation threshold..............cccoovvveeieiiccieen, 170

Xi



Fgure 8-2 Concentrations of (@) nonvolaile and (b) voldile dopants gected as
monomers and as a pat of the dudes vs lasx fluence cdculated in

Molecular dynamiCs SIMUIGLIONS...........ccoveeeeeerereereeese e 171
Figure 8-3 Snapshots of ablation regime in molecular dynamics smulations ...................... 173
Figure 9-1 Schematic picture of the geometry of the problem ... 174

Fgure 9-2 The figure illudraes the totd number of collisons Ngo @ a function of time
for 0.1 ML desorbing maerid. The parameters for the cdculation ae

given iNthe Table O.1........c.ooiee e 175

Xii



THISPAGE INTENTIONALLY LEFT BLANK

Xiii



LIST OF TABLES

Table1-1 UV laser Ablation of lIQUIAS........cc.cciieiriiieere e 27
Table 2-1 The Quadrupole Mass Spectrometer voltages ValUES............ccccceecevecevcccrccseenne 45
Table 2-2 The senditivity of the Mass SPECITOMELES ........cccevceeeeeesereeeeee e 46
Table 2-3 The experimentaly detrmined drift time Values............coccveineinninnccceees 48
Table 2-4 The relative to toluene efficiencies of the dopants ...........cccvevvrierriennincesnens 52
Table 3-1 The results from the arrhenius-type In(Signd) vs. VFLAsER fit .o 74
Table 32 The TDS FESUITS ....cveeeieeeieesieisie st 77
Table 3-3 Comparison TDS and Laser induced thermal desorption...........cceeevvveeieeieesiennens 83
Table 4-1 The ablation thresnolds for the various SyStemS............cccceveinecneieneneneseeseens 89
Table 4-2 Hesat capacities of the MIXIUre SYSIEIMS .......cccoeveereiereereeesee et 104
Table 5-1 The VEIOCILY Q8 ....eoeeeeeeeiiieseieeee et st ne e 112
Table 52 The results from the Collisona Models...........cocooeinininiineee 116
Table 5-3 The results of the linear fit of ErransVvs Total SIgnal. ..o 119
Table 9-1 The parameters of the collisonal Model.............cccovoviiriiniinreee 174

Xiv






1. INTRODUCTION

11. IRRADIATION OF MOLECULAR SOLIDS
In the irradiaion of molecular solids with highly intense laser pulses, there occurs the

removd of a ggnificant materid amount resulting in the formation of a craer (depth from nm
to im) in the irradiaed maerid [1]. This phenomenon has been named (pulsed laser) Ablation.
Despite this ample description, the physca/chemica processes involved in the phenomenon
are very complicated and so far they are not well undersood. As a result, the description of the
phenomenon remainslargely phenomenologicd.

UV lasxr adation has found many important gpplications in a wide spectrum of fidds
[2], ranging from microdectronics (polymer processng and lasxr deaning [4], matrix assged
pulse lasr evgporaion of organic microgructures etic. [3,6]) , chemicd andyss (Matrix
Assged Laser Desorption of BiomolecuesMALDI- and Laser Ablation Mass Spectrometry
[5]), biology and medicine (photorefractive keratectomy), etc. Thus underdanding of the
phenomenon is important for the optimization of dl these goplications. Mogt importantly, the
phenomenon raises important questions in a range of sdentific fidds such as thermodynamics,
photophyscs, photochemidry, etc. UV dbldion may involve a the same time high
temperatures, the formation of a high number of dectronicaly excited dates, the generation of
high amplitude pressures etc. Molecular physica processes under these conditions will deviate
much from those described by conventiond photophyscs'chemidry. As a reault, the study of
UV adaion can be expected to result findly in new information about molecular
photophysics/chemigtry and dso result in the development of new concepts.

Clealy, the fird quesion is how the incddent photon energy results findly in the
observed macroscopic morphologica changes and in maerid removal. This problem is new to
condensed phase photophysics/chemidtry, snce no mgor morphologica changes are observed
in the irradiation a low laser intendties The process of materid removd/crater formetion is
obsaved to become dggnificat only & high fluences with the eching depth per pulse
increesing with the laser fluence (usudly the etching depth d per pulse is scded logarithmicdly
to the fluence according to the formula p In (F//Rn) where Ry, is the threshold-fluence, reaching

a plaeau a higher fluences or changing into an dmog linear dependence p (F-Fo)). At low
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fluences, little or no maerid is removed [1]. However it is not dear if there is a wdl-defined
fluence (threshold) defining the phenomenon or if there is just a gradud evolution from the one
fluence range to the cther. In the Fig. 1 we present a typicd curve of the dependence of etching
depth on laser fluence,
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Figure1l-1 Desorption intendty as a function of the lasar fluence in the irradiation of neat
toluene solid a 248 nm, with 30 nslaser pulses.

Besdes the issue of the materid removd, there are severd nove aspects in the
phenomenon, which evidently are respongble for its wide success and gpplicability of the
phenomenon. Severd of these agpects ae not expected on the bass of convetiond
photophyscs/chemistry of condensed phases. Some of these aspects in the UV ablation of
molecular solids areillugtrated in the condderation of Matrix Asssted Laser Desorption.
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1.2. MATRIX-ASSISTED LASER DESORPTION TECHNIQUE

A mog important gpplication of laser ablation of molecular subdrates, directly relevant
to this Theds is the Matrix Asssed Lasr Desorption lonization (MALDI). MALDI is based
on the discovery of Tanaka [7] and of Karas and Hillenkamp B] that dissolving a biomolecule
(like enzyme, protens DNA, etc) within a great excess of a marix (usudly DHB-
dihydroxybenzoic acid) specificdly chosen to dosorb at the irradigtion wavelength can lead to
its gection into the gas phase. The most important advantage of the method is that the disolved
bio-molecules can be gected in the gas-phase with minimd or little degradaion. In that way,
there is the cgpability of the identification of biopolymer usng mass spectrometry. MALDI has
become the leading technique for peforming mess andyss of non-voldile organic and
biologicd molecules (biopolymers, proteins polymers ec) epecdly for the accurae
determination of ther molecular weight. Furthermore, the capability of the technique for
chacterizetion of the dructure (i.e, sub-group identification) of biopolymers has been
demodrated. Until now a wide range of polymers, eic proteins have been andyzed, with
molecular weights usudy around 300,000 amu, while recently a protein of 1,500,000 amu has
been measured. Besdes mass spectrometry, the intact gection of biopolymers endbles the
goplication of the wide variety of gpectroscopic techniques that have been developed for
gaseous speciesto their examination.

Despite the very important goplications of the technique, its mechaniam is not yet well
undergood, s0 the technique is used mainly empiricdly. Thus up to now, the sudies have
been concentrated on finding appropriate molecular matrices for the various types of
biomoleculesin alargdy trid-and-error approach.

Empiricaly asuccessful metrix should exhibit the following criteria

= Absorption of the irradiation. The absorption of the UV lasr light by the matrix
molecules has as a result the fagt depostion of a large amount of energy in the sysem.
This drives to digntegration a smdl volume of the sysem and to the gection in the gas
phase, of the andyte (A0 of the matrix moecules) with little internd energy
exatation.

= Dilution of the andyte molecules This reaults in the gection of individud biopolymers
ingeed of ill-defined clusters.

* Promoting the ionization of the analytes molecules. The ions that are produced in the
MALDI process ae gengdly “semi-molecular” ions indead of radicd cations, i.e
protonated (eg. M-H") or dkdinated molecular ions (eg. M-Na). At present, it is
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assumed that the marix plays an important role in the protonation process, but the
various hypothesis that are proposed are fully contradictory?.
Yd, the mog fundamentd quedion to be answered is how the highly themdly labile

and photosengtive, nonvolatile biomolecules can be “vgporized” by a lasr pulse without being
destroyed (f.e sevard of the andyzed protens are complexes tha thermaly decompose to
monomea's 3 60-100 °C. On the other hand, desorption of even dipeptides thermaly requires
T>200 C° and results in extensve decompogtion. Furthermore, severa undergo extensve
photodegradation upon excitation a& €<300 nm). A number of mechaniams have been proposed
for the explanaion of this characterigic. Since these mechaniams are related to UV ablation of
molecular solidsin generd, they are presented subsequently in amore generd form.

1.3. PROPOSED ABLATION MECHANISM S
Despite the wide range of techniques like mass Spectrometry, ultrafas imaging,
fluorescence, molecular dynamic smudtions etc tha have been used for examing the
phenomenon, the mechanisms of the ablation process remain Hill ill understood.

One reason for this is the many experimenta problems in Section 1.35. in probing
processes during materid gection. The second rdates to the fact that severd processes teke
place in pardld. However, the reative importance/contribution of these processes cannot be
assexd and as a reault, there is a large number of models proposed for explaining the

phenomenon

The proposad modds range from phototherma models that invoke rapid heating of the
sysem, to photomechanicd mechanians in which gection occurs “via momentum  trandfer
proceses’, to photochemicd mechaniams in which gection is induced by high number of
photoproducts. These mechanisms will be presented in next sections. The models are quite
elaborate, but since eventually no agreement exists even on the fundamental aspects, only the
very basic/physical idea of each model will be presented.

1 This is most indicated that in issue of Chem. Rev. dedicated to ablation of molecular/solids, the
three out of the four articles on MALDI present the sudies on the ionization process with completely

different views. processes in the film, processes in the gas phase, processesin clusters.
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131 Photothermal Models
1311, Desorption via Surface Evaporation
In the photothema mechaniam, the dectronic and/or vibrationd exctation of the
molecules is assumed to be rapidly converted (~psec) to theemd energy in the condensed
phese. Many different methematical trestments have been published differing in the imposed
boundary conditions, extent therma conductivity, induson of eectronicdly excited spedes
desorbing etc. The basc idea however is smply that surface temperature increases according

to DT = :féﬁ where & (cm™) is the absorption coefficient of the molecule R aser the laser
p

fluence (Jenf), fi (mol/cnt) the density and G, (¥moal K) the heet capecity of the compound.
The numerator represents the absorbed energy per volume unit in the solid. An increase in the
desorption sgnd is expected given by the Clausus-Clapeyron equaion. Accordingly

dN E /R
s/ R(To+BF )
desorption rate is =~ —,, ~ =A ‘ S

dt
it ay red threshold vaue The thermd mechaniam can explan some of the characteridtics
of the UV laser ablaion:

is a gmple function of F_aser, S0 there

(1) The nearly exponentid increese of the desorbed number of molecules as a function of
laser fluence and the generd observation that subgrates with smal cohesve energy tend to
have smdler dblaion threshold (after correction for the difference in the absorption
coeffident)2. These appear to be the most important indications in favour of a thermd
mechanism. Neverthdess, it must be noted that E,_  vaues that are determined from the

andyds of the dependence of the desorption intendties ae generdly different from the
gandard thermodynamic values (eg. vaporization energy AHyq,, sublimation energy AHgy
et.c).
(2) The obsarvaion of highly irregular, often with the appearance of a olidified mdt, of
the irradigted area. The obsarvaion of meted aea is usud for subdrates that absorb
moderady a the irradistion wavedength, but not in the case of dgrongly-absorbing.
Furthermore, in most cases, formation of gas bubbles and other defects are observed in the
bulk, thereby dffecting the “appearance’ of the subdrae So the morphologica
observations give indications for a themd mechaniam, but are affected by opticd and
other properties of the materid and cannot be regarded as a proof.

On the other hand, the thermd mechaniam cannot explain some badc characteridic of

the ablation f.e. how it is possble in MALDI to effect protein gection when thee large

2 Thermal Ablation being ausual term for denoting it. Asshown in this Thesis, thisiswrong.
Similarly, the term Desorption in MALDI and MAPLE are mideading (wrong). (Chapter 4)
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molecules have dmog zero vgpor pressure. Additiondly, how it is possble that the highly
thermally sendtive proteinsis gected with little degradation.

1312 The Bottleneck Model

In order to explan the minima therma degradation of the gected biomolecules in the
framework of thema modds, the “bottleneck” modd have been introduced. This idea was
fird introduced in reaionship with laser-induced therma desorption of molecules adsorbed on
metdlic surfaces. Vertes and Levine [10-9] extended this idea to explain the desorption of
molecules surrounded by a matrix that absorbs the desorption laser pulse They suggest thet
because the vibrationd frequencies of the “internd” modes of the biomolecule differ from
those of the biomolecule-matrix bonds, a “bottleneck” to energy transfer is presant, i.e, the rate
of energy trandfer through that bond is redtricted (rate depending inversdly on AE energy
mignatch). If the heding rae is high enough, the bio-molecule may desorb with little
additiond internd energy other than that preset & t=0. The idea was supported by a
hydrodynamic modding of the temperaiure and densty of the sysem as a function of time and
digance from the laser solid interaction region. The biomolecule was demodrated to desorb
with internd energies much lower then the temperaure of the matrix molecules which
acoounts for its limited therma degradation.

Yet, despite its goparent success, the modd gppears difficult to accept for its very
prindple, i.e it is veay dfficut to assume mgor mismaiches between the vibrationd
frequencies of the biopolymer and organic matrix molecules (both having smilar C-H, N-H,
etc bonds). Furthermore, the modd falls to explan a number of mgor obsarvations (f.e, how
iseventualy the protein gected in the gas phase, €tc).

1313 Explosive Boiling
According to Gibbs thermodynamic theory [11] there are two limits to the exigence of

the condensed phase the binodd line, the equilibrium curve (P,T) for the liquid and vepor, and
the spinodd line, the boundary of thermodynamic gSability of the liquid phase. The spinoda

line is defined by the condition -(:l']]V_P)T =0, (ﬂﬂT—S)P=o which is a physicd impossibility.
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Between these boundaries there is a region of metastable (superheated) liquid. In crossng the

spinodd line loss of dability of the liquid phase occurs, with the spontaneous disntegration of
the system in to atwo phase, conggting of individua gas molecules and liquid droplets.

Figure1l-2 The figure illudrates the spinodd and binodd curve and the region of
metastability.

Alterndtively, the metagtability can be underdood in terms of the barier to the
formation of vapor bubbles (nucleus) as necessary for bailing. The crestion of homogeneous
vapor bubbles in a defect-free volume of the liquid is accompanied by anincreese in the Gibbs

2

3
free energy; DG, :% the parameter g characterizes the depth of penetration into the

region of metasable saes A given meadtable date a the point (po,T) can be reached by
raisng the temperature from T, to T at congtant p, (T, is the bailing point & the pressure ). In

3
thet case, DG,=———P° __ where fy is the denty of saturated vapor, Ay is the
3(ryDHb)

gedific heat of vaporization a the point (b, To) and &=(O-0y)/0; is the rdative superheat [12].
Under dationary conditions, the rate of nudeus formation of homogeneous nuclegtion a a
temperature T is given by J=J exp(- DG, /k,;T) where J, is a function which depends
weekly on temperature and pressure in compaison with the exponentid factor. The nudegtion
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rate Jt) under nongationary conditions is rdlaed to J by J(t) =J~ exp(- tl) where t is thetime

and 0 is the time for establishment of daionary nudedion dter indantaneous superheding of
the system.

Figure1-3  Chemicd potentids of liquid (1) and gas phase (2) as function of temperaure
(at constant pressure) [L3]. The diagram illudrates the metadtability for sysem that remans in
the liquid phase beyond the intersection point (equilibrium of the two phases).

According to the previous, a low rates of heat depogtion no sgnificant superheating of
the liquid is achieved, snce practicdly dl the hest goes into the growth of heterogeneous
vgpor nude (ordinary boailing) which aise in  the liquid & pre-exising centers (impurity). At
vay high hedting rae (as those that may be atained by laser heating) the time for vgporization
and thus the mass of materid which is vaporized within heterogeneous nude (suggested to be
3 19 will be indgnificant; therefore, the achievement of high superheating dose to the
spinodd line may be possble This posshility, in rdation with lasr damage of metas was firs
advanced by Matynyuk but little atention was given to it [14]. Recently, the Martynuk
suggestion have been reconddered in the laser adlation of metd [15] and semiconductor
[16,17] subdrates The last 2-3 years [18], through the padld contribution of molecular
dynamics dmulaions and thermodynamic condderations it has been suggested that the
explogve bailing mechanism may befeesblein the laser irradiation of molecular solids

In the , the particles are represented by a breathing sphere modd: (i.e, spheres with
vaying radius, one internad degree of freedom). The interaction potentid of the patices is
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gven by a Lennad-Jones potentid. A more detaled description on the gmulaions is
presented in Appendix |. The smulations have shown that above a certain &ser fluence vaue,
gection of cduders is obsarved. It was proposed that this is the main characteridtic of the
adlation phenomenon. At lower fluences no duders ae obsarved, with the molecules
desorbing in the form of monomers. Furthermore, at these fluences, the desorbed sgnd as a
function of the incident laser fluence is found to be exponentid and will described by Clausus-
Clayperon formula. Thus, the gection process a these fluences was suggested to be essentidly
theemd in nature. Above the threshold, where gection of duders is observed, the irradiated
materid suffers pronounced dructurd changes during the laser pulse However, the red
“reason” for the materid gection is not evident from the smulaions. Initidly, Garison and
coworkers [18-20] determined the increase in the molecular kinetic energy and the aomic
dresses and showed that both increesed importantly in the irradiation regime. Therefore, they
uggested that dblation is a combingtion of the photomechanicd phenomenon and intense
bailing.

Kdly and Miotdlo [21-23] report a themodynamic andyss essantidly smilar to that
of Matynuk and rdaed it to the vaious expaimentd and theoreticd findings [23]. In
andyzing the MD gmulaions [23], they suggested that the smulaions are consgtent with
explosve bailing. This explanation has in turn been adopted by the Garrison group. A more
detal description for the explosve Boailing process and its consequencies will be given a
chapter 4 in this Thess3.

132 Phonon Avalanche Mode

Fan and Lin have tried to describe the ablation or explosve phenomenon by
consdering the eectronic processes [24]. The main outcome of this work is the establishment
of laser fluence and coverage dependent threshold conditions of the explosive regime. Because

the rae of energy trander from the dectronicaly excited molecules in van der Weads

3 As indicated in these chapters, Kelly and Miotdlo have presummed some parameters in their
andysis. However, it is not clear if these parameters (f.e.,Jo, 6) are necessarily acceptable. The only
cases where superheating has been realy demonstrated is : overheating of liquids in top of absorbing
substrates (Grigoropoulos, Leiderer [75]) in which the superheating is very low ~ 20-50 K (because of
heterogeneous vapor bubble formation), sudies a very high fluences, very much higher than the
ablation threshold [17], and studies with fs irradiation, where it is gill debatable if explosive bailing can
occur.
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molecular crysd to the low frequency vibronic sates and phonons increeses with decreasing
AEgs, the rate will incressefacoderate as the energy is “dumped” into the higher and higher
populated phonons. When energy flow into the vibrations and/or the phonons exceeds ther
regpective decay, the phonon number begin to increese exponentidly, i.e an “avdanche’
phenomenon. This would lead to explosve nonsdective desorption Smilar to  high
temperature thermd desorption. The threshold condition (i.e, the laser fluence) for this
avdanche dffect is daermined by the equdity of negaive absorption (amplification) and the
corresponding decay rate.

Recently, smilar idea has been advanced by MD smulations of the vibrationd energy
digribution in the irradigion of molecula O, solids by intense lasr pulses [25. With
increeang laser fluence the role of vibrationd energy trander was shown to increase rapidly
resulting in explosive desorption.

1.33. The photomechanical M echanism

In few cases, massive materid gection or laser damage has been reported to occur at
enagy irradiances much lower than those required for veporization [26]. (liquids [26],
polymers[27], biologicd tissues[28], IR-MALDI [29]).

As a posshle explanation photomechanical mechanism was proposed caused by lasar-
induced dresses [30]. The magnitude of the laser induced dresses becomes sgnificant when
the lasr pulse duration Op, is shorter than the time of mechanica egulibration of the absorbing
volume 0s 0 that hedling occurs under nearly congant volume. This condition usudly referred
as dress confinement, can be expressed as Opus£0s ~Lp/Cs, Where Cs is the speed of sound in
the irradiated materid and L, the opicd penetration depth. The initid compressve wave upon
reflection from the free surface of the irradisted sample becomes tensle which can cause
mechanica fracture/spdlaion. Since this results in the dgection of large and rdativey cold
“dices’ of the maenid, the required energy dendty should be lower then that required for
thermd mechaniams.

Larger and more numerous clugters with higher gection vdodities are indicated in the
regime of sress confinement as compared to the regime of themd corfinemat. According to
this description, the fluence threshold should change with vaying lasr pulse length.
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Therefore, usng picosecond and femtosecond laser to desorb molecules may perform a criticd
tes of the modd. Such a case is examined in this theds in the femtosecond laser ablaion in
chapter 7.

1.34. Photochemical M echanism for Molecular Ejection

According to this mechaniam, UV ablaion of molecular solids is intricately related
with the deavage of chemicd bonds and formation of new products. In ts Smplest verson, the
photochemical mechanism assumes that materid gection from molecular systems occurs when

the number of broken bonds exceeds a critical vaue Ny (z) =h’ SNFm&(Z) 3N“p where ¢
is the quantum yidd and N the totd number dersity of absorption centers (chromophores). If

F )y with F, 1 hm NJ . However, there
a

Np (zZ£EA2)3N%p, then from Beer's law, Dz=1' In(
a

thr

is no criterion usudly in specifying the critical number of bonds to be broken.

A different scenario is that the fragments that are formed in the photolyss produce
gasss (eg. CO,, CH,4 etc) by reactions with surrounding molecules In that case, maerid
gection is due to the forces that are created by the expanding gases in the underlayers. Infact,
very recently, on the bads of the study reported in chepter 6 (ablation of chlorobenzene solids),
the Garrison group advanced a more eaborate scheme for the photochemicad mechanism [31].
(seedso Appendix 1)

The photochemicd mechanism has been advanced for explaining the obsarvation that
in a number of molecular sysems (organic liquids [32-33] and polymers [34]), there is no
evidence for mdting or other morphological changes in the subdgrate and the adlation threshold
does not correlate with the thermodynamic properties of these compounds. For indance, in a
comparative sudy of the photoablation of liquids CsHs, CsHsCH3, CgHsCl, CsHsCH,Cl, the
Masuhara group using both imaging shadowgraphy [35] and photoacoudtica techniques [33],
estimated he vaues presented in Table 1.1 for the temperaure that is ataned in the irradiaion
with laser fluences close to the threshold regime.
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Table 1-1 UV lasar Ablation of liquids

Liquid Fhr (MJcnf) Estimated Ty (°K) Bailing Point °K)

Benzene 100 410 353
Chlorobenzene 60 370 405

Toluene 35 350 383

As shown, the tempeaures ae not corrdaed with the boiling points of the
compounds. They proposed that the indicated decrease of the threshold is coragent with the
photolyss yield of the compounds Additiondly, by laser induced flouresence (LIF) and
imaging techniques [34], fragments in the gected materid were detected, which appears to be
consigtent with the photochemicd mechaniam#

However, at least, with ns pulses, the fast deactivation processes suggest that at leest
pat of the energy results in a high temperaure rise This inceese mugt dafect the
photochemica processes.

1.35. Problemsin the Study of Ablation M echanism
Evidently, despite the large number of dudies it has been proved difficult to determine

in detal the mechaniams of UV dblaion of molecular solids. Expeimentdly, there ae severd
complexities in the ablaion phenomenon that ae responsble for the difficulties in the
mechenigic determination. (&) Because of the high laser irradiances, light absorption, can be
highly nontlinear, 0 it is very difficult to determine the exact energy absorbed by the subdrate
that drives to the gection. (b) As discussed above, themd, chemicd and mechanicd (dress
wave) process occur in padld, o it is very difficult to monitor the rdative importance of
these processes.

Spectroscopic examinations of the irradiatled subdrate suffer from the fact that the
morphology of the surface is highly modified, which severdy affects the spectroscopic Sgnds,

4 But, the examination was performed at high laser fluences. Thus, it is possible that the observed
fragments derive from multiple absorptions and dissociations of the molecules when dready have been

in the gas phase.
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and their quantification. On the other hand, the examinaion of the gected maerid is afected
by two basc paraneters (8) A pat of the desorbed materid is gected during the laser pulse
and consequently absorption of additiona photons in the gas phase take place, resulting in
secondary  (edditiond) fragmentatiorv/dissociation and changes of ther find energy diffes
Furthermore, because of the plume gection, it is very difficult to monitor processss in the film
during irrediation experimentaly (even, the amount of light actudly absorbed cannot be
edablished accuratdly). (b) Because of the great amount of the gected materid, the molecules
auffer many collisons that change Sgnificantly ther kinetic digributions from the initid one
In fact, there is thus far no fully established modd for the description of the “flow” of the
materid gected during ablation. For both reasons, the corrdation of the kinetic didributions of
the desorbed paticdes with processes teke place on the solid in the irradiation is extremdy
doubitful.

In the case of polymers and MALDI subdrates, there are additions difficulties. (@) The
dructure of the polymers and the molecules used as mérices in MALDI are quite complex
from a chemicd dandpoint. Thus it is difficult to monitor in detal and quantify the processes
that take place during gection. (f.e, amount of the absorbed energy, or to monitor dl chemicd
changes). (b) The photophyscschemidry of these sysems is not known in detail, which
hinders the andysgducidation of the observed processes and changes () In gened, the
explosve decompogtion of these systems requires (because of the high cohesve energies of
the systems) irradiation at rather high laser fluences As a result, there is high probability of
multiphoton processes, or sauration phenomena eic, introducing additiondly difficulties in
underganding of the mechaniams.

14. CRYOGENIC FILMS
14.1. Advantages of sudy
It is wdl undersood from the previous discusson that photodesorption/ablation is a
complex phenomenon. The examination in polymer and MALDI subdrates introduces
additiond parameters that further hinder the undersganding of the mechanisms. It is obvious
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that the detalled examindion of the possble mechaniams to dudy molecular gection demands
the use of Impler molecular sysems. The dmples sysems would be solids of smple
molecular/organic compounds. However, a normd temperatures smple molecules (eg. NO
H.O, Berzene ec) ae dther gaseous or in liquid. Thus cryogenic or van der Wads
solidgfilms of these compounds, i.e solids formed by the condensation of vepors of those
compounds on low temperature subdrates are employed. The advantages of examining
molecuar photodesorption mechanims using van der Wads solids are presented.

Firg, the employed compounds have been studied extensvely in the gas-phase, solution
and in matrices (matrix isolaion spectrosoopy). The extensve information that is avaladle
about their photophyscschemidry ensures that detaled interpretation and andyds of the
experimentd results can be attained.

Second, the interaction forces between these molecules are week (van der Wadls forces,
dipole-dipole interaction). Mechaniams of enargy trander in thee films ae rdaivdy smple
(a lesdt, in comparison with polymers and MALDI marices) and thus esser to probe and
characterize.

Third, and very importantly, mixed solids of different compounds can be prepared in
various rdaive concentrations This capability gives us the opportunity to change in a
sydematic way the physcd and chemicd properties of the film for examining the effect of
these properties on the photodesorption and ablation processes. Indeed, as we presant in this
thess, this gpproach endbles “separdtion” of the dage of the energy absorption process from
the gection gep and the sysgemdic examindion of each sep “individudly”. An example of
this cgpability is given in chapters 3 and 4 of the Thesis.

Fourth, the dructure of these solids can be varied in controlled way (ether by
depostion conditions or by thema anneding) from highly amorphous to samicryddline. This
gives the capability on one hand, of preparing films of high opticd qudity (f.e for monitoring
proceses via optical techniqueschepter 3) and on the other, of dudying the influence of
Sructure on materia € ection process.

Fndly, the dudy of cayogenic films is rdaed drectly with MALDI technique
Because of the gmilaity thet present, as concern the physcochemicad properties, with the
matrices that are used in this technique, cryogenic films offer the ability of the examinaion of
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the mechanims gection of biomolecules. Indeed, sudies have shown that the adlation of
cryogenic films presants many dmilaities with MALDI effect. In conduson van der Wads
filmgsolids ae ided sysems for the examindion of the interaction mechaniams light-
molecular 0lid Sate.

CHj COCH
H H H OH
H H HO H
H H

Figure 1-4 Toluene (left) and 2,5 dihydroxybenzoic acid (right)

14.2. Previous Studies on Cryogenic Films

At the middle of eghties '80 [36], there was intense interest in using techniques areedy
devedoped for studying reactions and photofragmentation in the gas phase for the examination
of the photophyscs/chemigtry of adsorbed molecules on cold surfaces (condensed molecules)
[37]. The god was to undersand the photophysics of molecules in condensed phases and how
this differentiates from thet in the gas phase. In the framework of these studies [38-39)], it was
established that, At very low fluences € 1mJ/cn? depending on adsorbate absorptivity) only
fragments or excited molecules are observed to desorb, establishing the existence of molecular
selectivity in the desorption process, i.e. only excited surface molecules may contribute to the
desorption signal. For example in a mixture of CHyl, and NHg>, only CH,l or | fragments are
desorbed, while the desorption of NHs is negligible At low laser fluences, the trandationd
digribution (eg. shagpe and <Erans®) of the photodesorbed moleculesfragments is
independent on laser fluence Faser While the photodesorption yidd incresses linearly with
FLaser. The molecular gection is generdly a surface-mediated photodesorption, i.e, to the
repulson deveoped between a photoexcited date of a molecule and to neighborhood
molecules. Additiondly, in this case, because of the smdl number of desorbing particles, no
collisons take place above the surface and it was shown that the measured didributions
correspond well to theinitid trandationd energies of leaving partides.

5 N Hs does not absorb at 308 nm
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At higher fluences and for thicker solids, the intense gection of parent molecule has
been generdly obsarved and accordingly this phenomenon was named “explodve
photodesorption”.  Furthermore, no molecular sdlectivity has been indicated in this fluence
range. The trandationd enegies ae genadly found to be very high, while the digributions
are not wel described by Maxwellian. Domen and Chuang [38] fird suggested that “explosve
photodesorption” is very smilar to the photosblation of polymers. Furthermore, they suggest
that it must be themd in nature Interestringly, in one sysematic dudy of laser induced
gection from NO cryogenic solids [40], a high fluences the trandationd didributions were
found to change, becoming faster and charper. This change was dtributed to the
formation/development of supersonic beam due to the large amount of the desorbing materid.
No other mechanidic explanation was given for this change in the trandaiond characterigics
However, as shown in chapter 5, this change in fact may be characteristic of UV ablation.

In a sries of dudies, Leone's group, examined the characteridics of the trandationd
digributions and internd energy didributions of ablated molecules from cryogenic films [41-
44]. In the explodve desorption of a number of solids [42], the vaporized molecules are found
to be trandationdly fast (Tians = 1000 °K) but vibrationdly and rotationdly cold € 200 °K).
These reaults support the idea, thet in ablation, molecular gection has the characteridics of a
upersonic beam, where because of the high number of collisons between the desorbed
maecdes in the plume the internd energy (vibrations-rotations) of the molecules is
tranderred into trandational degress. Yet, collison-induced cooling could not explan dl
observables and the authors concdude that further parameters affect the trandaiond
digributions in the explosive desorption process.

In another series of studies [45-48], Leone and co-workers, have studied photoproduct
foometion in the UV adaion of photosengtive compounds Mog interedingly, for
photosensitive compounds such as Cb, ICl, XeF,, etc, they obsarved tha the photolyss yidd
is vary smdl, even the photolyss quantum yield of these compounds in the gas phase is dmogt
1. They obsarved efficdent formation of recombination products (f.e, I, Cl from ICl),
uggeding extendve radical recombingtion. However, they were not able to edablish the
mechaniams for reectivity. Mog interestingly, despite the observed reectivity, they do not
support a photochemicd mechanism of ablaion and ingeed a photothermad mechaniam is
advanced.
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Mogt important work has been reported by Braun and Hess on the adlation of CgHs
films induced by pulsed IR irradiaion [49]. They found that the desorbate most probable
trandaiond energy (Errang does not increese monotonicaly with laser fluence (FLaser), but,
indead it shows a “phase-trangtion’” -like dependence. The Faser range over which the
characteridic “plateal” of the diagram gppears corresponds to film temperatures that are
uggestive of the solid-liquid transformation of the compound. In view of this result, ablation,
a leadt in the IR goectrd region, seams to be essantidly photothermd in nature. Furthermore
they suggested their obsarvations may dso hold for the UV-induced ablation of cryogenic
films However, we can ague fird, tha the correspondence between a Errans VS FLaser
diagram with a (P,T) thermodynamic diagram is catanly not necessxily vaid. Second, in fact
the authors did not redly specify the dblaion threshold of the sysem, so it is not dear the
rdionship between the plateau and the ablation threshold. In fact, as discussed on pg. 27
Masuhara et d. [33] faled to find any correspondence between the ablative thresholds and the
thermodynamic properties of the compounds. Sputtering efficiencies were suggested to
correate, ingtead, with the photochemica activity of the sudied compounds.
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Figure1-5 Kingic energy as a function of incident laser fluence for benzene films. (Graph
isfromref. [49] )

Niino and coworkers have invedigated the chemicd reaectivity of the intermediates
produced in the ablation of solid films of photoreactive organic molecules [50,51]. To this end
they have andyzed the gected plume by optica techniques and have examined the reactivity
of the gected pecies with various surfacessubdrates (f.e. graphite). New compounds were
shown to be formed on the graphite surface, indicating that the chemicdly activated pecies
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that ae produced by dblaion may prove very usgful for fabricating noved maerids Thear
dudies generdly drongly indicate the potentid of the use of the cryogenic solids However,
adde from the potentid for materid processng, ther mechanidic suggedions are generdly
indirect and thus we do not present in detail.

Fndly, gection fron frozen solutions doped with polymers have provided the bass of a
nove depodtion technique, Marix Asssed Pulsed Lasar Evaporation. Mechanidic dudies
from this group have been initiated only recently [52].

143. Scope and Outline of the Thesis

The man objective of this thess has been to examine if a physcaly sgnificant
criterion for defining/describing ablation can be edablished. Generdly, the obsarvation of
intense maerid gection is conddered to be the man characteridic of the explosve desorption
or Ablaion. However, this obsarvation doesn't give any informetion about the mechanisms of
molecular gection. To demodrate the problem, a typicd curve of etching/gection Sgnd vs
FLaser IS illugrated for the case of the 248 nm irradiion of condensed films toluene in FHg. 1.
The desorption signd is observed to incresse sharply a » 100 mden?, which may be
conddered to represent the ablation threshold. However, a closer examinaion indicates that the
sgnd darts incressing dready a a fluence of 45 mJon?. This serves to illustrate that the
specific value and even the existence of a well-defined threshold cannot be unambiguoudy
ascertained.

To address this quedtion, the gection efficdency of nonabsorbing dopants dissolved
within an absorbing matrix (toluene) is examined as a function of lasxr fluence Snce the
dopants do not absorb a the irredigtion waveength, the desorption of dopants is
characteridic of the nature of energy disspation in the solid and of the subsequent dynamics
of materid gection. (gection process is clearly separated from the photoexcitation process)
By employing dopants of differet (inter-molecular) binding energies to the matrix, an
assessment of the contribution of “thermd” vs. “non-thermd” processesis atained.

It is demondrated thet: In the regime of explosive desorption, in fact, two fluence
regimes with different material gection mechanisms can be delineated. At the intermediate
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fluences, desorption is consistent with surface vaporization while at high fluences,
molecular gection is clearly different entailing the unselective gection of a volume of
material. Therfore the term “ ablation” should be employed for denoting exclusively this
regime. Criteria for the experimental i dentification of ablative regime is demonstrated.

The dudy is padlded by opticd monitoring of the morphological changes in the
irrediation of the solids By a combination of opticd and imaging techniques, (homogeneous)
bubble formaion is shown. This is the fird demondraion of mdting and subssquent
uperhegting of molecular sysems in UV laser irradiaion. In combination with the previous
dudy shows that in the nanosecond case dblaion is due to “explosve bailing” due to
ovaheding of the film. Beddes its importance for ablation/desorption mechanisms the
demondration opens new ways for dudying organic compounds in “unusud’ metagtable
conditions. (f.e,, eectronic processes, photochemica processes, €tc.)

The second question concerns the rature and extent of the photochemical processes that
teke place in the adlaion of molecular solids. This question is important in reaionship with
goplications like laser deaning and laser tissue interaction where evidently the nature of the
induced photochemical modifications is crudd for the success of the techniques. But more
importantly given the “unusud” conditions (f.e high temperaures formaion of metastable
liquids, high pressure, etc) it is important to examine how, photochemicd processes in UV
aolaion differ from those teking place a the very low fluences where conventiond
photochemidry applies (sufacemediated processes). Thus, in contrast to the implicit
assumption in dl previous dudiesmodds (i.e which assume a sepaaion between
thermd/photomechanical/photochemical mechanisms) , this is examines how dectronic
(photophysica) and chemica processes in the UV dblation are afected by these pardld
contributions. In other words, how do you describe photochemicd processes in the ablaive
regime.

To address this quettion the UV ablation of solids of the photosendtive compound has
been usad, namely Chlorobenzene. Upon excitation a 248 nm, CgHsCl dissociaes exdusvdy
by scisson of the GCl bond to yiedd GHs and Cl, which eact with the precursor molecule to
form a number of different products. Thus the sudy of CgHsCl films provides the posshbility
for examing reaction pathwayd/patternsin the UV ablaion of molecular films
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A number of products is observed above vs. beow the threshold, but it is demondrated
that this difference rdaes exdudvedy to the materid gection mechanisms. The observed
photoproducts are fully consgtent with the gas phase and solution chemistry of the compound.
Thus, quditatively, adlaion does not modify molecular reectivity. It is shown tha desorbae
photoproducts are formed in the film before gection and is limited by the time of the plume
gection. However, the formation of these products on the time scde of a sngle ablation event
is inconggent with the avalable rate cross sections. The discrepancy suggests “hot” reectivity
of the fragments of the CgHsCl photolyss. Prdiminary study on the examinaion of deuterium
effects on ablation and subsequent reactivity isaso presented.

Findly, a priminary dudy of the UV desorption dynamics upon irradiaion with 500
fs pulses is presented. The results dearly show that the laser pulse width has a pronounced
effect on desorption dynamics (both above & bedow threshold), and will place a tigent test on
theoreticdl modds.

Although, the dudy of the desorbaie trandationd didributions was not an immediae
objective of this dudy, nevethdess the collected daa provide novd information. In dl
examined nest lids an aorupt increese in the desorbate most probable veocities vaues is
observed a the ablation threshold with digtinctly different dependences of velocities on Faser
observed in the fluence ranges above and beow this point. The change in the trandational
features is furthermore shown to be due to the transition from the subablation to the explosive
desorption /ablation regime.

Additiondly, through the compaison of the sygems with different desorption
efficiencies of the dopants, it has been possble to separate at least quditativey the influence of
the gas-phase from that of processes in the solid. It is shown that in fact gas-phase effects is not
& cudd/determining as that suggested by vaious modds and in fact, a subdantid
contribution derives from the gection processitsdf (in the solid).

Findly, a prdiminary sudy of the UV desorption dynamics upon irrediation with 500
fs pulses is presented. The results dearly show that the lasr pulse width has a pronounced
effect on desorption dynamics (both above & below threshold), and will place a trigent test on
theoretica models.
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2. EXPERIMENTAL

2. 1. VACUUM APPARATUS
All experiments are paformed in a home-built dainless ged ultra high-vacuum (UHV)
sysgem congging of three units (&) The inlet sysem for the handling and introduction of the
gasss into the cdl (b) The depogstion cdl for the growth of the solid. (c) The Mass
spectrometer chamber where the gected particles are detected. A schematic of the apparatus is
depicted in Fig. 1. the deposition and spectrometer chambers are differentidly pumped.
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Figure 2-1 The vacuum expeimentd goparaus V (shutoff vave) F (finemetering vave) P
(pressure gauge).

GUADRUPOLE MASS
 SPECTROMETER

2.1.1. Thelnlet System

The inlet sysdem is fixed to the depogtion cdl. The system is equipped with three
sample holders, a dainless ded tank for the gas mixing and a barairon pressure gauge. It is
pumped to a background pressure of 10° Pa, by a turbomolecular pump (Alcatd). Pumping is
necessary for removing humidity of amosphere or remanings impurities tha may react with
the examined gases. For the same reason, the inlet sysem is subjected to baking (»300 °C)
before every depodtion procedure. Mixtures of gases are prepared by mixing vapors of the
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compounds in the tank. Gas ratios in the tank are determined on the bass of the baratron
pressure reading and the idedl gas law.

For depogtion, the gases are introduced into the firg chamber by a 1 mm ID dainless
ded capilay tube pogtioned gpproximatedy 2 cm away from the center of the uv transparent
dlass subdtrate. The flow rate of gas is controlled with a needle vave. The use of the capilary
tube is necessary for introducing the vapour with a flow highly directed to the one surface of
subgtrate, thus most of the introduced gas condenses on this surface and the system remains a
a low totd pressure (< 102 Pa). However in the case of the involaile (solid) compounds
(adamantine and decapentane), their very low vepour pressure precludes the use of this
goproach. For this reason, in ther case, introduction is achieved through the use of a solid-
probe unit atached directly to the vacuum chamber. The pressure of the compound in the
vacuum cdl is adjusted to a pressure equd to that achieved for the voldile species in the case
of the other mixtures

All employed compounds are from Aldrich and Merck and are of high purity (995 %
or better). In a typicd expeimentad procedure, dl samples are fird subjected to further
purification and for removing disolved ar via caeful trgp-to-trgp didillaion and repeated
freeze- pump-thaw cydles.

2.1. 2. The Deposition Cdl

The depostion cdl is pumped by a liquid nitrogen (LN2) baffled 500 I/s diffuson pump
(Edwards) and is separated from the mass spectrometer chamber by a 2 mm aperture located on
axis. The presence of the goerture is necessxy for the differentid pumping of the two
chambers and for protection of the detection sysem from the pressure increese during
depogtion process. The diffuson pump has been chosen because of its large pumping Speed
and its resgence to corroson (snce in our dudies most of the examined samples are hao-
derivatives which ae extrendy corrosve). However, the use of an oail-diffuson pump
introduces the posshility that amounts of ol vgoour will escgpe and contaminate the
depogtion cdl. To avoid such problems, the operation of the pumping system is determined by
an interlock dectronic drcuit as follows & Diffuson pump cannot be (warmed up) if firg
rotating pump is not turned on. b) The vave of diffuson pump cannot be opened unless
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diffuson haa't wamed up. Addtiondly the liquid nitrogen trgp locaed above diffuson
pump, traps any ail vapours escgping toward depostion cdl. Findly the cdl is equipped with a
cold cathode pressure gauge (Edwards). The background pressure of the system is »5x10°° Pa.

A copper frame (35 cnf) holder atached to a LN, cryostat supports an UV -transparent
subgrate (supracil, 30 mm &) for the condensation of gases Indium is fixed carefully between
copper and suprecil for ataining good therma conductivity between them. In this way, the
subgrate is cooled down to 100-120 °K. The uncertainty in the temperaure referrs to the
temperaiure difference that may exist between the edge, (i.e, close to copper gasket) and at the
center of the subgrate. The temperaiure a the center (where irradiation is effected) has been
measured by the thermocouple to be »120 °K. The supracil lies 10.5 cm from the apperture,
which separates the depostion cdl and the mass spectrometer chamber. The suprasil is
postioned a& an angle of €=75° to the axis of laser beam and €é=15° according to the detection
axis This podtion has been chosen dter many experimenta teds for maximizing detected
sgnd plume in adlation (gected perpendicularly to the irradiated areg) without obstructing the
influence of the UV beam.
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Figure 2-2 TDS spectrum of nest toluene,
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For the Thermd Desorption Spectroscopy the copper holder is aso equipped with a
heater, and a thermocouple for the temperature measurement (Therma desorption Spectroscopy
measurement). The heater is under computer control, o that a linear heating ramp from ~120
°K to 250 °K can be ataned (i.e T(t)=Totat). Probing of the desorption sgnd by the
quadrupole mass spectrometer (described in the next sections) results in a TDS spectrum as a
function of time, which can be then rdated to temperature (Fig. 2). The risng edge of the

gpectrum follows O-order dependence : - CL—':I: Aexp(- E;ps / RT) as expected for desorption

from monodlayers The technique has been employed for edablishing experimentdly the
binding energies of the anaytes disolved within the toluene matrix (chepter 3).

1,003 e ™
2 0373 Ty,
- E .
_'E “‘] 4 _i LT .~I.l,-._ _III' 'rl.ll'-p'
— E i+
=] ] 1 R
= 05 ; e
= 903 3 Experimental Data | ||”|I
i 3
E 0,02 _; Linear Fit
: -
FRTIE

“-L'--‘f}—% AE .= 41 kl/mol

i ] L T v T Ly T T T i ] L ] i I ¥ I
0.0054 0,0055 0,6056 0.0057 0.0058 00059 0.0060 0,0061 0,0062
/T
Figure2-3 The Arrhenius (neet toluene) fit to the experimentd data (Fg. 2-2)
2.1.3. The Deposition process

In a typicd vapor condensation process, the subgrate is cooled down to 100-120 °K.
During gaseous exposure, the pressure in the vacuum chamber (>4x102 Pa) is very carefully
controlled throughout the depogtion, snce initid experiments indicated that the morphology
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and oyddinity® of the solid is very sendtive to the pressure. Subsequently the sysem s
pumped down to its base pressure (5x10°° Pa) beforeirradiation commences

Transmission measurements '97
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Figure 2-4 The graph depicts the change in the tranamittance of the solid GsHsCl, as a function
of depogition time (the presence grgph is for deposition at a pressure of Pygp=2" 10 ® mbar).

Because of usng the cepilay tube, the actud pressure between the tube and the
depogtion subdrate differs from the pressure reading in the cold cathode gauge which is not
located close to the substrate. Thus it is not accurate to estimate the solid thickness from kinetic
theory of gas. Furthermore, this thickness can not be determined accuratdy from a
measurement of the introduced gas quantity because not dl introduced gas condenses on the
substrate  For establishing the thickness of the solid, two different techniques have been used.
The firg is based on monitoring the absortpion of the solid a 248 nm. Fg. 4 illudrates the
tranamission of the solid during deposition a a P-4x10™ Pa as a function of time. According to
Bear’s law, the trangmited light intendty is given by | = loexp(- a x)= loexp(- aAt) where lo
is the incident intengity of the beam, and & is the absorption coefficient of the compound in the

6 We have found that indeed the structure of the solids can affect significantly both the
desor ption efficienciesof ablation and thetrandational distributions of the desor bates. Wedo not
study these effectsin thisthesis, but because of this sensitivity, it isimportant to control very
car efully the condensation process of the solid for having reproducible results. In fact we have
found out that several difficultiesnoted in previous studiesabout explaining their resultsarenot
due to the phenomenon itsdf, but the fact that film deposition conditions were not car efully
controlled. On the other hand, this sensitivity suggeststhat UV ablation may be eventually turn
out to be a very sensitive “structural” diagnostic tool.
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irradigtion wavdength and x the solid thickness’. The initid constant tresmision represents the
actud coaling time for the subdrate after filling the LN, Dewar plus the time for formation of a
fira well defined layer of the gas on the subdrate (nudegtion time).

The second examindion technique is based on the phenomenon of the opticd
interference. A Uniphase He-Ne lasr beam (6=632,8 nm, an output power of 8 mW) is
incddent on the supracil surface a an angle of 4° off the surface normd. The laser beam is
reflected from both the condensed solidivacuum interface and the solid/supradil interface and
the two beams interfere. As the molecular vgpor condenses on the suprasl surface, because of
the difference to the opticd pah, the inteference sgnd (monitored by a photodiode)

dx I

gnusoiddly ogdllaed —=————— where x is the s0lid thickness rr the index of
dt 2ncosq” Dt

refraction of the solid and é the inddent angle and At is the oscillation period of the fringes
(Fig. 5). For example for 4x10°® Pa deposition pressure of toluene we find At to be 3.3 sec and
for 5x10* Pa the At is 25 sec. The corresponding® rates are ca. 65 nmy/sec for 4x10° Pa and 8.5
nm/sec for 5x10* Pa In the Fig. 5 the difference in the width of the two firgt fringes
corresponds to the initid time before the cooling/nudedtion time noted before in the
trangmisson experiments

7 For egtablishing the absorption coefficient of the solids of CgHs and CsHsCHs, Smilar
experiments are performed in which deposition is effected via background gas dosing (i.e. a certain gas
pressure is introduced in the cdl without the using of the capilary tube) In that way the amount of the
condensed materid on the substrate can be calculated exactly. Assuming unit gicking probahility,

the time required for monolayer formaion (IML= 303”10 moleculeson?) is t:é

nuS
where n is the gas phase number densty, 0 the average velocity and S the surface area per
molecule. In al examined pressures we found good agreenment of the dope with the estimated from
the kinetic gas theory rate, except in the case where the deposition take place in a low pressure (<107
mbar), probably due to the competing condensation of the backround gases present in the vacuum
system.

8 The vadues for toluene are N=1.496, &=4.8, &=632.8 nm and At=3.3 sec
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Figure 2-5 Reflected HelNe laser sgnd as afunction of depodtion time.

Using both techniques, we eimate that under depostion conditions that we use in our
experiments (capilary tube and pressure of 2x10° Pa) the solid thickness ( for 15 min
depostion) is ~ 50-70 im. The opticd penetration depth of the toluene is ~ 2.7 im, that is
much less of the solid thickness. This means that the deposdtion subgraie doesn't affect in any
waly the absorption process.

2.1.4. M ass spectrometer chamber

The desorbed/gected particles are characterized by a quadrupole mass spectrometer
QMS (Bazers QMG 311) housed in the second chamber [53]. The 2mm aperture that separates
the QMS chamber from the desorption process limits the fied of view from the irradiated area
to the detector in the plane defined by the irradiation axis and the normd to the subgtrate under
a 0lid angle of 7x10°3s. The mass spectrometer chamber is pumped using a turbomolecular
pump (Leybold 1t./s), to a base pressure < 10° Pa. A et of LN, cryopandls are used to improve
the vacuum in the detection chamber in order to decrease the noise and to avoid that off-axis
patide will hit the walls and eventudly will get into the mass specrometer (thus, resulting in
time of flight spectra with wrong intendties times and didributions). The pressure in the
chamber is monitored by a hot cathode ion gauge.



2.1.4. 1. The Quadrupole Mass Spectrometer

The Quadrupole mass spectrometer (QMS) conssts of three parts, the ion source, the
mass filter and the ion detector. The detection of a neutrd patide in a quadrupole mass
spectrometer may be divided into three processes. (8) The ionization of the incident patides
by eectron impact, a “cross-beam” ion source is usad (i.e, emisson of ionizing eectrons
perpendicularly to the axis of extraction of the ions) and its extraction and focusng from the
ionization volume into the mass filter. (¢) The trangmisson and mass-Hection of the ions in
the massfilter. (d) The detection of theion.

2.1.4. 2. Optimization of Quadrupole Mass Spectrometer
The QMS is a gandard, commercid indrument. The commercdad QMS indruments are

optimized for high sengtivity in partid pressure messurements. Unfortunatdy, this mode of
operdion is clamed to be ingppropriate for time-of-flight invedigations Serious digortions of
the measured TOF can be avoided only by an optimized re configuration and setting of the
potentials of the ingrument. The mos systematic examination has been reported by Braun and
Hess[54] and thiswas followed herein.

Congdeing fird the ionization process in the ionization chamber (IC), the ionization
probability Pon, may be influenced by the dectron current k& and the eectron energy €Vs. The
integrated QMA dgnd in the laser induced desorption experiments, were found to be
proportiona to the electron emisson current k in the I1C, (as expected | =1_nVR,, wheenis
the number densty, V the ionization volume. At high emisson currents (depending on patice
dendty in the IC), a tendency towards sauration in sgnd drength was obsarved and a
broadening of the messured TOF didributions occured. The effect is due to space charge

effects, which become important a excessve ion dengties in the QMS. In our case kL was st
to1 mA.

The dedtron (ionizing) enargy €Vs of 706V has been used for mogt experiments in
oder to increee deection efficency of the neutrd patides However, a this
ionization/impact energy, the secondary fragmentation of the ions is rather extensve for the
molecules we have dudied (i.e resulting in a didribution of ions with different masses). This
complicates the detection and characterization of fragments and products emitted from the
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laser-irradiaed surface. Thus, in the study of the photosendgtive CgHsCl and CHgsl, the
unambiguos identification of the fragments gected from the surface cdls for a highly reduced
electron energy. To this end, the energy was reduced to 25 eV, a compromise between minima
e-impact fragmentation and sufficient ionization efficiency for detecting the gected species

Turning next to the ion extraction and focudng ingde the mass filter, their efficency
depends on the ion extraction voltage V1 the ion lens voltage V, and the ionization chamber
voltage V3. When the QMS is used in a molecular beam experiment as in our case, with the
incident beam padld to the z axis essentidly, the extraction probability strongly depends on
the location of ionization and the kinetic energy of the incident partides the doser to the axis
the neutrds are ionized, the higher is ther probability of extraction. The extraction probability

can formdly be written as P, (E, ) 1 Q:QZ" P.(E.r,22prdrdz where pb = 25 mm is the

radius of IC inlet and z the disance pardld to the zextraction axis The voltages vaues of Vi,
V, and V3 wee adjuged to the maximum dgnd levd (i.e maximum detection sengtivity) by
sydematic examination of the TOFs recorded in the laser desorption from CsHg olids. Their
vaues are given in Table 2.1 together with the other parameters/settings of the QMA.

Table 2-1 The Quadrupole Mass Spectrometer voltages vaues

Vi (Volty) V> (Voltg) V3 (Voltg) V4 (Voltg) Vs(Valts) Deflector(Volts)

-168 47 55 46 70 -180

The tranamisson characteridics of the mass filter depend on various quantities such as
the parameters of ion incidence a the inlet of the filter (IC parameters) and the mass resolution.
The F.AXxis voltage (V4) multiplied by the dementary charge, is the nomind kinetic energy of
the ions in the rod sysem. For the optimization of F.AXxis voltage two agpects have to be
conddered. Fird, the ions have to reman in the filter for a minimum number of frequency U
periods to dlow a mass separation. In that way, a lower limit vaue of V; can be determined.
Second, focusing the ions in the outlet of the mass filter dso depends on V4. So, the vaue of
V4 should be chosen to obtain a maximum sgnd kesping in mind the firs agpect. Concarning
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the mass resolution, in dl experiments reported in this work resolution was st to 300 for
working at high mass scae 0-300 amu and avaue over180 for the scale 0-100 amu.

2143. lon Deflection and Detection
After thar sdection in the mass filter the ions ae detected by a channdtron. The
channdtron is pogtioned perpendicularly to the mass filter axis in order to avoid noise from
the laser irradiation or other electron or photon sources (ionization gauge, ion source). To this
end, acylindrica capacitor collector is used in deflect theionsto 90° degrees®.

The channdtron (Gdileo type CEM 4821G) operates in andoge mode with negeative
voltage for detection of the postive ions. Andogue CEMs produce a linear output up to about
10-20 % of the bias current. This is limited because the bias current supplies the dectrons
necessary to sudain the secondary emisson process. Since CEM 4821G modd has a 20 1Amp
bias current, the maximum linear output is of the order of 24 1Amp. The dark current of CEM
is measured to be 102-10° pAmp. In the andogue mode, the gain of the CEM s caculated
smply as G= b/l;, where | is the input current (mesesured with Faraday collector)10 and lo the
output current as measured by CEM. As shown in Table 2.2 the gain is found to be log (4.8x10°
11.8x10*?) =54 i.e., G=10>* dectrons/ion (at an applied -3 kV potential).

Table 2-2 The sengtivity of the Mass spectrometer

Preamplifier + CEM 9.6 10° Volt/mbar
Electrometer + CEM 1 Amps'mbar

Electrometer + Faraday 4”10 AmpS'mbaer
Sengtivity of the QMS 2710 Ampsmbar

9 The ions, can be detected either with a Faraday collector and a Channeltron eectron multiplier
(CEM). In the smplest case, the ions strike a collector (meta plate) located on axis to the mass filter.
The current that esults is measured with a sengtive dectrometer (617 Kethley). The limit of the
measured current is bellow 10*Amp. For a typica pressure of 5x 10° Pa s giving 1.8x10™* Amp
current. In thiswork Faraday collector was used only for measuring the gain of the CEM.

10 The ion deflection voltage is adjusted for maximum signd at the CEM output. In our case a-180
V voltage is s&t. It is important to note that if the ion source potentids (Table 2.1) are changed the

deflection voltage must be re-adjusted.
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The resulting current is amplified on a fag current preamplifier (Kethley 427).
Generdly, vaues of gain 10° to 10 with 15 isec rise time were employed for recording TOF
ggnd. The dgnd from the detector is recorded on a Lecroy LC9400 (250MHz) digitad
oscilloscope and sent to a computer for storing and further processing. A typica TOF curve is
showninFig. 6.

The y-axis represents the output 9gnd (in Valt) and the xaxis the time in sec (where
t=0 corresponds to the time of the of the UV laser pulse determined by a photodiode.

—— Recorded Curve S(t)

— Corrected Curve

S(t-,)/(t-t)

[ X T ! T y T
0,000 0,001 0,002 0,003
Time-of-flight (sec)

Figure 2-6 A typicd time-of-flight spectrum. With the red line is the corrected for the drift
time and ionization probability soectrum. The arrow indicates the mogt probabletime,

2.1.5. Determination of the drift time

The messured time in the recording of a time-of-flight spectrum is a result of two
terms, the free flight term, from condensed solid to the ion source of the mass spectrometer and
the so-cdled drift time ty i.e, the time spend the ions indde the mass filter. Because of the
presence of fidds, motion of the ion ingde the quadrupole is nat a free flight. So, the actud
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time of flight digribution is obtaned from the experimentd TOF spectrum after subdtracting
the drift time. The accurae determination of the drift time (ty) is of great importance snce a
wrong drift-time correction may leed to an eroneous dassficaion of the TOF digribution
(eg. Maxwdlian or non-Maxwdlian). Because of its complex mathematicad description, drift
timeis better to be determined experimentaly.

For the above reason, the multiphoton ionization sgnd of vaious molecules was
tempordly monitored by focusng the laser beam in the ion source of the mass spectrometer.
The drift time is the dday between the detection of the ions and the laser pulse. The recorded
ggnd is a symmetric curve, and its maximum gives the time of flight of the ions indde the
mass Soectrometer (drift time). The measurements have been done for a st of different
molecules, in order to determine the dependence of drift time on molecular mass, in the two
different mass scdes, 0-100 and 0-300 amu. For two different vaues of eectron energy hes
been used in the two cases (25 and 70 €V), the determined times are given inthe Table 2.3

Table2-3 The experimentay detrmined drift time values

Mass Range/ Electron
256V 706V
Energy
0-100 amu t4=9.88+2.735/m td=8+3.209/m
0-300 amu =12.433+2.746/m td=7.612+3.284/m

Braun and Hess [54] usng computer amulations (SIMION), suggest that the resdence
tme of ions in the quadrupole filtler can  be  goproximated by

t, =7.5(ms) +VmL? / 2e” ! where m and L denote the ion mass and the length
\/Vaion +% - V4

of the filter and 7.5 is represents the time within the ionization chamber. Indeed for V=46 V,
theformulagives t, = 7.5+ 2.586\/mns doseto our experimenta vaues
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2.1.6. Time and Energy Resolution

The velocity and thus trandaiona energy resolution of the experiment depends on the
digance from solid to mass spectrometer (L). The resolution increases with increesing length
but on the other hand, since the solid angle of detection is inversdy proportiond to 1/L2
detection sendtivity decreases Thus an compromigng vadue of digance from film to mass
spec of L=28 cmwasfindly adopted.

The detection space is equd to the ion source length. The mass spectrometer cannot
diginguish between the molecules that are ingde the ion source and are ionized. Thus the
sndler increment of t that can be digtinguished is At= Ax/u with Ax the ionization chamber

length. Thus, trandationd velocity resplution is ﬂ:% b %p(iﬂ)z which for typical
u

TOF messured for the sudied systems is ~ 1.6-6 isec. The time t is dso affected by the time
repponse of Channdtron, preamplifier and osciloscope. Since the time response of the
channdtron is 8 nsec and the sampling rate of the oscilloscope > 0.5 msec/2500, wheress the
time response of the preasmplifier ~ 10-15 isec (for G=10) which thusis the limiting factor.

22. TOF ANALYSS

This measured TOF spectrum (after correction for the drift time) does not represent yet
the velocity didribution of the gected particles, because the mass spectrometer is a "dengty”
detector. As a result, fager molecules spend less time in the ionizer than dow molecules and
ae therefore less likdy to be detected. We therefore refer to the sgnd St) as the TOF
goectrum, not the TOF digribution. The TOF digribution is gven by the flux [(t)=un(t)
(dengty n weighted by veodty u), i.e, the number of molecules that pass through a certain
aea per unit time The TOF digtribution (flux versus time) 1()=un() p t1 St) (Fig. 2.6) is
converted to a veocity (or speed) distribuion Py(u) by seting I(t)dt=R(u)du, and using
dudt=x/t> where x is the flight digancePyU)= t/x I(t) p Vu St) with t=x/u. Smilaly, one
obtains for the trandationd energy distribution R(E)= £/m 1)} p VE; ) with t=x(m/2E)"?

The flux Maxwdl-Bdtzmann (MB) didribution differs from the densty Maxwel
Didribution by a prefactor u:
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mu® _E
2k_I_)du, (1) PE(Et)dE[—(k_I_)2

disribution is cdled a "flux weghted" M-B distribution or (Uf) Maxwel disribution. For a

_ My 3 ) = .
Pu(u)du—1/2(k_|_) u”exp( exp( kT)dE‘ This

dengty detector, it corresponds to the TOF spectrum  S(t) tiAexp(- t%) ad for a flux

detector, the TOF distribution is |(t)ut15exp(-t£2). The densty () M-B distribution is

characterized by <E>=15 KT and w = (4/3)Y? » 1.155, while the flux weighted () M-B
digribution has <E>=2 kT and w=1. Themd desorption from a surface with unit gicking
probability results in a flux weighted M-B didribution. Mean trandational energies of desorbed
species ae therefore conventiordly expressed as <E>/2kg which for a flux weghted M-B
reduces to the trandationd temperaure Tz.

An empirical formula thet is frequently usad to fit experimentd veocdty disributions is
2
m(u - Uo) Jdu
2kT
which can be interpreted as a thermd didribution at temperature T, superimposed on a sream
veoaity u, and reducesto Eq.(2) for u,=0.

the so-cdled "modified” Maxwell-Boltzmann distribution P, (u)du p u® exp(-

However, especidly in the case of noisy expeimenta reaults the fitting can be quite
subjective. Second, in practice, usudly it is found that just one "modified” Maxwdl-Baltzmann
digribution can not describe accurately digtributions recorded in ablation. Thus, it is usudy to
fit the expeaimentd didributions to the sum of two-or-more Maxwdl Boltzmann i.e,

_ 2
3, =8 AU exp(;Tu"))du but it is not a dl desr what the physicd meening of the
different components are. Findly, in many cases, good fitting is obtained only by making ¢
negative. Of course, a negative g is difficult to be judified or it is just physicdly unressonable.
The fitting parameter W, takes on negative vaues for digributions thet are wider than a thermd

digtribution, obscuring the interpretention of w, as a Sream velodity.
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2.2.1. The Detection Efficiency

The peformance of the mass oectrometer in the usud resdud gas detection mode is
usudly specified by the sengtivity factor K, defined from 17(t) = Kp = Kn(t)ksT (where K
Amp/Torr, kg is the Boltzmann condant, and T is the chamber temperature, and P, n the
pressure/dengty in the ion source). However, in the present case, the gas is sent through the ion
source as a narrow, collimated gas beam and the performance of the indrument (Detection
effidency, D i.e, the number of the ionized particles which are detected per second per number

I +

where I is the

of incident patides per second) must be specified in terms of flux D = =
e

meesured current, e the fundamental charge and F the flux. Because the flux is given by
F(t)=n(t)"u” A where 8 is the vdodity of the partide in the beam, n(t) the densty and A the

| adinfindeby D=—K

area of the beam, the D isgivenby D =
en(tluA ek, TuA

where K is the

sengtivity of the instrumentt.

In order to find K for the various compounds, their mass spectrometer Sgnd (for gas
“diffusdy” introduced in the chamber) is monitored as function of pressure lon gauges ae

cdibrated to the ar. Because of that, the pressure reading is corrected for the sengtivity to

compound (for toluene is 6.8). ie P

real

P "
:%). The sengtivity factor (K) for the toluene
has been found to be (1.5+0.05)410" Volt/mbar.

= P b n@[#/ ] = Sgnal () [\/oIt]/,K[\/oIt/ Pa]
KgT kg[J /K]™ T[K]

Sgnal () [Volt] = CVolt/#m 3" nt)[# m*], for Tvaum = 300 °K and where C is the
cdibration factor and corrdated with the detection efficiency of the compound (f.e for the case
of toluene, the most widely used molecule in this thess, the mean vaue of C is measured to be
(6.1+0.2) 210%° Volt/#m?).

In the case of mixtures, the dgnds for the different molecules are corrected for the
ionization/detection  efficdency in the mass spectrometler vs tha of the marix molecule
(toluene). Given the importance of the messurements of the rddive intengties of dopants vs
toluene for the arguments and conclusions of the work of chapters 4 and 5, condderable effort
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was expended in establishing accuratdly the rdative detection efficencies (at the parent peak,
for each case) of the mass spectrometer system for the various species (Table 2.4). To thisend,
two gpproaches have been employed, namey the examination of the pressure-dependence of
the parent ion mass spectroscopic Sgnds for various dopants, as wel as comparison of the
time-integrated mass dgnds for the introduction into the detection chamber of a given totd
pressure (as meesured with the cdibrated Baratron gauge), subsequently corrected for any
pumping differences of the gpecies in the mass spectrometer chamber. The two gpproaches
gave results in good agreement, except for the difficuit-to-pump DO.

Table 2-4 The rdative to toluene efficencies of the dopants

System C- C3H6 C6H12 (CHg)zo C10H22
Rd. Effiaency 2 13 1.9 10
2211 Estimation of the Absolute Desorbing Amount

The totd number of species leaving the surface from photodesorption process could be
cdculaed given knowledge of the species angular didribution and the characterisics of the
detection sysem. According to the previous, the mass spectroscopic sgnd S(t) relates to the

flux of molecules K1) through the ionizer as S(t) =C” mWhere 0 is the molecular velocity
u

in m/s The differentid yidd of molecules N into the detector is the time integrd over the flux
digribution,

dN _ I _GS(t- ty)(Volt),  1(m) b S(t-ty)
—=(t-t dit-t,)= d dit-t,)=— dod(t-t
av - O WA W= O gems) [ oye W T Oy, )
where dJge is the solid angle of the detector as seen from the target surface and the transit

time ty of the ions through the mass filter, and | (=0.28 m) is the distance from target solid to
the ionistion chamber and C the efidency factor for the molecule From the geometrica
factors of the gpparatus, the distance for target to separator and the diameter of the hole the
slid angle of detection is found to be dUs«=7.5x10°3 srad. For the toluene the number of

molecules in the solid angle of detection is given by Int” 4.77 10#/m?. The angular flux
digributions for species leaving the surface follows typicdly a cos'é fom. The angular
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digribution P@)=[(n+1)/2p]N,cos"J is nomdizing for the hemigphere above the

surface to yidd the totd number of spedies leaving, N

tot

= (PW@)dw. The dfferentid Yield is

dN I

N(J):Wv: Int” c =P@J)dw,,, . The totad number of molecules leaving the surface can be
4 4 14
cdculaed from N, (#/m?) = Int_4.7 10 . If we asume a themd desorption
(n+1)cos" JdW/ 2p

process, the n=1 and Nio=Int(Volt) 6.5710'® #nfVolt. For ablation conditions, the angular
digribution has been found to be more pesked to the normd to the surface and n=4 to n=8.
(Assuming that the molecules are gected into a 45 degrees cone, conggtent with observations
of Cho et d. [55], which suggest thet the digtributions are pesked toward normd.)

23. THE LASER SYSTEMS

In the nanosecond experiments, desorption is effected with the output of a KrF excimer
laser (Lambda Physk Compex 110, 248 nm). The FWHM of the beam is 30 nsec, with pesk a
18 nsec. The laser beam shgped by an iris and is focused weekly with a quartz lens (f.l. = 50
cm) onto the sample. Laser fluence is varied by aljuding the discharge voltage of the laser (21-
30 kVolt) or by usng filters and attenuators. A joulemeter (Molektron JPL 4050 10.1 V/J) was
used for messuring the energy of the incident lasr beam. On average, pulseto-pulse
fluctuation in the laser output is 5 %. The experiments reported herein are performed at fixed
laser incident and detection angles (gpproximatdy 75° and 15° with respect to the normd to
the surface). Reported fluence vaues are uncorrected for the light scatering a the solid
aurface. The andyds of the trangmisson experiments indicate scatering losses for most
compounds to be 15-20 % of the incident light.

Femtosecond laser pulses were obtained from a hybrid excimer-dye laser sysem based
on the concept of the digtributed feedback dye laser (DFDL). Specificdly, the 308 nm (XeCl)
output of a double-cavity excimer laser (Lambda Physk EMG 150MSC) pumps a cascade of
dye lasr modules to produce pulses 0.5 ps long a 497 nm with an gpproximate energy of 100
1J. This seeding pulse is frequency doubled in a BBO crystd and amplified in a double pass
through a KrF filling in the second cavity of the exdmer unit. The resulting UV laser beam a
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248 nm, has a bandwidth of 20 meV or 160 cm'. The FWHM pulse duration is typicaly 500
fs, and the output energy was 9 mdpulse.

24. OPTICAL IMAGING EXPERIMENT
Opticd/imaging  techniques have been  employed for  monitoring  the
morphologicd/dructurd changes of the solid during irradiaion. To this end, a cw He-Ne laser
beam E&=632.8 nm, Uniphase, ~3-5 mW) is used to probe the gpatid and tempord evolution of
the film reflectivity and/or tranamisson upon UV irrediation.

The HeNe beam is shaped by via a pinhole and then is carefully digned within the UV-
irradiated area of the film (in those experiments, the UV beam was weekly focused to an area
of 0.63 cnf) a an agle of 8 degress with respect to the normd of the solid surface The
reflected and transmitted beams are detected by either a fast photodiode (6res»1nsec, for
establishing the tempord evolution together with a fa 400 MHz oscloscope) or  CCD
(578x365 pixels) / ICCD (1024x256, Andor) (for probing spatia changes) (chapter 3).

The ICCD camera is a combinaion of an Image Intendfier together with a CCD
camera. Amplification can be up to 10*. The gating can be achieved by switching on/off the
voltage of the photocathode. Gating periods as short as 5 to 10 ns can be achieved.
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Figure 2-7 The opticd/imaging experimenta sstup.

The synchronization of the ICCD gate trigger with respect to the UV pump pulse was
achieved by SRS (Sanford Research Systems) delay generator. The SRS triggers the Excimer
lasr and dter a vaidbdle dday the ICCD. The intevd of gating (eg. the ICCD collects
photons) is st by a third pulse. In the experiments 30 to 100 ns have been used as gding
periods Atgard. Both trandents photodiode signd and detected images was sent to a computer
for recording and andyss. A sandard commercid software (AndorMCD) is employed for the
processng and andysis of the recorded images.
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3. THE THERMAL NATURE OF EJECTION AT LOW LASER
FLUENCES

3.1. INTRODUCTION

In order to ducidate the gection mechaniams taking place upon uv laser irradiation, we
have undertaken the comparative examinaion of the desorption efficiencies of non-absorbing
dopants of vaying binding energies!! to the marix as a function of laser irradidion
paamaes Essentidly, in the comparison, the particularities of the exdtation dep(s) reman
the same (factored out), so that the reative gection effidencies of the dopants provide
information on the nature of the energy disspation in the film and of the mechaniams by which
it reults in materid gection (f.e for surface vaporization process the desorption efficiencies
should corrdae with the binding energies of the dopants to the marix). To this end, the
employed dopants are chemicdly dmilar, differing only in thar molecular sze and srength of
interaction with the matrix. The dopants indude dkanes (¢CszHs, ¢CgHi2, CioHy2), and
indicatively ethergdoohols (CHg)2(CH2),0, D,O. As a marix we employ CgHsCHs. It is
sdected because of the extendve thermodynamic and pectroscopic information avalable for
the compound and second because of its minimd fragmentation, thereby avoiding
complications due to any photoreectivity. Furthermore, it presents close andogies to the
compounds employed as matricesin MALDI.

The dudy is padlded by opticd monitoring of the morphologica/dructurd  changes
induced in the irradiation of the solids By a combingtion of trandent/satic opticd and imaging
techniques, it is shown tha mdting of the solids occurs and & higher fluences the
(homogeneous) bubble formation is demondrated.

32. RESULTS
The experimenta results are organized into two sections. In section 321, the mass
spectroscopic and optica/imeging examindion in the irredidion of nest CgHsCHs; solids are
presented. In 3.2.2, the gection dynamics of dopants of varying binding energies incorporated
within GsHsCHs matrices are presented.

11 For convenience, sometimes the terms “volatile’ and “nonvoldaile’ are used; however, it is
understood that it is redly the rdative binding energy to the toluene matrix.
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3.2.1 Neat Toluene Solid

3211 Fluence dependence of the desorption Signal

Toluene is a moderatdly strong adbsorber?2 a 248 nm. Fig. 1 depicts the desorption
intengty of CsHsCHs recorded in the irradiation of neat solid of the compound as a function of
laser fluence. In the figure, the vaues indicated for fluences > 80 mdenf represent the signd
recorded in the very fird pulse from freshly deposted solid. At lower fluences, the Sgnd is an
average of less than 10 pulses because of the low SN ratio!3. Assuming tha the etching depth
follows the lasar energy depodtion and this is given by Beer's law, the totd number of the
g ected species has been suggested to be described by

=N, " In(es=y (3.2)
I:thr
where No is the number of molecules in the irrediation volume and F,, the laser fluence
threshold. According to this, the ablation threshold for nest CeHsCHs films is & ~100 mdent.
However, as discussed in section 1.4, it is very difficult to congder this vaue in any cartanty
and easily » 45 mJ¥em? could be adopted instead.

12 Although toluene is a spectroscopicaly well-characterized molecule, there was no accurate
absorption coefficient value for the compound in the solid in the literature. Therefore, in Stu
measurements were pen‘ormed as described in chapter 2. The absorption coefficient of the compound
was found to be » 3800 cmi’. This value is somewhat larger than that reported in the liquid phase (2400
cm*) of the compound. Such a deviation was expected, as a similar difference has been reported in the
case of benzene where the absorption coefficient increases upon the solidification of the compound.
The increase has been related to the perturbation of the excited state, in the solid as compared with that
in liquid.

13 In the inset the graph illustrates the desorption yield as function of laser fluence a very low
(FLaser < 45 mdent) and intermediated low (45 mdent < R aser < 100 mdent) regimes,
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Figure 331  The Desorption Intengty of CgHsCHs recorded from freshly deposted solids as

a function of the incident laser fluence. The error bars represent 25, as determined from at leest
6-7 different messurements of each daum point. The insgt depicts in higher deal the
dependence observed at low laser fluences.

In fact, plotting the data of Fg. 1 in a semi logarithmic format (Fg. 2) as a function of
1R aser illudtrates that below the indicated threshold, the desorption intendty exhibits two
regimes In the 20-45 mdcm? range, the intensity has a very wesk dependence on fluence,
which incresses abruptly a 45-100 mdcnf. Based on this gpparent change of the desorption
intensity, the ablation threshold could be argued to be at 45 mJcnt.14

14 The change in the F xser-dependence of the desorption yield a 45 mdcm’ is accompanied by
different dependences of the desorption signds of GHsCHs on number of successve laser pulses
irrediating the film. Below 45 mJcn, the signal generally remains relatively constant with successive
laser pulses, dthough because of low S/N, signd had to be averaged over at least 20-30 pulses. In
contragt, at fluences 45-100 mJcn’, generally the signal drops subsequently after the few first pulsesto
obtain a constant value. At much higher fluences (i.e. above 100 mJcm?) the previous dependence
becomes more pronounced. This effect is observed not only in the mass spectrometer signal, but aso in
the total desorptionintensity measured by an open ionization gauge placed acrossthe irradiated area. As
it is indicated by the optica examination, this dependence may be due to the effect of laser irradiation
on the morphology of the film.
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However, as demongrated in the subsequent sections, the comparative
examination of the gection efficiencies of dopants does establish that the threshold is at
100 mJ/cr?. The observed increase in the signal at 45 mJ/cm? is instead related to the
phase transformation namely mdting, that the solid undergoes in the irradiation at the
low fluence regime (20-45 mJ/cm?).
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Figure32  Semi logaithmic plot of the desorption intensity depicted in the Fig. 3.1 as a
function of :I-/FLASER-

3.21.2. Optical/l maging Examination
As shown in the Discusson, the Fiaser (40 mdent) a which the change in the
desorption intensty dependence is observed corresponds to a temperature close to the melting
point of toluene Thus a higher fluences the solid may mdt, suggesting thet it should be
subject to morphological changes. To probe these changes, we take advantage of the fact that
under caefully-controlled  deposition conditions  (condensation  temperature  100-120  °K),
CsHsCHs forms a highly trangparent solid in the visble Thus, any changes in the morphology
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of the solid effected by the uv irradiation can be probed via optica and imaging of the reflected
and/or tranamitted portion of aHe-Ne laser beam incident on the solid.

Fg. 3 shows the image of the tranamitted probing beam (633 nm) through the toluene
solid, recorded well after the UV laser pulse (> 1sec). At very low fluences < 35 mJen?, no
noticeeble changes in the images are obsarved, even dter extengve irradiaion of the film
(>2000 pulses Fig. 3(left)). In contrast, a »45 mJom? and above, changes and increasing
opacity are obsarved in the irredisted area (Fig. 3(right) recorded following irrediation with 50
UV pulsssa FLaser» 60 mden)1s,

Figure3-3  Trangmisson images of HeNe beam on CgHsCH;s films that have been irradiated

with (left) 2000 pulses a Faser < 45 mden?, (right) 50 pulses a Faser » 60 mdent. For
recording the images, the left portion of the HeNe beam is blocked in order to more dealy

illudtrate the scattering effect

15 These structural changes evidently do not relate to the formation of “etching pit” expected in
ablation. Formation of an etching pit is evident only at fluences wel over 100 mJent and dthough
some isolated dark spots can be detected within this pit, most of it remains transparent. The appearance
of the spot does not change much even after severa number of pulses, thus contrasting the case of
irradiation at low laser fluences where the accumulative effect of irradiation results in a highly
“opague’ appearance.
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Figure34  Integrated light transmitted intendty behind the irradisted area in the imeges &
afunction of successve laser pulses.

For the quantitative andyds the totd photon intendty (luminescence) in the images is
plotted as a function of number of successve laser pulses (Fig. 4), dong with the light intengty
trangmitted exactly behind the center of the irradigted spot. The totd photon intenisty is
edablished by direct integration of the tota light (i.e, over the whole detected areg) in the
CCD images With continuing irrediaion, the trangmitted Sgnd through the irradisted area
decreases down to its 70 percent of its initid vaue (depending on the UV lasr fluence),
whereas the totd luminescence decreases much less  Thus, the decrease in the directly
trangmitted light intendty corrdaes with an increase in the totdly, diffusdy scattered
intengty, around the UV-irradiated area This conclusvely demondrates that the changes in
the HeNe probing ae due to scatering effects and not to the formation of absorbing
photoproducts. This is further supported by the falure to detect any photoproducts by the mass
spectroscopy (chapter 4 page 100)
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Figure35 The grgph depicts the permanent changes in reflectivity as a function of number
of succesve laser pulses

Smilar changes ae ds noted in probing the specularly reflected HeNe beam
(monitored by a photodiode), though the dependence on number of pulses is somewhat more
pronounced (Fg. 5). This enhancement is due, evidently to the higher sengtivity of the
reflected beam to suface modification. In paticular, for irradiation a very low fluences $30-
40 mJom?), the surface sensitivity of the reflection probing reveds a change not obsarvable in
the trangmisson examindtion, namdy a smdl sgnd increee in the very fird few UV las
pulses This dealy indicates that different processes operate bdow and above ~ 30-40
mdcnt. This increase is probably indicative of partid anneding of the solid upon irradiation a
low UV laser fluences and will be very interesting to be studied in the futurel®.

16 Laser anneding is very important both scientificaly and for gpplications in the case of
semiconductors. In the case of organic/molecular systems, as far as we know, these has been only one
relevant study.



Temporal evolution

Fig. 36 ad Fg. 37 illudrae the temporaly-resolved HelNe laser transmitted and
reflected sgnds (recorded by a fagt photodiode) upon irradiaion of the solid with the UV laser
puse At fluences > 50 mlenf, a shap minimum in the tranamitted through the film beam
pesking a t=60 ns to ~ 120 ns (respectively a 60 to 100 mJan?)is detected. Fig. 3.8 portrays
the corresponding image recorded after 100 nsec (integrating time100-180 ns) after the UV
laser pulse (FLaser=80 mdent). The transent image is substracted from the initid background
(dgetic) image of the tranamitted HeNe laser beam which illudrates enhansed scatering a the
periphery of the UV irradiated area In fact, the transmission loss is compensated, in the largest
percentage, by an increaese in the reflected sgnd (Fig. 3.7). It is noted that the increase does
not reflect an increese in the specular reflection, but in the backscatered dray light collected
by the mirror/lens (Fig. 2.7) (as edablished by the examindion by images recorded in
reflection mode). The nearly quantitative compensation clearly esteblishes that the changes are
due to light scattering effects.
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Figure 3-6 Time rexdlved trangmisson a €=633 nm upon irradiation of the films with 1 UV
puse a the indicaed fluences. The dgnd has been normdized to the trangmitted intengty

before the UV pulses.
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Figure 3-7 Time resolved reflectivity a8 =633 nm upon irrediaion of the films with 1 UV
pulse @ the indicated fluences The sgnd has been normdized to the reflected intengty before
the UV pulses

With increesng UV lasr fluence, the curves broaden, the maximum is atained a higher times
and the intendty changes are more pronounced. At longer times (t >1 isec), the transmission
ggnd recovers to nearly its initid vaue In contred, the surface sengtivity of reflectivity
provides further information on the subsequent evolution: thus upon recovering it overshoots
its initid vaue and continues to drop (i.e, scatering loss) which evidently corrdaes with the
reflectivity loss observed in the pulse examinaion (Fig. 5).

At fluences above 110 mdon?, the features of the trandents evidently chenge As
shown bdow, this is the ablative regime, thus, the features in this case ae due to scattering of
the HeNe probing light by the plume (gected materid)l’. The most interesting however feature

17 The very abrupt change in the shape of the curves on going from 100 mJ/cnt to 110
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is the curve recorded a just the threshold. In this curve, the evolution from low fluences to the
ablaive regimeis uniquely demondrated.

Figure 3-8 Trandgent Image of the of the transmitted HeNe beam

The previous results condudvdy demondrate the formation and decay of “scaterers’,
which as discussed bdow can be identified with homogeneoudy formed gaseous bubbles
within the irradiated film?8,

3.2.2. M ass Spectr oscopic Examination of Mixture Solids

In this section, we present the gection dynamics of dopants from the toluene matrix in
the UV irradiation. Fig. 9(a) depicts the desorption yidds of dimethylether ((CHs3)20) and
toluene in the irrediaion of the CsHsCHa/(CH3)20 (5:1 molar). For a more clear depiction of

mJ/cm2 clearly demonstrates the presence of a well-defined threshold for massive material
gjection to occur. Thisaspect isaddressed in chapter 4.

18 Quantitative information about the size and number of the bubbles from the scattering
experiments is not directly plausible very unrdiable (snce no cdlibration sysem can be defined). As a
first step, an interferometric measurement has been attempted. (Michelson type) Although, the vacuum
systems were not designed for this high mechanica stability required for interferometric measurements,
interference pattern changes could be monitored; thus, this approach will enable quantification of the
effective bubble size.
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the dependencies, the data in Fig. 9 are replotted in Fig. 10, as the percent concentration of the
dopant measured in the plume (i.e. gas phase) (in all cases signals have been corrected for the
different ionization/detection efficiencies by procedures 2.2.1). As shown in Fgures (9), (10), a
(CHgz).O high dgnd is detected even a the lowest fluences and its Sgnd increases further
with increasing laser fluence. In fact, for fluences up to ~ 120 mYen? its desorption yidd is
higher then that of CeHsCHs, dthough its concentration in the film is only 1/5 of the matrix.
Only at fluences above 120 m¥cm?, GsHsCH3 desorption is enhanced over that of the dopart,
until findly its reaive reio to that of the dopant becomes within the experimentd error,
representative of the gdoichiometry in the initid mixture Exectly smilar dependence is
observed for cyclopropane (¢ CsHs) and CH;OH insde Toluene matrices.
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CgHsCHs from a 1.5 (molar) mixture of the two compounds as a function of the laser fluence



70

(a) (CHg)zO/CGH5CH3 (b) C-C3Hg/CeHsCHg (C) Cc-CgH1J/CeHsCH; The intendties ae
corrected for the different reaive ionization efficdendes of the two compounds in the mass
spectrometer.

In generd, for a given class of dopants (i.e, ethers, dkanes, eic), the desorption
intengities in the 20-100 mJcn? range decrease with increesing molecular “size”’. Thus, for the
jus higher homologues (CHsCHy),O, and CHsCH,OH of the dopants presented in Fg. 10,
desorption yidds are found to decrease by a factor of 2. For even higher homologues, the
reduction is even higher. Thus, for GHi2, week sgnd is observed while for GoHz2, no sgnd a
dl is detected a these fluences (<100 mdcnf). This decrease cannot be ascribed Smply to
molecular Sze condderations, as the previous comparison may seem to suggest. This is dearly
illugrated by the fact that, a these fluences, minimd, if any, dgnd is detected for DO as a
slute (Fig. 11). Signd for DO is detected only a fluences well above 100 mdent. Thus, the
desorption efficiencies of the dopants does not rdate to molecular Sze (which could be an
important factor if, for example, diffuson was arae limiting process).
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Figure 3-10 Concentration (i.e. I(dopant)/I(dopant)+i(toluene) for (up) c-CsHs, (middie)

(CHg)20, (bottom) GHi2 in the plume as a function of laser fluence in the irradiation of the
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indicating mixtures of the compounds with CgHsCHs. The horizontd lines indicate the initid
molar concentration of solutes in the sample.

A mogt interesting fegture becomes evident when the dependences described above are
plotted in semi-logaithmic form as a function of 1/F aser (Fg. 11). Clearly, two fluence
ranges can be identified with Sgnificantly different dopes At low fluences, the dope is very
sndl, dthough usudly not zero. However, above some specific fluence, the dope abruptly
increeses. In the case of doping with dopants that do desorb, the change is observed in the
desorption 9gnd of toluene, as wel as of the dopant. This two-range delinedtion is observed
for toluene even in the case of its doping with non-desorbing dopants. On the other hand, the
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Figure 3-11 Sami-logarithmic plot of the desorption yidd depicted in the Fg. 9 for toluene and
c-CsHe, (CH3)20 asafunction of JJFLASER.

fluence & which this change occurs differs for the different sysems (Table 3.1), increasing as
the solid is enriched with dopants such as CsHs, (CHs)20 and highest for dopants such as
CioH22 .

Indght into the physcd dgnificance of the ddinegtion derives form the examinaion of
the pulse dependences of the desorption efficiencies of the dopants that do desorb a low
fluences (<100 mdcnf). At the lowest fluences, their signd generdly drops with successive
laser pulses (Fig. 3.12), while in padld, CgHsCH; desorption is enhanced. The drop in the
dopant signd is wesk, but sysemaic. In shap contrast, in the 50-100 mdcnt range, the
dopant sgnd is observed to increase sharply with successve laser pulses (wheress the toluene
sgnd decreases), despite the fact that the amount of dopant desorbing per pulse is much higher
than that below 50 mJcnt.



Table 3-1 Theresults from the arhenius-type In(Sgnd) vs. VF aser fit
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Sope Sope
System Molecule (20-45 mdcnt ) (45-100 mJ¥en)
(mJenf)? (mdenf)t
Neat Toluene CsHsCHs 88 405
CsHsCHs 50 300
clopropane/Toluene
Cyclop c-CsHs 133 133
HsC - 415
Cydohexane/Toluene CeMsChy
CsH1o - 367
HsC 38 350
Dimethylether/Toluene CaPlsChs
(CHg),0 82 290
DecaneToluene CsHsCHs 170 1300
T T T T T T T
Fn By e 1
E ] —A— 40 mJem’
BC 4 [+
T o . b
i g —&— 60 mJicm |
z < ;
A= 3 4 0 O 80 mlicm™
= £ 1
2 B O A A A
= \ —A
z \ A ]
5 7 Re~0 /7~ g — 00— — o0 ]
= O O |
” | I I | I ] I ¥ I
0 10 20 30 40 50 60

Number of Pulses

Figure 3-12 Desorption intendties of (CH3)2O as a function of number of successive laser
pulsesin the irradiaion of its mixture with toluene at the indicated fluences.
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The increese is higher with increesing laser fluence. Thus, its “supply” does not gppear to be
limited asin the case of irradiaion a lower laser fluences.

3.3. DISCUSSION

The presant work has examined in detail desorption dynamics in the 20 mJon? - 100
mJen? fluence range from condensed solids of CsHsCHs ariched with dopants (molecules) of
vaying binding energies It is important that dl employed dopants absorb negligibly a the 248
nm irradiation wavdength [56]. Furthermore, the interaction between the dopants (especidly
the cydic dkanes) and CgHsCHs is such that the incorporaion of these dopants should not
dfect the absorption coefficdent of the matrix (except for the concentration factor). Even in the
cae of the more polaizing D,O and (CHs)20, in-Stu messurements do not show any
sgnificant chage of the absorption coefficient. Thus, for dl sysems the deposited energy per
unit solid volume should be the same Consequently, the difference in desorption efficiencies
obsarved for the different dopants must reae exdudvely to the naure of the energy
disspetion in the solid and subsequent maerid gection mechaniams The mgor observetions
in this repect can be summarized asfollows:

A. Conddering the desorption efficiencies of the various dopants, it was
shown tha some of them desorb efficiently even a low laser fluences,
wheress others are only obsarved @ much higher fluences (3 100
mdent).

B. In dl cass the semilogaithmic dependence of sgnd vs UF aser
indicates two fluence ranges with differet dependences. In addition,

different pulse dependences of the desorption efficiencies are observed
in these two ranges.

In the fallowing, we show tha these effects unambiguoudy demondrate that desorption
dynamics a fluences below 100 m¥om? can be characterized as a therma surface evaporation
process. In paticular, we show that the two ranges in the 1/F aser dependence of the
desorption Sgnds corresponding to desorption from partidly met and from overheated liquid,
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regpectivdy. The importance of the present dudy derives from the fact that as shown in the
subsequent chapter, the consdered fluence range represents the sub-ablaiveregime.

We condder briefly vaious plausble mechaniams that have been advanced in a
number of photodesorption sudies from multilayer condensed solids and show that they ae
not gpplicable in the present case. Frd, the dectronicaly mediaied photodesorption of the
dopants can be safely discounted, on the basis of the fact that none of the dopants has low-
lying dectronic dates [56] that could act as dectronic energy acceptors. All dopants (water,
dimethylether and n-akanes) absorb a wavedengths lower than 200 nm [57]. Electronic to
Vibrationd or Trandaiond E® V,T enagy trander mechaniams can be discounted by the
obsarvaion that the intengty of the dopants does not corrdate with the number of their degrees
of freedom (f.e, for the comparable, in terms of degrees of freedom (CH;).O and CH3CH,OH,
[(CH3)20 >> | (CH3CH,OH) a dl fluences, whereas 1(CHs).O » | CH3OH), wheress in
contragt the effidency E® V, T mechanisms depends sendtively on the number of accepting
modes. A mechanian basad on dample mechanicd, callisond gection mechanians (i.e
desorption of the dopants via cdllisons with the CgHsCHs) can be discounted by the
obsarvation that for ¢CsHs and (CHs)20, the desorption yield exceeds condderably the
corresponding CeHsCHs dgnd. Findly, desorption due to the absorption by the supradl
subgtrate can be discounted by the fact thet this is transparent & 248 nm and the solid thickness
(»50 im) is much larger then its opticad penetration depth (Lp,=2.6 im). Faling these
mechaniams, we condder next a thermd surface vaporization mechanism and we demondrate
thet dl results are fully congstent with this suggestion.

3.3.1 Demongtration of solid-liquid phase transfor mation at low fluences

On the assumption that dl absorbed energy is converted into themd, the surface
temperaure is edimaied from the following formulag, (in the absence of heat conduction
losses) where A C represents the enthalpy at temperature T:

a(cm?’” F (Jom?),

DH (T, 2(Jmol 4 = (molom)

€%% (3.2

DH(T) = CPpyyqem (TM- TO) +DH  +Cp e, (T- Tm) (3.3)
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where gl refer to solidliquidl®. The formula assumes a single-photon absorption,
which was established experimentaly to be the case (Chapter 4).

Table 3-2 The TDS results
A kJmol
Compound/System TaesCK) | Erps (kImo) Qvar:;t )
CsH5CHs/neat 170 41+3 44,01
(CHg)20/mix. 145 16+3 2151
¢ CaHe/mix. 135 15+3 20.05
CeH1o/mix 176 33+4 38.33
C]_ngg/lTiX - 77 51.38

From equations (3.2) and (3.3)20 the surface temperature of neat GHsCH3 at Faser =
324 m¥ent is esimated to be » 178 °K (totd energy 11.22 kJ¥mol, with fuson energy
induded) and comparable temperaiures are cdculated for the mixtures a somewhat higher
fluences. This temperaiure correpond wel to the temperatures edablished by Thermd
Desorption Spectroscopy (TDS) for the thermd desorption of (CHs),O and c-CsHs from
CeHsCHz matrix under vacuum (repectively a » 140 °K and » 130 °K), conggent with the
detection of these species in the < 50 mdenf fluence range Thermd Desorption of
physsorbed GsHsCH3 is obsarved a a little higher temperatures 150 °K) and peaks at 170

19 |n the formula a is the extinction coefficient. For the neat CsHsCH; solid, has been mesasured in
stu to be » 3700 cmi* . T,=120 °K and T,=178.15 °K are the initid temperature of the solid and the

melting point of the toluene, DH, =6.64 kJmoal is the molar fusion energy and r = 0.01mol / cm®

(178.15 °K) the dendty of the compound at 178.15 °K. Cp is the heat capacity (Cp.=80 Jmadl K,
Cp=142 Jmol K) [57,59-60]. Approximately the same T vaues are obtaned if ingead the
experimenta vaues for glass toluene are employed.

20 For the mixtures a,, =5/6" a =3150 cm™, since the dopants do not absorb at 248 nm. The
molar average vaues of dopants and CHsCHs; have been assumed in these calculations. For example

for (CHs),0 and GHsCH; are assumed for the heat capacityCp_,, (72 Jmad™ K™ for the solid (120-
178 °K) and 135 Jmol™* K™ for liquid (178-380 °K), S/l refer to solid/liquid state) and the density r .
(0.9 x 10 mol/c). For the melting point (T ,) and the latent heat of fusion ( DH, ), the values of neat
toluene are assumed (178 °K and 6.64 k¥mol respectively) [62].
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°K. On the other hand, the edtimated temperaures are quite lower than the temperature
indicated by the TDS study as necessary for the evgporation of the heavy non-volatile copants
(CioH22 presented in Ch. 4), thereby accounting for the falure of obsarving them a these
fluences

As shown before in dl cases, in the plot of the 9gnd vs 1/F aser two ranges can be
dearly ddineated with the change a 40 mJcnf. On the other hand, it is etimated that ~32.4
mJcn? to met the surface solicRl22, The mdting temperature of neet toluene is T,=178.15 K
(a P=1 am, but the phase trangtion is weekly affected by the pressure). Therefore, the solid
should mdt during irradigtion a these and higher fluences (mdting of organic solids is
indicated to be fagt within the ns pulse [J. Phys. Chem. vol 100 (1996)]). Thus, it is suggested
that the range tha corresponds to the negligible dope reflects desorption from partidly melt,
wheress the dope a higher fluences reflects desorption from a liquid heated wdl above the
threshold.

Strong support for the suggested ddinedtion comes from the different pulse
dependences of the dopants and of the toluene desorption sgnas observed a fluences above
vs. bdow 45 mJon?. At fluences wel bdow 45 mJaon?, the signd for the voldile dopants
drops with successve lasr pulses thereby indicating a limited “supply” of dopant. On the
basis of accurate cdibration of the mass spectroscopic signd, a these fluences, less than 10
moleculesen?  of the dopant desorb per pulse and thus the total desorption signd detected
within the probed pulses corresponds to desorption from only the upper £10 nm of the film.
This vdue is typicd of the “desorption depth” etimated in surface mediated desorption tudies
a very low fluences (<1 mJon?).

In sharp contragt, in the 50-100 mJent range, there is no evident limitation on the
amount of the desorbing dopant, even though the amount of dopant desorbing per pulse is
much higher. Based on the cdibration of the mass spectroscopic signds, about 247 10
moleculesient to 6.8”10™ moleculeslont of (CHs)20 desorb per pulse in the 50 - 100 mYon?

21 |f scattering losses are taken to account the experimental vaue (40 mdcenf) is in very good
agreement with this estimation.

22 From matrix-isdlated studies it is known that the structure of vapor-deposited films is not well
defined [65]. This does not affect the estimation of the temperature (Snce values gppropriate for vapor -

deposited toluene have dso been employed [59)).
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range (the numbers correspond the two limiting fluences). Consequently, the totd desorbed
signd in the probed pulses corresponds to 7.27 10" up to 2.04” 10'" moleculesient. Edimating
that mixture =110 moleculesien? (or IML of the mixture »3.857 10 moleculesiont of
ether). The previous numbers ugges, respectively, desorption from

- 15 4 7
21 7.2 10°cm=72nm ad 204 10 21101
10* 10

with the estimation that & ~ 100 mJen? the film within opticl penetration depth should have
melted.

~2710*cm=2mm in excdlent agresment

Evidently, there is sample replenishment of the dopat from undelying layer's  The
efficdent replenishment from the indicated depth over the indicated number of pulses requires
diffuson constants3 of a least D3 x*/2t = (2.5 10 cm?)/2" 10 °sec~1.25" 10 cm? /sec
if dffuson is possble on micosconds (from the optica reflectivity monitoring, the
redlidification of the film is indicated to be completed within ~ 1-5 isec). Evidently, these
vdues are too high and are much more indicaive of a liquid phese Typicd diffusvity vaues
for molecules as smdl as NO within frazen liquids reported to be well smdler then 102 cn¥/s
[58].

Direct demondration for phase trandormation comes from the opticd/imaging
examination of the solid upon irrediation. It is dear that the film undergoes pronounced
sructurd  modifications upon irradiion @ Fiaser > 50 mdenf. In the trandent examindion,
enhanced scatering of the probing HeNe beam is obsarved between 60~100 ns, with a
subsequent recovery of the reflectivity/transmissor?. Therefore, “scatterers’ must be formed
which are suggested to be gaseous bubbles Indeed, smilar scattering effects have been
obsarved for bubble nudedation and growth in the overhedting of trangparent liquids on

23 For comparison purposes, the diffusion constant of dimethylether inside the toluene matrix in the
temperature range of 200 to 350 °K has been estimated by the Stokes-Eingtein equation

__ kel
copent q) hToI rdopant
results [61]. In the formula T is the temperature ¢row the viscocity of the toluene, V the molar volume, r
the radius of the dopant. We estimate the mean vaue of diffusivity constant for the range 200-380K to

be D~ 2.5 10 °cm? /sec.

24 The change of the refractive index is too weak (> 568~ 10* K™ ) to account for this efficient
scattering of the HeNe light. Even, upon mdting, the change in n of toluene cannot explain the

observed high scattering.

D . However the Wilke-Chang and Scheibel formula have been used giving smilar
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irradiated, absorbing metdlic surfaces [75,78]. 1t was, indeed, firg shown that our
expeimentd stup yidds for liquid (CHsOH) spread over an absorbing substrate (S wafer)
identical opticd  trangents with literature. In the case of liquids, the experimentd investigetion
of the angular didribution of the scattering is possble and it has been shown that scatering is
highly forward concentrated within a collection angle of ~ 10° around the specular [129]. This
angular digribution was ascribed to the effect of multiple scattering (due to a high number of
vapor bubbles formed and the very irragular bubble shape surface), rather than the sze of the
bubbles. In any case, the very good correspondence of the present observations to the liquid
studies etsablishes that bubble formation isthe origin of the observed scattering.

The formation of bubbles can be undergood by the tempord evolution of the film
temperature, estimated by consdering the energy dendty changesin the solid:

d(re) _d(re). d(re)
dt ot dt

o (3.4)

The fird rerm represents the energy input due to the UV light absorption, wheress the second
term represents the energy loss (cooling process). The energy dendty increese due to laser
hedting is given by:

d(r €) e

= —a’ Fo{o<t<30’ 10'9860} (39)

A" e 0{t>30" 10°° sec
dt

Here, O stands for the laser irradiance (W/enf), and & (om™) the absorption coefficient. On
the other hand there are two man cooling mechaniams heat conduction and surface thermd
evaporation (evgpordion cooling). The time necessty to smear the temperaiure by heat
conductior?® on a scde comparable to the light penetration depth: t,. » (dak)* »1.7" 10 °sec.
Thus for times £ isec, the only important cooling mechanism is due to evaporation. In thet
case the cooling rate, expressed by the evaporation enthapy, AHgnir and temperature, Tont, iS
written as

25 8=0.01 cnf/sec as atypica value for the heat diffusivity of solids
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d(r €)csaiing = (2,)" pDH,, " exp(DH , (T - Ty )/ RTT

)
36
dt T e J2p MRT (36)

where po is the ambient pressure and Zys should be the “heet conduction depth”, given by

2=2D1 where D is the diffusivity?s congart (arP/sec) given by D=—F (for the

r G
cdauldion zeff for an effective time 100 ns)27. The denominator redates the pressure to the

vV, re

desorption rate. The temperature is then expressed by T = . Vm and G, are the molar

volume and the specific heat of the toluene (T(t=0)=178.15 °K eg. the mdting point of the
compound).
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Figure 3-13 The figure illudrates the temperaure cdculated from the theoreticd modd as a
function of time (red 110 mJcr?, blue 85 mdon?, purple 60 mdcnt).

The maximum temperature (Fig. 3.13 f.e, for 110 mJ¥onf Tmax=385 °K) is atained
cose to the end of the lasr pulse after which it fals as a result of the evgporation. As
compared with this the initid bubble growth (under inertia control) is assumed to be given by

[67]:
_P-R-R.. _[p.r,DH,(Vv-Tsat(R)).
R(t) = f; - t \/7  Teei(P) t (3.7)

26 K=1.6"10° W/cmK

27 |t is noted that the assumption of z=4" where 4 is the absorption coefficient as used in smilar
caculations [10 does not seem to give resonable result.
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where fi, and i} are the vapor and liquid dendties a T, the temperature of the film,
Ts(PL) is the saturation temperature for the AL (P, the effective externd pressure) AH,, the
vaporization enthdpy (in kJkgr). The bubble growth veocity is esimated to be 6-15 m/sec, 0
that in the limiting 100 nsec, bubble can grow even up to 0.6-1 im (this is an upper bound,
gnce the actud dze will be limited by the depth overheated and not by the rate of increese in
Equation (3.7). This dearly indicates the feashility of bubble growth in the conddered time
interva, and dso accounts for the comparable tempord evolution to those reported before for
the overheating of liquids on absorbing surfaces. The subsequent dynamics, as reveded by the
reflectivity examingtion, reveds the much more complex dynamics in the cooling of the liquid
and its Solidification. The processes are indicated to proceed for ~10 isec (conggent with an
edimation on the bads of heat conduction), resulting in the “freezing” of the wavdike as well
as of the golashing effects noted in the imaging examination (Fg. 3.3 ) of theirradiated films.

332 Quantitative Analysis

The themd nature of desorption is further secured by the quantitative andyss of the
obsarved desorption intengties. For a theemd process, the dependence of the integrated Yidd
Y on fluence FLaser isgiven by an Clausus- Clayperon type expresson:

i ua
Y=Yo’ exp! - E;* !’,(3.8)
+ kB ’ (To +K' FLASER) Ib

where To is the initid temperaiure of the subdrate, kg is Boltzmann's congant. Strictly
pesking, the above egquation is equd to the rate of desorption and thus, the total desorption
yiedd should be equad to the integraion of this raie over the tempord profile of the solid
temperature. However, the eror from this goproximation is usudly smdl and thus the formula
isemployed as such for the andyds of the deta.

In Table 3.3 , we summarize the reaults from the thermd and laser induced desorption
measurements. The TDS vaues derive from fits of the rigng edge to zeroth-order peaks (i.e,

_aN

S Ae 5s'RT) a5 commonly acoepted for desorption from multilayers For nest toluene
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film, the determined desorption energy of 41 kJmoal is very dose to the reported sublimation
energy of the compound. In the mixtures, the vadue for toluene is somewhat lower then that for
its neat film, because of the influence of the presence of a high concentration of a dopant (i.e,
the interaction dopat-toluene). This influence has adso been reproduced by molecular
dynamics gmulaions of these sysems as shown in the Appendix |. Some influence of the
dopant aggregation on the determined vauesis dso plausble.

Table3-3 Comparison TDS and Laser induced thermd desorption

Compound/System Erps(k¥mal) Edes (kIma)
CsHsCHa/NeatToluene 41+2 30+3
(CHg).O/Mixture 1613 17+3
CsHsCHs/Mixture 3543 25+3
c-CsHe/Mixture 1543 14+3
CsHsCHg/Mixture 35+3 -
CeHa2/Mixture 33+4 22+6
CsHsCH3s/Mixture 3943 25+3
CsHsCHa/Mixture 4515 31x2
CioHh2 77 -

In the case of laser desorption Eges ae extracted from the fitting of the experimenta
integrated Yidds in the 50-120 mdcnt range using the equation 3.8 . For the cyclohexane,
because of the smdl sgnd, the determined vaue is not as accurate.

Ovedl, there is rather good correspondence between the activaion energies
deteemined for the laser-induced desorption process and for the thema one Cetainly,
discrepancies between the vaues do exist. Yet, the good correspondence for so many systems
is quite reessuring. As for the discrepancies, these may be partly ascribed to the employed
multipulse protocol employed in the lasar experiments as wel as in the inaccuracies for the
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vaious paamaes in the cdculaions (4A,Cp). Another reasonable explanation for some of
the discrepancies can dso be given. Namdy, the TDS vdues ae determined from hegting of
the subgrate over a rather samdl temperature range (typicdly from 160-180 °K). In contradt, as
indicated in Table 3.3, the Ees in the laser-induced process represent desorption from a mdt
hested consderably above 200 °K. As the temperaure is rased to higher and higher values, the
effective ACvap decreases. Thus, the discrepancy between the therma and laser values may be
fully accepteble. The very good correspondence edtablishes that the determining parameter in
the desorption in the low fluence range is the binding energy of the speciesin the matrix.

34. CONCLUSIONS

In the present chepter, desorption dynamics in the irradiation of van der Wads solids
has been examined in the 20 - 100 mJent fluence range through the comparative examination
of the desorption efficencies of non-absorbing dopants incorporated within a CeHsCH3 matrix.
In this fluence range, the desorption efficiencies of the various dopants is shown to corrdae
exdugvdy with thar binding energy to the matrix. The theemd nature is further demondrated
by the obsarvation of a solid restructuring which is congsent with a trandformetion of the solid
to liquid phase during irradiaion.

The occurrence of this phase trandormation is crudd, because as shown in the next
chapter, the threshold for ablation for al sysems is obsarved a fluences wel above the
indicated point of dope changes in Fig. 3.2 Thus this demondrates that ablation is initiated
from a ligud wdl-overheated above the mdting point, condstent with the “explosve Bailing’
modd.
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4. THE DIFFERENT EJECTION MECHANISM AT HIGH LASER
FLUENCES-ABLATION

4.1. INTRODUCTION

In the preceding chapter, desorption dynamics & low and intermediate fluence
regimes was examined. It was shown that al observables are condgent with a thermd,
evaporation-type process. In this chapter, the sudy is extended to higher laser fluences
and is shown that the gection process aove a pedific fluence vadue deviaes
dgnificantly from that observed in the previous chepter. No corrdation of the gection
efficencies of the dopants with ther binding energies is found. Thus gection dynamics
a these fluences is demondrated to be a quditatively different phenomenon from the
vgporizaion / desorption process a low fluences. Consequently, this higher fluence range
is the one that should be identifigdble with UV ablation. The obsarvables in this fluence
range accord to the idea of explosve bailing. The experimentd criteria defining ablation
are dso pecified.
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Figure 4-1 Desorption intengties in the irradigion of CgHgCHs/C1oH22 (5:1 molar raio)

as a function of the incddent laser fluence The data depicted a fluences bdow 250
mdent for CioHz22 represent generally averaging over 5-10 pulses.
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42. RESULTS

As shown in the previous chapter, in the 20-100 mJcn? range, desorption yields
scde with the binding energy of the dopants in the matrix. Consequently, only weskly
bound dopants are obsarved in the gas-phase. However, a higher fluences the rddive
desorption  efficencies dealy deviate from the ones described above. Thus, for the
volatile dopants, (Fig. 3.9), with increesng laser fluence, the toluene sgnd is obsarved to
overteke the dopant ggnd and becomes ggnificantly larger, with the redive intengty
raio assuming a vadue dose to the film gdoichiometry (Fg. 3.10). Furthermore, above a
spedific laser fluence, even dopants for which no dgnd is detected a lower fluences are
obsarved to be gected efficiently, indegpendently of their Sze, mass or binding energy.
This is illudrated in Fg. 4.1, which depicts the gection efficiency of the CioH22 dopart,
dong with that of toluene, as a function of the laser fluence Reproducible and wdl-
defined signa for GioHy, is detected at fluences 3 180 mdcn?. In fact, gection has been
observed for even higher organic molecules, such as the highly involaile adamantine and
pentadecane, dthough the full dependence of ther desorption sgnds on F aser could not
be determined, because of experimenta problems in their reproducible deposition mixing
with CsHsCHs.
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Figure 4-2 Semilogarithmic plot of the dataof Fig. 4.1 asafunction of 1/FLaser.

The fluence vdue necessty for the detection of these gpecies coincides dways
with the threshold, as this is detlermined by the conventional way of plotting etching
depth of the matrix as a function of laser fluence (usng the formulas (3.1) ). Andyss of
the data in the (Fig. 3.9, FHg. 4.1) according to this formula shows that the vdue of the
threshold differs according to the employed dopants. Evidently, the nature of the dopant
dfects dso the gection effidency of toluene In fact, the exact vdue of the threshold Friy,
is found to increese with increesing “involaility” (binding energy) of the olute in the
mixture (Table 4.1). Second, in pardld, the dope of the GHsCHs as a function of laser
fluence changes. However, if the data are plotted in terms of a “reduced fluence’ (i.e,
F/Frhr) then dl curves essentidly superimpose. Third, the maximum toluene sgnd a the
plateau is found to differ depending on the paticular dopant. Thus for the
C10H22/CsHsCH3 system, the maximum tota (i.e, toluenetdopant) intendty is nearly hdf
of that atained in theirradiation of (CHz),O/CsHsCHs sysem.
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Table4-1 The ablaion thresholds for the various systems

Sysem For (MJc)
Neat-CsHsCHs 10545
CsHsCH3/(CH3)20 11045
CsHsCH3/CgH 12 12045
CsHsCH3/C1gH22 180+10
CeHsCHs/c-CsHeg 8015

As argued in the next section, the change in the threshold is due to the fact that the
incorporetion of dopant in the solid a concentrations as high as 16 % éffects the
thermodynamic properties of the sysem (cohesive energy and heat capacity) (Chepter 3)
and this is reflected in the obsarved increase of the threshold. As a result, gection of
materid occurs a different fluences for the various dopant sysems. For the purposes of
the arguments developed subsequently, it is important to show that “involdile' dopant
gection is dso possble a lower fluences. To this end, for the DO / GHsCHs systems
dopant gection from solids of lower concentrations was examined. Reproducible sgnds
just above the SIN ratio could be detected for a solid concentration of 1%. At this
concentration, the influence of the mixing on the gection process is much weeker and the
threshold is just 5% higher than thet of the neat solid. Dopant gection is dearly observed
a 120 mJent and thus it can be argued that if higher SN, then dection of dopant could
be observed right at 110 mJcm? for even lower dopant/matrix stoichiometry.
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Figure 4-3 The grgph depicts the concentration of CioHz2 in the plume as a function of
laser fluence.

Besdes the influence on threshold, there are severd other important differences
between the mixtures (Figs. 39 and 3.10). For dl volaile dopants (CH3)20, ¢CsHg),
desorption ggnds ae obsarved to “saturate’ (reech a limiting value) a fluences just
above the ablation threshold, wheress in contrag the CgHsCHs signd continues to
increase. In sharp contrast, for RO and GoHg2, there is clearly a close correspondence
between the F_aser — dependence of their Sgnals and that of the matrix molecule.
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Figure 4-4 Pulse evolution of the reative desorption intendties of the dopant to the
matrix recorded in the irrediation of freshly deposted mixture of CgHsCHs/(CHs)0 (5:1

molar raio) films a various laser fluences, 240 md¥em? (), 220 m¥em? ( ), 160
mden? (), 130 mdent ().

Second, the reldive vadue of the desorption intengties of the dopants vs that of
CeHsCHz differs for the various dopants. In the case of the volatile (CHs)2O and ¢ CsH,
therr rddive intengty vs that of CsHsCHs reaches above threshald nearly the initid solid
doichiometry. In fact, for the very fird lasr pulse from freshly deposted films the
relaive gasphase dopant concentraion is found to exceed somewha the film
goichiometry (0.2) (f.e, for [(CH3)20)/[CsHsCH3] @1-04 i.e, 52 higher the film
doichiometry). In sharp contradt, for the “involatile’ species, the gas-phase concentration
appears to be sysematicdly lower than the film stoichiometry ( [CgH12]/[CsHsCHs]@0.2,
[D20]/[CsHsCH3]@0.15, [C1oH22)/ [CeHsCHz]=0.03-0.12).

Findly, there is a dea-cut difference between drongly and weskly bound
dopants dso as pulse dependence of ther Sgnds is concerned. The desorption intendty
of the “nonvoldile’ dopants raively to that of CsHsCHs remans within experimenta
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error, nearly congtant for successve laser pulses that irradiagie a given deposted solid
(Fg. 45). The only deviation is obsarved for the very fird laser pulse, for which the ratio
is much enhanced in favor of toluene This discrepancy is probably due to desorption
from tduenerich areas formed during depodtion. However, from the second pulse
onwards, the rdative dgnds dabilize a a condant vadue, which as mentioned above is
nearly by afactor of 2 then the solid soichiometry.
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Figure 4-5 Pulse evolution of the reative desorption intendties of the dopant to the
matrix, recorded in the irradigion of freshly depogted mixture CgHsCHs/CioHz (5:1
molar raio) films a various laser fluences, 300 mdon? (), 270 mdem? (), 210
mJYen? ().

In shap contrast to the gection dynamics described for CioHa», the rddive
desorption sgnd of (CHs)20, c-CsHe, decreases sharply from the firgt to the second pulse
(Fg. 44). The decrease reflects mainly the change in the dopant absolute sgnd, wheress
the changes in the toluene sgnd are much less ggnificant. The extent of the discrepancy
observed in the fird pulse becomes less pronounced with increasing laser fluence, with
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the determined dopant/toluene ratio nealy equding the solid doichiometry a high
enough fluences

4.3. DISCUSSION
In the present chapter, we have extended the study of the gection dynamics of
dopants incorporated within a CsHsCHs matrix to high laser fuences (>100 mJent). At
these higher fluences gection, observables of the dopants are found to differ in diginct
and many respects from those observed at somewhat lower laser fluences:

A. In contragt to the findings & low lasr fluences, here the rdative
gection efficiencies of the dopants seem to be independent of their
binding energy to the matrix. Furthermore, in al cases the intengty
of GHsCHs vs. dopant resches a ratio representative of the solid
doichiometry, thereby illudraing the nonsdective naure of
gectioninthisregime.

B. A dose corespondence of the pulse evolution of the “non
volaile’ dopants with matrix molecule is observed. A different
dependence is obsarved for the “volatileé’ dopants, which in
addition differs from that observed for the same dopants a low

fluences.

C. Hndly, the fluence & which this change in gection dynamics is
obsaved to differ for mixtures of 16 % concentretion in the
dopant. In fact, it scaes with the binding energy of the dopant to
the CsHsCHs matrix (ad thus, with the cohesive energy of the
sysem).

In the following, we fird demondrate tha a differet mechanian of maeid
gection must operate in this fluence range and this is representative of UV dblaion. The
man characteridic of this mechanism/process is the nonsdective gection of a volume of
materid. Fndly, plaudble mechaniams responsble for the gection are discussed and
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shown that an “explodve bailling” consgent with overhedting of the materid is drongly
suggested.

4.3.1. Demongtration of the non-evapor ative nature of UV Ablation

The mog dear fedture of gection dynamics in this fluence regime, as compared
to that dudied in the previous chapter, is the effident gection of the strongly bound to
the matrix CqoH22 (n-Decane), GoHis (Adamantane) and GsHsz (nPentadecane). These
molecules to interact drongly with CgHsCHs, indeed in the TDS experiments, these
species do not desorb well after GHsCH3 has desorbed (T>250 K), while the GHsCHs
desorption signd is dso much affected. From duster studies, the AAnpinging (CioH22 to
CeHsCH) is edimated a 0.8 eV/molecule (» 77 kImoal). By formulas 3.2 and 33 it is
found that the evaporation of these species would reguire fluences 3250-290 mdenf,
which is wdl above the experimentaly observed threshold. The fact that gection of these
gpecies is not due to a Smple evaporation process is dso indicated by the fact that, the
Arrhenius-type andyss (In(3gnd) vs 1/F aser) Of thar dgnds yidds a vaue dose to
that of toluene The efficient gection of these species a fluences » 180 mdent cannot be

ascribed to atherma process.

The gection of these gpecies could in principle, be explained if energy depostion
in the solid is higher than indicated. To this end, transmisson measurements on thin
CeHsCHs s0lids (~5im) were underteken. A one photon absorption is grictly indicated
(1.1+0.2 from plot) even as fluence reaches the ablation threshold. Thus the percentage
of absorbed energy does not change to within a 10% accuracy. The negligible
contribution of multiphoton excitation process & the employed fluences is ds0 suggested
by the literature vaues of excitation cross-sections reported for toluene and relaed
aromatics.

The previous condderations etablish that the efficient gection of the “involaile’
goecies & higher fluences dgnifies a change in the mechanism of materid gection from
the evgporative one edablished a low lasr fluences. Thus it represents a new
phenomenon and this is the regime that should be identified with UV ablation. In



paticular, the gection of the involdile molecules demondraes that ablation is a
collective process, entailing the nonselective expulsion of a given depth of material, i.e.
quite different from the surface-mediated evaporation.

Frst, a dl fluences the TOF didributions of the heavy involdile andytes ae
nealy identicd with that of the marix TOF curve (i.e, exactly same veodty
digribution). The mogt direct way of accounting for this observation is that the “heavy”
andyte is entrapped in the desorbing jet of the matrix molecules and is accderated by
collisons with the desorbing matrix molecules to nearly the same radid veodty. This
agpect isdiscussed in detall in chapter 5.

Direct and grong evidence for the entranmentivolume character of egection
comes from the dose coregpondence of the gection efficdency of the “involaile’
dopants to that of CgHsCHs. This correspondence is observed both in reaionship with
the laser fluence (Fig. 4.1) and on number of successve laser pulses (Fig. 4.5). With
increesing laser fluence, the trangmitted fluence is aufficient to cause the gection of a
higher film thickness according to
F, F

TE-cry t° Fr Pl H ) @4

N =n_ > */n(

where L, represents the optical penetration depth and E, represents the criticd energy
density (Jon?) required for materid gjection. Both toluene and dopant signds in Fig. 4.2
folow a logaithmic dependence and can be desribed by the same
F. =L, >E, (=180+10 mJon). This rests is fuly consstert with the suggestion of
gection of an entire film volume unsdectively.

According to the previous arguments, dl obsarvations drongly suggest tha a
these fluences, a volume of maerid is unsdectivdy gected. The only obsarvation thet is
not directly compatible with this “volume’ gection suggestion is the systematic deviation
of the rdative dopant/matrix desorption yields from the solid stoichiometry for dopants
srongly bound to the matrix28. However, this sysematic deviation cannot be ascribed to

28The discrepancy cannot be ascribed to problems in the deposition of the compounds
(f.e. that smdler quantities of the dopant is condensed than introduced), because the other
observables (f.e, toluene intengity, ablation threshold, etc.) are severely affected. Furthermore,
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a much lower dection efficdencies of the involdile dopants vs toluene because in that
caxe the solid should, within few lasar pulses become excessvey rich in the dopant a
the expense of toluene However, as shown in Fig. 4.5, the reative dopant/toluene
gection yidds remans quite condant with successve lasr pulses, thereby indicating that
film goichiometry is nat much modified fromitsinitid one.

An explandtion for these deviations has been advanced through a complementary
sudy with molecular dynamics dmuldions Smulaions on the paticular sysems
sudied here indicate that the involaile species such as CioH22 ae gected preferentidly
bound within dugers of the matrix molecules?®. Some of them may shed their GHsCHs
molecules through evaporation when they are in the gas phase, but given the rddive
drong interaction between dopant-solvent, a good number of the duders would survive
on ther way to the mass spectrometer. The incorporation of the involaile dopants within
duges dhoud modfy ggnificantly their ionization effidency. Snce the ionizaion
potentia of toluene is lower then that of the dopants, toluene ionization will teke place
preferentidly over that of the dopant, thereby accounting for the low *“goparent”
yidd/sgnd of the involatile spedes (As indeed obsarved in photoionization experiments
on cduders of toluene with polar solvents). In sharp contrast to the involatile dopants, the
amudtion indicate that the volatile dopants desorb largdy as monomers. In this case, no
deviations like the ones evidenced for the involaile species should be observed. Indeed,

these systematic deviations cannot be accounted by different angular distributions for the
different dopants. According to all theoretical modds, collisond effects in the plume result in the
focusing of the “heavy” (higher-mass) species towards the center of the g ected beam. Thus, since
our detection angle is close to the normd to the substrate, “heavy” species should be detected
preferentially over the lighter dopants. Gas-phase effects could thus explain only the deviations
observed in the case of the “light” (compared to toluene) D,O, but not the ones abserved for the
high molecular weight CioH22.

29 The MD Simuldions did not provide any explanation for this finding. This finding,
however, can be given a ample physcd explanation within the assumption of a explosve
boiling. Although the thermodynamics of superheated mixtures is complex [72, to a first
approximation (the ratio of rate of evaporation corrected for the relative concentration of the two

P(M)

ecies
P H ’—2p mcT

presence of the volatile component.

for toluene and decane is estimated to be 0.02 i.e, nearly exclusive
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the rdaive yidd for the volaile dopat vs toluene reflects dosdy the solid
goichiometry.

In the present udy, there is no direct evidence for the gection of cluders (the
high dectronimpact vaue will result in thar fragmentation). Evidence for the presence
of dudes in the plume was provided some time ago by Knuizer & d. in the UV
irradiation of condensed CHsl films [63]. By employing dae-resolved resonant
multiphoton ionization for the detection of the desorbates, they noted changes in the TOF
dgnds indicativdy of the pressnce of dudes in the explosve photodesorption.
Andogous spectrd changes have been obsarved in the lasxr dblaion of films of a
polyaromatic hydrocarbon. [64] Further evidence for cluster gection has been obtained in
recent trgpping plae experiment by Handschuh et d. Based on this drcumdantid
evidence, cluser gection gopears quite probable and provides a conggent rationd for the
observed discrepancy between gas (plume) and solid doichiomtery observed for the
involaile dopants.

In dl, the sudy unequivocdly esablish that the nature of materid gection above
the 100 mdon? vaue differs from the themd surface evaporation one a lower laser
fluences Thus the 100 mJont vaue represents a physicaly-sgnificant parameter, ie an
actud threshold. In contrast, the operation of different mechaniams is difficult to be
evidenced in the corresponding examination of the dependence of the CgHsCHs
desorption Sgnd vs. Faser, as dready illudrated by the discusson on chepter 3 (3.2.1
section). Furthermore, the present work introduces a ample experimentd criterion for the
identification of ablaion regime, namdy the gection of srongly bound species which
exadtly reflects the volume, nonsdective gection of maerid. Though 4ill not proven
expaimentdly, this criterion gopears to be initimady interrdaed with the criterion
advanced through the MD smulations of the onset of duster gection.
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4.3.2. Implicationsfor MALDI and related Applications

The present results has important implications for MALDI work. Frs, they can
account for the fact tha the detection limit for the matrix is lower then the threshold
fluence for the detection of the heavy proteins. In the MALDI sudies’0, the ddinedtion
has been difficult to establish because ions are detected and the difference between the
two deection limits have been plagued by arguments about the contribution of the
ionization processes. However, here, this issue is dl together avoided by detecting neutrd
desorbates. On the bass of our results, the difference between the detection limits of
matrix and protein is due to the fact tha the matrix can desorb thermdly dready a low
fluences whereas protein is gected only a higher fluences, i.e. in the dblaive regime.
The observation of the biopolymers only above some fluence vaue is due to the exisence
of an actud, phydcdly dgnificant threshold and not to detection limitations as usudly

suggested.

The different fluence dependencies of the voldile vs involatile species dearly
indicates the dangers in the interpretation of Arrhenius-fitting of the dection efficendes.
An Arrhenius-type of andlyss in the present case indicates the same activation energy of
gection for the involaile species as for toluene. It is dear from the previous that this
activation energy does not rdate to the binding energy of the spedific molecules, but
raher to the activation energy of the process (identified with the bubble nudeation
energy within the “explosve boiling modd”). The coincdence of the fitting in MALDI
may uggest that the ionization process is not a rate limiting sep in the detection of the
biopolymers but rether the rate limiting sep must be the gection process. On the other
hand, it is rahe difficult to aoply an Arrhenius-type andyss to the volatile species
(because of the sgnd saturation at fluences above the threshold).

Fndly, a mos serious condderation for the dudy of UV ablaion/desorption
processes is rased by the suggedion that the “involatile’ species are gected within
clugers. It is highly likdy that this festure is dosdy rdaedrespondble for the dability
of the gected thermaly labile proteins. The gected clusters should undergo very fast and
effident veporative cooling, before themd decompostion of the proten becomes

30 Evidently, according to our results the Desorption/Evaporation in the acronyms of MALDI
and MAPLE is clearly mideading.
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gonificant. Thus this would result in a “debilization” of the gected protein in a much
more physcaly acceptable way than the mode of Vertesand Leving 10].

On the other hand, the gection of duders introduces serious consderations for
the andyticad uses of ablaion. As dready discussed, this presence of duders may
srioudy modify the quantitative messurement of the gected species Cdibrating the
gpectroscopic techniques for ther rdative sengtivity towards clugters vs. monomers is in
mos caes vey demending or even practicdly imposble egpecidly dnce the
didribution of cluger szes is not known. Therefore the work indicates thet because of
this, experimentd results of gas- phase measurements tend to be “artifactud”.

4.3.3. M echanism of UV ablation.

Findly, we address the question of the naure of the mechanism(s) of the UV
aolation process that results in this massve, unsdective maerid dection. The
entranment process can in fact be a result of different mechaniams. At leest three mgor
types have been conddered in the literature, namely photochemical, photomechanicd and
explosve bailing. All of them in one way or another are able to account for the gection
of involatile species but they differ congderdbly in the exact mechanism by which this is
achieved. In the present case, the data strongly support the posshility of an explosve
bailing, as suggested recently by smudtions [19] and thermodynamic congderations
[23]. To this end, we condder firg the posshility of a photochemicad mechanism and
show that this mechanism does not operate in the present case.

4.33.1. The case against a photochemical mechanism
This mechaniam has been advanced by Masuhara and coworkers [33] in the case
of the UV ablaion of aromatic compoundsin liquid condition. (section 1.2).

However, in the present case, the photochemicd mechaniam can be rgected firg
on the bass of the obsarvation that were made in the previous tapter (3.2.2) for no
paticular influence of prerradiaion on the desorption obsarvables (no induction effect
ch. 7). For addressng the posshility of photoproduct formetion in the irradiaion of
toluene neat condensed solid, a search for pesks with masses above that of the parent
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pesk (Mm>100 amu) was peformedl. Examinaion of the 100-300 amu mass range
showed no signd, except for (CsHsCHy), a fluences > 250 mden? where dl evidence
uggedts ionic processes taking place (probably multiphoton ionization in the gected
plume). For examining further if plausbly (CeHsCH,)2 is not detected because of its
ineffidency of desorption, pump-probe experiments were performed in which the solid
was firg irradiated for 50 or more pulses a low fluences (35 mdont) and subsequently
the Sgnd a the mass satting for (CeHsCHg)2 was probed in the irradiation of the film a
150 mJen?. Agan no sgnd oould be deected, thereby establishing minima if any
product formation in the irradiaion of neat CgHsCH; <olids Photodissociation of
CeHsCHs results in the highly reective CsHsCH, radica, which ether upon addition to
CsHsCHs or by reection with another radicd should give (CsHsCH,)2. Thus, we have to
dissgree with previous suggesions aout the photochemicd naure of adlation of
molecular substrates (CeHsCHa) at 248 nm, et least asfar as CsHsCHz is concerneds2.

In spectroscopic studies of GHsCHs within benzene matrices a low temperatures
[65], no phosphorescence from the triplet state of toluene is detected upon UV irradidion
at 77 °K, though such phosphorescence is detected at lower temperatures (10 °K). The
negligible phosphorescence & 77 °K was suggedtive to be indicative of the oparetion of
efficent dectronic energy trander via exctonic interactions It is thus, plausble tha
these processss result in dectronic energy disspation without fragmentation. Smilarly,
in the gas phase, recent experiments have reported the photolyss yidd of toluene upon
excitation a 248 nm to be » 6% and to be further reduced by collisons. A detall sudy of
the influence of the photochemistry under ablation conditionsis presented in chapter 6.

31 A search for masses in the 6100 amu range was not performed, because this examination
is hampered by the complicating contribution of the pesks due to the eimpact cracking of
CsHsCHjz. Thus formation or not of CsHsCH, itsalf cannot be ascertained directly.

32 |nterestingly a similar discrepancy between liquid and sdid studies has been aso observed
in the case of the GHg ablaion a 248 nm. In the ablation of liquid GHs, Srinivasan and Ghosh
[77] observed the formation of biphenyl, whereas in the mass spectoscopic study of condensed
CsHs solids [49], Hess reported the failure to observe any biphenyl formation.
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4.3.3.2. The case in support of “explosive boiling”
The reaults provide strong support for a “explosve boiling” type process. It was

shown in the previous chapter that a fluences higher than ~ 45 mdcnt, changes in the
morphology/dructure of the films ae observed that are consgent with mdting and
ubsequent superheating. On the other hand, we have demondrated here that the features
that are dealy identified with ablaion become important only a fluences above ~ 110
mdon?. Thus, there is an overhedting of the toluene film of about , AToverrea»180 K well
above its mdting point33,
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Figure 4-6 The figure shows the time of the maximum in the reflection pesk from Hg.
3.7 asafunction of laser fluence.

According to the thermodynamic trestment

- 16ps ) 4.2)

J=Jo0" exp(-W, /k;T)=J0" exp(———
PV 76T) p(3kBT(PV- P)

33 An overhedting in atemperature of twice the melting point is attained at the threshold. This
finding agrees with the results of the MD simulations [18-20].
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[66-74] where 6 is the surface tendon of the compound and R, and R is the pressure
ingde the nudeous and superheated liquid respectively, increese in the superhedting is
accompanied by a sharp increase of J due to the sharp decrease of 6 and sharp increase of
(P-PL)? factor. In the present case, these vaues are not known with sufficient accuracy
and expecidly the efective P (pressure dove the liquid) during the irradiaion is ill-
defined. Yet, a cdculaion of J vdues rddivey to abitrarily fixed J vdue (a reference
vdue of 200 °K) clealy shows the exponentid, dmogt “threshold like’ naure of the
process. Independently of modding inaccuracies, the opticad experimentd  results
presented in chapter 3 provide awedth of information for the process.
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Figure 4-7 The graph illudrates the maximum normdized reflectivity from Hg. 3.7 as a
function of laser fluence.

At low fluences, the temperaiures are not aufficdent to subgain growth and
aufficent number of bubbles, which quickly collgpse (Figures 3.6 and 3.7). With
increedng lasx fluence the time of ataining the maximum reeches a plaaue (FHg. 4.6),
most probably because of the competing effect of the fast temperature drop after 100 ns
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(Fig. 3.13). However, the rate of bubble szenumber growth is found to increese, thus
resulting in the nearly exponentidly dependence obsarved in the opticd intengty maxima
(Fig. 4.7). 1t is ressonable to condder that this optical change reflects a corresponding
increa= in the number and Sze of the bubbles The totd number of nudeous is
proportiona to the volume V superheated by AT,

T (100ns)
Z=V"' 0 ﬂdT where V i | -1 In(%)
dT/d a DT.rC,

Tmax (301S)

Since dT/dt is negaive, the observed exponentid increese is due to a sharply increasing
of the XT) function.

At a citicd vdue ther devdopment results in maerid gection, as dealy
illustrated by the transmisson curve a 110 mden? (Fig. 36). This obsarvation dearly
establishes that the gection process must be due to a explosve boiling-like process where
meaterid gection isinitiated near the maximum of bubble growth [72].

A explosve bailing is dso drongly suggested by the observetion of the pulse
dependence of the desorption sgnds of the volatile dopants (Fig. 4.4). Ther high sgnd
in the firg pulse and the subsequent sharp decrease in subsequent pulses shows tha
dopant molecules from much degper than the gected volume are able to diffuse, reaching
the receeding surface from where, they can desorb. Indeed, the ratios determined at
fluences cdlose to the threshold suggest diffuson of dopant from depths a leest 34 times
higher then the dected solid thickness (»5nm). The observed high dopant mobility
drongly suggess mdting of the underlying (nonegected) layers, exactly as expected
from the “explogve bailing” modd.

The suggedion for the "explosve balling” is dso consgent with the observetion
that the ablation threshold increases sharply with decreasing “voldility” of the solute.
Despite any uncertanties, it is dear tha the change in Cp is inaufficdent to account for
the increese in the ablation threshold (Table 4.2). The trend can be fully explaned by the
fact that the absorbed energy must exceed a minimum criticd energy vaue for explosve
bailing to occur. As shown in the previous chapter, the average cohesve energy of the
ubdrate increases with increesng dopant involdility. A higher cohesve energy of the
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system reaults in an increese of the surface tenson and an increese of  Rs. Thus for the
same J to be achieved, a higher T is needed to be ataned. Genegdly, the limit of a
superheet of a mixture can be gpproximated as the mola-weghted linear function of the
superheat limits of the two components (Teble 4.2) [73-74]. In the table, the difference
between superheating expected for the mixtures and that of neat toluene is presented,
dong with the temperatures edimaed a threshold for the various mixtures. Given the
uncertanties in the edimaion the temperaures are consdered to be agpproximate,
Nevethdess, they are in rather good correspondence with the edimated differences in
the limits of superheetsin the literature [68].

Table4-2 Hesat capacities of the mixture systems

Molar average34 Edtimated A Osuperheating
Sysem Cp(ImoalK) Temperaure a the (Tmixture- Ttoluene)3°
(178-360 °K) Threshold (°K) CK)
CsHsCHs/c-C3Hg 130 310 -29
CsHs5CHs/(CH3)-,0 148 350 -10
CsHsCHs/CsH12 157 355 -6
Neat-CsHsCH3 154 375 0
CsHsCHa/CyoH22 180 420 +6

34 The heat capacity of the doped systems can be approximated by the molar average of the
heat capacities of the dopant and C;HsCHs. In this case, the change in the heet capacity resultsin
the fluence vaues given in Table 4.2. Since this estimation assumes wesk interaction between
dopant and matrix the T for C,oH,,/CsHsCH3; represents a very rough estimate.

35 Ts: spinodal decomposition temperature, approximated for the neat compounds as 0.8Tc
(critical temperature) or from experimentally derived maximum overheats [ 68,74].




44. CONCLUSIONS

The present chepter has extended the previous study of the gection dynamics in
the UV irradigion of condensed molecular solids to high laser fluences It was shown
that & some soecific fluence, a dear change in the gection dynamics is observed. In
paticular no correation between the efficdency of gection of a gpedies and its binding
energy to the matrix is found. It was demodtrated thet this change can not be ascribed to a
change in the amount of energy absorbed in the film. Thus the change in gection
dynamics has to reflect a change in the gection mechanism. Thus UV abldion
conditutes a physcdly different phenomenon from the themd desorption process
observed a low laser fluences entalling the unsdective, volume expulson of materid. A
dear unambiguous citerion for defining expeaimentaly the regime of UV adation hes
been established, namdy the gection of strongly bound to the matrix species.

As for the naure of the mechaniam responsble for this massve, unsdective
materid gection, a photochemica one is shown to be of no importance for the studied
sysdem. Ingead, dl daa ae compatible with a “explodve bailing” mechaniam. In
paticular, ablaion is found to occur a fluences wel above the mdting point reported in
the previous chapter thus suggesting that gection is initisted from an overheated liquid.
Additiondly, the ablation threshold is found to scde with the cohesve enargy of the
system exactly as expected from a“ explosve bailing” mechanism.
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5. EXAMINATION OF DESORBATE TRANSLATIONAL
CHARACTERISTICS

5.1. INTRODUCTION

The examingtion of the trandationd didributions of the gected particles in laser
adlation is important for understanding the characteridics of the maerid gectionflow in
the gas phase during ablaion. Furthermore the knowledge of the parameters that affect
the trandationd didributions can hep in the optimization and improvement of andytica
and technologicd applications (for example, in laser depogtion techniques, the desorbate
velocty digributions affect criticdly the dructurd qudity and the properties of the
grown films, in MALDI, the resolution of the recorded spectra, etc)

In the case of photodesorption from surfaces & very low lasr fluences the
desorbate trandationd  didributions can be corrdated with the energy disspation
processes that result in desorption. (f.e, for a fragment gected upon dissocidion of an

adorbate, the maximum trandetiondl energy can be rdated (e Ef%.=hn-e. ., ).
However, in lasr adlation, because of the high quantity of gected maerid, the
desorbates suffer a subdantid number of collisons and ther initid trandationa
digributions are severdy modified. As a result, it is very difficult to corrdate the
obsarved trandationd digributions with the initid processes36. It is dear tha the
description of the plume evolution where the patides dat with an initid (unknown)
vdodty and then suffer an (unknown) time-varying number of collisons dong the flow

axis, isavery complex problem of hydrodynamics

The purpose of the present thess was not to dudy the trandationd feetures in
ablation. Nevathdess in the previous examination, of gection mechaniams a number of
interesing festures, have been noted in rdaionship with trandational digributions These
resllts ae summarized in this chepter as a bads for future theoretica/modeling and
experimentd work. In the 248 nm ablation of in neat solids, (toluene chlorobenzene,

36 In fact, this problem had not been redlized in a number of studies so that, on the basis of
desorbate trandationd digtributions, they clamed unphysicaly high temperatures to be reached
inthe solid during irradiation. It is now clear that these are in error.
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iodomethane, benzene, efc.) importantly, the atanment of the threshold is found to result
in a rather drupt increese of the desorbate most probable trandationd energies

(Emasmp) ad ddinatly different  Faser-dependences in the ablative and the

ubablative regimes are observed. Findly, the comparison of the trandationd fegtures of
mixtes with dopants of various desorption efficdencies “dmulates’ experimentdly the
effect of gas phase collisons when the desorption mechaniam is known, Our results
indicate that exiding mode can not describe conddently dl desorbate trandationa
fedures,

5.1.1 PostDesor ption Processes
5111 Supersonic Expansion Model

As destribed in the introduction, the trandationd didributions can be generdly
fitted to sums of “full-range’ Boltzmann digributions (i.e, with a dream or drift veodity
Ugrift Superimposad) (Chapter 2). The question then refers to the physica origin and
sgnificance of the determined T and Bysir: fitting parameters.

As described in the introduction, the high trandaiond energies (Errang) and the
low energy in the internd degrees of freedom have been suggested to indicaie the
upersonic-like expandon of the maerid, with the random thermd energy of the
desorbates transferred into directed trandationa energy [42,79]. However, as the number
of callisonsin the plume cannot be established, the andogy may be nat fully judtifisble.

A wide number of Monte Carlo Smulaions and hydrodynamic caculaions have
been presented [80,87]. These indicate that the lasar-induced desorption of molecules can
be likened to an adiabatic expanson. However, others empasize the dengty of meterid
gected to be the determining factor for the trandationd didributions [87], while others
the short time scale (duration) of the gection [85-86].

5112 Knudsen layer fromation
Andyticd models rely on the concept of knudsen layer [81-84]. For moderate

dengties of desorbed particles (f.e, monolayer) a Knudsen layer forms within a few
mean free paths of the target surface, in which the velodty didribution evolves from
“hdf-rangg’” Maxwelian to a “full-range’ one in a center-of-mass coordinate system
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(chepter 2). In this case the rddion kg T, = is shown to be replaced by

N | me

kg " T, =—, with nk ranging from 252 for a mono-atomic paticle to 328 for a

U
E
nK
polyatlomic molecule and Ts is the surface temperature. Thus even few gasphase
collisons can lead t0 a seveardy overesimated vaue of Ts but on the other hand, this

modd does not go to the extreme of assuming a“fully-developed”’ supersonic expangon.

Findly, others emphesze tha the man feaures of the desorbae trandaiond
didributions rdate to the initid dynamic “impulsg’ of the phenomenon, thus accounting
for the high observed desorbete vel ocities.

52. RESULTS

52.1. Neat Systems

Fig. 5.1 illudrates the desorbate most probable Trandaionad energy Errans as a
function of laser fluence, in the 248 nm laser irradiaion of neat CsHsCHs and CsHsCl
solids (the corresponding for CHsl and CDsl are presented in chapter 6). Clearly, two
laser fluence ranges can be defined with different dependences. In dl cases, the change
from the one range to the other is arupt and take place close to the ablation threshold of
the compounds as this edablished by the conventiond approach from the dependence of
the desorption sgnd on fluence Mog interegtingly, the Errans beow the threshold
reman nealy condant. In contrad, in the abldive regime, they increese with increesng
laser fluence, in good agreement with previous dudies Table 5.1 presents for Al
examined sysems the lasr fluence where the veocity gap take place and the AErrans
i.e. the change in the mogt probable trandational energy. The obsarvation of the abrupt
change in dl examined systems indicates that this effect is a generd characteridic of the
ablation process. Furthermore the observation in the case of the phato-inat CgHsCHs
demodrates that this change relates to photophysica, rather than chemical, processes.
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CeHsCHz (bottom) as a function of the incident laser fluence (FLaser). The errors bars
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Figure 5-2 Time-of-flight spectra of CgHsCl recorded in the irradiation of neat films of
the compound a R aser » 45 m¥onf (top), kaser » 80 mYont (middle) and F aser »
150 mdent. (The spectra are not to scde). For the spectrum at 45 mdenf, the fitted

Boltzmann has ugiist »20 m/sec and ™500 K; for the one a 80 mJ’cmZ, Ugrift »300 m/sec
and T»470 K; and for one a the highest fluence, ugrist »375 m/sec and T»800 K.

In pardld with the energies vaues change, the shape of the TOF spectra changes.
As shown in Fg. 2 the gpectra recorded & low fluences are broad ad are generdly
modded by Boltzmann digributions with temperatures in the range 300-500 and zero or
gndl drift vdodties ~ 20 m/sec. In contrast, the spectra recorded above the threshold are
shap and are better described by “shifted” Boltzmann didributions with high Ogire and T
vaues. The dependence of Ogirr axd T on laser fluence is shown in FHg 3 for the case of
CeHsCHs. It is dlear that the changes observed correspond very closdly to those observed
in the sudy of desorption from NO.37

37 At very high fluences the spectra are found to exhibit long “tails’ (Fig. 2). Such tails have
been observed in previous studies [42] and have been ascribed to therma desorption after the end
of the laser pulse. Sincein our case, these tails are observed at high fluences, we consider them to
ﬁ’tifa:ts due to limitations in pumping the high amount of materid that is gected a these

uences.
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Figure 5-3 The plat illusrates the time-of-flight curve fit (haf range Maxwdlian)

results, (right) drift velocity @q) and (left) temperature (T) as a function of laser fluence
intheirradiaion of nest CsHsCH3 solids.

Table5-1 The velocity gap

Sysem Huenceatthe | AErrans(%0) Errans Errans
gap (mdent) (Below (Above
Threshold) | Threshold)
(ev) (ev)
CgHsCH3 85 50 0.05 0.1
CsHsCl 50 55 0.1 0.2
CHzl 20 30 0.046 0.066
52.1.1. MixtureFilms

Fg. 35 illugrates the most probable Errans Of toluene as a function of laser
fluence in the case of its mixture with dimethylether (5:1 molar concentration). For this
system, there is no evidence for an dorupt change in the Erans a the alaion threshold
of the sysem (120 mdent) (chapter 4). Furthermore, in contrast to the constant value of
Errans in the neat toluene case, a low fluences (20-100 mien?), Brans of both matrix
and solute is found to increase with laser fluence. However, ther kinetic energies are not
equa (as would be expected for a thermd desorption mechanism with Erans (CH3)20 <
Errans (CsHsCHg)). Above the threshold, Erans increases in a manner comparable with

I




tha daemined in the neat toluene ca= The same feaures are observed for c-

C3Hg/CsHsCHs, CH30OH/CsHsCHs, i.e, in dl mixtures that dopants desorb efficiently
below the threshold.
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Figure 5-4 The figure depicts the Erans of the CsHsCHs and the indicated dopants (up)
(CHs)20 (bottom) GoH»»2 as a function of the incident laser fluence in the irradiation of

mixture solids of the compounds. The errors bars represent 2, as determined from a
least 4-5 measurements

In contrast, for the cases that dopants do not desorb below threshold, the R aser
dependence of the desorbate Errans is quditdivey smilar to that observed for neat
films. In paticular, below the ablation threshold, the Omp (Errans ) Of the toluene are
nearly condant, thus contraging the dependence obsarved for voldile dopants. The
difference edablishes that the increese in the Errans Obsarved for the former sysems is
due to the fact that for these systems the gas-phase collisons suffered by toluene are
extendve and result in modification of its trandationd didribution. Mog interegtingly,
the vdue Errans Obsarved at low fluences for the GoH22/CsHsCH3 systems is higher then
that specified for the neat toluene system, a the same fluence range. At fluences above
threshold, (FLaser> 190 mdent), both the dopant and toluene atain equal vaues of Omp,
which are comparable to those determined for the neat GsHsCHs system.



5.3. DISCUSSION
An examindion of the trandaiond charactaidics of the desorbed molecules in

the UV ablaion of cryogenic van der Wads nest and mixture solids has been presented.
The results can be summarized asfollow:

(1) In dl examined neat solids upon atanment of the ablaion threshold, Errans
increese doruptly and digtinctly different dependences on Faser are observed above
and bdow threshold. Interestingly, the Errans vaues bdow the threshold are nearly
congant.

(2) In the irradiation of toluenelvolatile dopant solids in the subdblative regime the
vaues of the Errans Of the toluene increase with increasing laser fluences. In contragt,
in the cae of mixtures (toluenetinvolaile dopants) the overdl dependence is
quditativey smilar to thet of neat CsHsCHs system.

In the following, we account for the obsarved fedtures in terms of the different
gection mechaniams and poddesorption collisonad dynamics tha may operae in the
corresponding regimes. This examination uses for fird time mixtures with dopants of
vaious voldiliies in oder to dmulae expaimentdly the effect of the gas phase
collisons and separate it from the gection mechaniams.

53.1 Ablation Regime

Congdering firg the trandationd features in the dblation range, the quite high
Errans vaues obsarved here would gppear to be compatible with a supersonic-like
expanson of the materid, exactly as suggested by Natzle e d [40], Cousins & d [42]
and dso by amulations and andyticd modding of the postdesorption gas flow [80-86].
The influence of the gas-callisons is dealy indicated by the Monte Carlo sudy [87] of
the time-dependent desorption of polyatomic molecules (Table 5.2). In our case, based on
the cdlibration procedure discussed in chepter 2 it is edimaed tha a leest 5-10
monolayers (in the irradiation of neat GHsCHs) desorb at fluences close to the threshold.
On the basis of an approximate modd (Appendix [I) » 100, postdesorption collisons are
edimated, which can largdy account for the high ump vaues eecidly for the studied
polyatomic sysems with a high number of internd degrees of freedom. With increesing
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lasr fluence, the higher amount of gected materid (Fg. 2(8) reults in a “tighter”
supersonic expangion, with a conseguent increase of the ump vaues (Fig 2(b)).

Table5-2 The reaults from the Callisond Modds

Sysem Desorbing Quantity (ML) Egtimated Number of
Collisons (Ncoll)
Valine [80] 0.1 25
1 18.47
Indole[79] 0.1 254
1 18.47
Toluene[this Thesg 0.1 2.19
1 194
5 100

Ye, in ddail, the desorbate trandationd features observed in the abldive regime
are not fully compatible with the idea of a supersonic expandon. Fird, both the ugyis; and
the T vdues ae found to increese with increesng lasr fluence, contray to the
characteridic of beams of decreedng T, with increesng Ugiir. This trend is correctly
predicted by the theoretica trestment empheszing the time-dependent dynamics of
desorption [86], but it is indicated (Tables 11l and 1V in [80]) to be much wesker than the
observed one. Furthermore, for a supersonic-like expangon, uaritt should be given [80,86]
by M (gKT/m)¥2, where M is the Mach number, g = Cp/Cv and T is the corresponding
temperature of the TOF spectrum. Employing the known spectroscopic constants [57,62]
for the edimation of g for CeHsCH; and CgHsCl, a Mach numbers of 2, & most is
indicated (which is catanly not high enough for a “tight” supersonic expandon). This
edimated vaue agrees with the Mach number determined by Levy in the irradigtion of
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aminoacids and Coda in the adlaion of frozen agueous solutions On the other hand,
others have daimed Mach numbers of 5 or higher. Findly, the mos dear-cut fegture in
the determined F aser-dependence of the desorbate ump is the dorupt change a the
ablation threshold in the case of the neat films. This sharp increase cannot be ascribed, at
leest fully, to the increese of the maeid gected a the threshold. This is directly
demondgtrated by the plot of Erans as a function of desorbing Sgnd where it is seen that
there is no gradud evolution of the Errans as a function of the desorbing sgndl. Clearly,
the corrdaion between the two parameters is much more complicated than any mode

appearsto suggest.
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Figure 5-5 The figure illudrates the Errans of CsHsCHs as a function of the totd
desorbing materid in the irradiaion of the neat solids of the compound.

The question then arises if the discrepancies are due to the nature of the gasflow
dynamics in the plume or due to some contribution by the processes in the solid (before
materid gection occur). The importance of the gas phase calligons is directly indicated
in the sudy of the (CH3)20/CsHsCHs system. As shown in 52.2.1, the Omp below the
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threshold increeses with increesng fluence whereas in the case of the nonvoldile
dopants, no such dependence is observed. Since it has been demodrated that a these
fluences, the mechaniam of desorption is the same for both sysems (thermd
evgporation), the high Gyp obsarved for the volatile dopant/CeHsCHs system dlearly relate
to the gas-phase enhanced number of collisons resulting from the high amount of dopant
desorbing. In fact, this is a unique example illudrating unequivocdly the importance of
the gasphase collisons. We teke advantage of this sysem in order to access the
importance of the gas-phase (callisond) vs. processesin the solid in the abdltive regime.
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Figure 56 The figure illudrates the Erpans Of CsHsCHs as a function of the total
desorbing materid in theirradiation of mixture (CHz)>,O/CgHsCHs.
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Table 53 Theresults of the lineer fit of Errans Vs Totd Signdl.

Sysem Sope (eV/Sgnd) Intercept 38 (eV) Sgnak® (ab.u.)
Neat CsHsCHs 1.276"10° 0.10620.005 5.8- 216
Above threshold
CsHsCHs/(CH3),0 35710° 0.05+0.003 1.9-30
Bdow threshold
CsHsCHs/(CH3,O | 547 107(x1710°) 0.103+0.005 30-383
Above threshold

For this purpose, we plot the Errans Of CeHsCH3 as a funcion of the tota
desorption dgnd in the irradigion of CgHsCHs/(CH3).O beow the threshold. The totd
desorbed sgnd is cdculated by summing the toluene sgnd and the corrected to toluene
sgnd of the dopant (dimethylether in this cas). At low laser fluences, the Errans Of
CeHsCHs (and of (CHs)20) increases with desorbing amount, evidently due to efficient
energy trander from (CHz)20 to GsHsCHs. This is dearly shown by the observation that
Errang((CH3)20) < ErrandCsHsCHz) (Fig. 5.4), despite the fact that for the thermd
desorption mechanism demondrated a these fluences Errans Of the two compounds
would be expected to be equa?0. However, with increasing desorbing amount, the Errans
(CeHsCHg) reaches a plateau in an exponentid way i.e, there is a maximum in the
amount of “directiond” trandationd energy as a function of desorbing sgnd. Mogt
importantly, this plateau is reached bdow the ablation threshold of the sysem. At the
ablation threshold, Errans ae observed to increase again. Evidertly, this incresse cannot
be corrdated to the desorbing sgnd, thereby indicating a new contribution. Furthermore,

38 The intercept can be considered to be the velocity of the desorbates for zero collisions,
Thus, the fact that this is nonzero, further indicates that desorbates in ablation are gected with a
forward velocity.

39 Sgnd rangein the Fit

40 This is consigtent with the findings of a Monte Carlo Smulation presented by Urbassek.
For a therma desorption mechanism, the light species is desorbed with a higher velocity than the
heavy species, but accelerates the latter. This phenomenon influence the energy distribution of the
desorbed particles.
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the rate of increes2 of Errans in the adlaive regime is not as high as thet below the
threshold.

Thus, gas phese cdlisons ae not as important in detlermining afecting the
kingic energies in the ablaive regime, contray to common bdigf. This can be
undersood by the fact that in ablaion molecules dready leave with a foward velocity so
that in the center-of-mass framework of gected maeid, colisons ae much les
ggnificant. As has been proposed in the chapter 3 and 4 ablation is strongly indicated to
be due to a “explosve bailing’. As shown by MD smulaions, the high pressures thet
deveop in the film by the exploave bailing result in the strong axid accderdion of the
desorbates. Evidently, these result in the extra, forward velocty component of the
desorbates. Furthermore in an theoretica examination of the phenomenon by Chen & d
on the bads of hydrodynamic they found that if the gas expangon front is accdaated by
a dynamicd ffect, like a explodve boiling process then the patides atained faster
veodities than those predicted from conventional modds of agas collison theory.

53.1.1. Dopant Trandational Characteisticsin Ablation

Above the ablation threshold, consdering fird the involaile species, ther TOF
pectra are nearly “superimposable’ with those of the matrix. (thus, ther kingtic energies
are higher than the matrix by the rddive raio of masses). Clealy, ther desription in
terms of Maxwedl-Boltzmann didributions requires ether “wrong mess’ or very different
(T, udrift) sats Once more, this demondrates the pitfas of the dudies reying on
moddling the trandationd didributions of biopolymers in MALDI or in polymers for
establishing mechaniams. On the other hand, the observed trandationd didributions are
cearly compaible with the idea that the “involatle’ species ae gected within dugers
and are accderated by the explosive boiling and the collisons with the gected CsHsCHs
molecules to the same vdodty. As employed sometimes in molecular beams moddling
the trandationd digtributions can bein thet case be attained by [130]:
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Indeed, good fitting is dtaned for CioH22/CsHsCH3 didributions but evidently the
formulaistoo cumbersome for quantitative comparison.
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Figure 5-7 The figure illudrates two charatceristic TOF curves recorded in the irradiation
of C10H22/C6H5CH3 lids at fluences above the threshold.

The features of the “involdile’ species are better gppreciated when they ae
compared with those of the volatile species above the threshold. In sharp contrast to the
“involdile’ spedies, the trandationd enegies of (CHs).O, ¢CsHg eic. are much lower
then that of the marix, and in addition, ther trandaiond didributions can be
approximated by swifted Maxwelian with well-defined (84, T). As described in chapter
4, for the voldile species, there is drong evidence tha they are gected as monomers,
wheress the matrix desorbs dso in the form of cdugers 60%). Collisons between the
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light (CH3).0 and the heavy duders will thus result in a mgor trandationa energy loss
of (CHg)20. Furthermore as shown in chapter 4, for the volaile dopants, there is dso
contribution of molecules from undelying layes (via diffuson) in addition to the
molecules gected from the volume gected layer. Since these molecules desorb
essatidly themdly with correspondingly  lower  temperatures, ther  contribution  will
result in the (CHz)20 trandationd energies being lower.

53.2. b-ablation Regimein Neat Systems

The mog aurprisng fedure of the examindion concans the very week
dependence of Errans OF Ump ON FLaser @ fluences below the threshold. As demondtrated
in Chapter 3, a therma mechanism of desorption is established to operate in this regime.
The aurface film temperaiure have been esimated, to be in the range of 200 — 400 K.
Both the ump velodties and the T derived from the fitting of the TOF spectra in this
regime correspond to these temperatures, but most suprisingly do not scae as expected.
In the framework of a smple theemd modd, the desorbate ump vaues should scde as
(BkeT/M)Y2 (where T represents the film tempaerature) and since T is proportiond to
FLaser (formula 3.2 and 3.3), a corresponding dependence between Ump and Faser
should be obsarved. On the basis of the formulas (3.2) and (3.3), a dependence of
»17FY2 aser is caoulated for toluene and chlorobenzene, which is certainly stronger than
the experimenta one.

One posshility that may be responsble for the near congant Omp vdue is an
“goparent” broadening of the trandationd didributions. Fird, even for these sysems
some colligons may occur with the result that any differences in the initid Omp are
“smoothed” out4l. Alternatively any dructurd inhomogendties of the films will reslt in
different digtributions of the desorbate velocities, and as a result, the TOF spectra may be
a convolution of different populations. In ether case, the consequent broadening of
trandationd didributions may be responsble for an “goparent” congtant Omp vaue. These

41 However, it can be counter-argued that the effect of gas-phase collisions should result in
the opposite trend, i.e., in an increase of 6., with increasing laser fluence and desorbing amount.
In fact, this effect is seen in the CG;HsCH; didtributions at fluences approaching the threshold,
where desorbing quantity starts becomes significant.



123

possbilities cannot be ruled out a present though, the possibility should be noted that the
molecules may indesd desorb with condant Gmp from the film, despite the fact that
different temperatures are attained at different fluences.

A further indication thet the observetion of constant Gmp may be an important
result is provided by the fact that its vaue gppears to relate to the cohesve energy of the
system, as the comparison between neat GHsCH; and involatile dopant/CsHsCH3 seems
to suggest: Omp is higher for systems of higher cohesive energy. One most interesting
possibility would be that the observation of condant dmp may be intimady reated to

KT
m

properties of superhested liquids. The proportiondity u, = rdates to the

principle of microscopic revershility and assumes equilibrium  between the adsorption
and the desorption process. In the cae of superheated liquids, the principle of
equilibrium is not fully fulfilled and thus a priori there is no resson why Gmp should
folow the above rdaionship. Indead, velocities may be determined by the barier that
they may have to overcome in order to be reeased into the gasphase. For
(C10H22)/CeHsCHs, this barier is higher, thereby accounting for the higher Omp of
CgHsCHs desorbate in this case as compared with the case of GsHsCH3 desorbates in the
irradiation of neat CGHsCH;s solids.

Ceatanly, this is a mog tentaive explanaion and further experiments on a
number of systems of different cohesve energies must be dudied for establishing the
vdidity of this propogstion. Furthermore, theoreticd work is necessxry for judifying this
propostion. Thus far, the issue of veocty didributions of molecules desorbing from
overheated liquids has never been addressed.



124

54. CONCLUSIONS

The dudy illudrates a number of interesting trends concerning the desorbate
trandationd fegtures in the UV irradiaion of molecular solids In the irradiation of nest
solids (and mixtures with “involdile’ dopants) Errans increase aoruptly a the adlation
threshold with didinctly different dependences on Faser @ove vs below the threshold.
It is srongly indicated thet the change is not only due to the gas-phase collisons but it
reflects dso the “impulss” of the processes respongble for materid gection. An
interesting observation is the near congtant Erans vaues bdow the threshold, which may
relate to the desorption from superheated liquids. Findly, the sudy of the toluene/volaile
dopant mixtures provides the means for expeaimentdly “smulaing’ the effect of ges
phese collisons. Thee can provide the bess for detaled moddling and theoretica
examingion of desorbate trandationd festures.



6. PHOTOCHEMICAL PROCESSESIN THE UV ABLATION
CRYOGENIC SOLIDS

6.1. INTRODUCTION

In previous chepters we examine the desorption/gection processes factoring out
any effect of the dectronic/chemica processes that teke place Yd, the isue of
photochemica  modifications effected to the substrate and the desorbates is crucid both
for the optimization of the andyticd and technologicd cgpabilities of the techniques as
wdl as for the ducidation of the underlying mechanisms. Mog importantly the question
is rased how photophyscd and chemicd processes differ in the adlative regime vs a
low laser fluences No saidactory modd exigs for the description of eectronic
exctation and deexcitation processes and of the subsequent photoreactivity in the UV
ablation of molecular s0lids. Fire, concerning excitation and deexdtation processes,
novel processes have been indicated (f.e. as discussed in chapter 1). Furthermore, despite
numerous sudies, the nature of the photochemica processes that take place in the UV
ablaion of molecular subdrates remains ill-understood. In paticular, there is no
consecusus if photoproduct formetion differs from those formed a low laser fluences
(where conventiona photophysics/chemidry is gpplicable).

In this chapter, we present a study of the ablation of neat GHsCl films & 248 nm.
Upon exdtation at 248 nm, GHsCl dissodiates excdlusvely by scisson of the C-Cl bond
[92-94] to yidd CgHs and Cl, which, in solution and daic ges cel experiments reect
with the precursor molecule to form a number of different products [95-96]. Thus, the
dudy of the adlaion of CgHsCl films provides the posshility for examining the
characterigtics of reectivity that takes place in the UV ablation of molecular films i.e for
edtablishing the factors that affect of photoproducts formation.
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6.2. STUDY OF CHLOROBENZENE FILMS

6.3. RESULTS
6.3.1. Char acterization of the Desor ption of GsHsCl
6.3.1.1. Fluence Dependence of the Desorption Signal

Chlorobenzene is a moderatdy strong absorber a 248 nm @G » 1900 cmrt in liquid
phasg{33]). Accordingly, upon irradiation of condensed solids of the compound,
desorption is observed a fluences as low as »10 mdcn? (the lowest examined fluence).
Fg. (6.1) illugrates the desorption sgnd of CsHsCl as a function of the incident laser
fluence. The curve is Smilar to that determined for the other systems sudied in this work
(CeHsCHg, CH3l etc.)
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Figure 6-1 The figure depicts the intendty of CgHsCl recorded in the fird pulse from
freshly depogted film as function of the incident laser fluence The eror bars represent
20.

All depicted data derive from spectra recorded in the firgd lasr pulse from freshly
deposited solids, except a low laser fluences (< 50 m¥en?), where the poor SIN ratio
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necesstated averaging of the spectra over 5 or more laser pulses. The need for minimum
pulse averaging in the recording spectra comes from the fact that as shown in the next
section, chlorobenzene's intendty of the spectra, as well as the shgpe of TOF curve,
depend sendtively on the irradigtion prehigtory (indcution effect) of the solid. Following
the practice described in the case of neat toluene, the ablation threshold of neat GHsCl
films can be established & » 50 mdent. In pardld, a this fluence vaue, the dependence
of desorbate most probable ump vaues on FLaser aoruptly changes with quite different
characterigics (chapter 5).
6.3.1.2. Induction Effect

A mog interesting festure that was not observed in the study of the previous
sydems is provided by the examingtion of the CgHsCl desorption efficency from freshly
depodted films as a function of successve lasr pulses. At fluences above 50 m]/cmz,
desorption of the parent molecule is observed to be dgnificant from the very fird pulse
At these fluences, the observed pulse dependence is dmilar to that described for neat
CeHsCH;s .
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Figure 6-2 Pulse evolution of the CgHsCl intengty in the irradiation of freshly deposted

films a& low Faser. FOr comparison purposes, the corresponding pulse evolution & a
higher laser fluenceisdso illudrated.

However, a fluences beow the threshold (50 m]/cmz), the intendty of CgHsCl is
obsarved to be initidly low, but it rises with continuing irrediaion until ataning a
plateau (Fig. 6.2). This effect is observed not only in the mass spectrometer sgnd, but
dso in the desorption intendty measured by an open ionization gauge placed across the
irradiated area. Consequently, the observed increase in the Sgnd is not due to changes in
the desorbate angular didribution, but ingeed reflects an actud increese in the totd
desorption efficency. In pardld, the shgpe of the TOF spectra changes, with the Erans
increasing to a find condant value.

For duddaing the origin of this effect, the tranamisson of the film was
monitored as a function of successve laser pulses. To this end, a second, probe 248 nm
beam was employed for examining the tranamisson of the solid after each “pump” laser
pulse (Fig. 6.3). Clearly film transmisson decreases with successve laser pulses and the
decreaseis higher with increasing “pump” fluence. Consequently the changesin the
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Figure 6-3 Probe tranamisson of the film following UV irradigtion with successve laser
pulses & the indicated fluences

desorption sgnd mugt be astribed to the more eficent coupling of the laser light into
the solid. The reason for the changes in the trangmisson will become gpparent after the
examination of photoporduct formation.

6.3.2. Photoproduct gection
6.3.2.1. Pulse Evolution
In the irradiation of chlorobenzene films, we detect four new magor Species
namdy HCl, (CgHs)o, CgH4Cl, and CgH4Cl - CgHs. Free Cl is unambiguoudy observed
a somewha higher fluences (> 300 mJcnf), while GHACl - CgHaCl is observed42 with

42 Because of the reatively low resolution of the mass spectrometer for masses above 100
amu, we can not exclude the possibility that the phenyl derivatives are actudly the corresponding

ipso-adduct radicals, i.e, CgHsCh, CgHsClCgHs. We consder, however, more likdy the
detected species to be the stable phenyl derivatives and we adopt this possibility in the subsequent
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increasing intensity ebove »130 mder’. Furthermore, we cannot exdude the possibility
of CgHg formation, dnce its detection is hampered by the contribution of the drong
CeHs pesk deriving from the mass cracking of CgHsCl.
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Figure 6-4 Pulse evoution of the intengties of CgHsCl, HCl and (CgHsg), in the
irradigtion of freshly depodted films with  »30 mJon?. The intensties have not been
corrected for the different detection effidences of the vaious spedes in the mass

spectrometer. Essentidly the same pulse dependence as that for (CgHs), is dso observed
for CgH,Cl, and CoHgCl.

Of the various products, HCl is obsarved from the lowest examined fluence. At
the lowest fluences, its detection required averaging over 30 or more pulses, evidently
because of low SN ratio. However, a somewhat higher fluences, sgnd for this species

discussion of this paper.
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can be dealy detected from the vay fird pulse on freshly deposted films with its
intensity growing somewheat in the subsequent few pulses. (Fig. 4)43.
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Figure 6-5 Pulse evolution of the intengties of CgHsCl and of the various photoproducts

in the irradiation of freshly depogted films with  »100 mJenf. The intensties have not
been corrected for the different detection efficiencies of the various species in the mass

soectrometer. In fact, for darity of presentation, the intengties of HCl have been scaed
abitraxily.

In contrast, & F aser £50 m]/cmz, phenyl photoproducts are detected only as
paent Sgnd induction becomes dgnificant (Fg. 6.5). No ggnd ([J0.1% of the parent
pesk) was discernible for (CgHs), or any other phenyl derivaive in the firg few pulses
from freshly deposted solids. In sharp contradt, at fluences above 50 m]/cmz, sgnd for

43 The HCl pesk impurity in the initid sample, is after extensve purification is, a modt,
0.5% as intense as the parent peak, which is smdl to interfere with the HCl signd that derives
from theirradiation processin the solid.
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these photoproducts is obsarved dmost from the very fird pulse Furthermore, their
relative intengty does not change with sicoessve laser pulses, which grongly indicates
that they are formed manly via pardld rather than consecutive reactions. (i.e, the one
product is not formed &t the expense of others)
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Figure 6-6 Pulse evolution of the C1-HoCl intenisty recorded a Faser» 70 mdent for
film that has been irradiated with 30 pulses a Faser » 35 mden?. (® ) Corresponding

pulse evolution observed in the irradiation of freshly deposted films exdusvedy &
FLaser » 70 I’T‘l\yCI'T'I2

Importantly, even a the higher fluences the pulse evolution of the phenyl
photoproduct intendties is found to follow dosdy the corresponding one of the parent
pesk (Fig. 6.5), indicating that the gection process of the phenyl photoproducts correlates
closly to tha of the parent molecule. Some degree of the observed pulse dependence
must dso result from the accumulation of thee spedies in the film. To edablish the
degree of accumulaion, we have examined the dependence of the ratio lproduct/I ceHscl, i.€.,
the ratio of the intengties of the various products vs. that of the parent pesk, as function
of successve laser pulses.
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For HCl, accumulaion in the film is indicated to be minor, even a fluences dose
to the ablation threshold, evidently because of its very high volaility. In contragt, for the
phenyl photoproducts, this ratio is found to grow with successve lasr pulses until
reeching a plateal, where evidently equilibrium is attained between photoproduct formed
per pulse and photoproduct desorbed. This effect is sgnificant for fluences up to »150
mdenf. Thus, & least up to those fluences, a sgnificant percentage of the products is
produced in the film. Accumulaion for these gpedes is indicated to become
progressvely lessimportant at higher fluences.

In contragt to HCl and the phenyl photoproducts, Cl is, within our SN, observed
only above ~90 mJ/cmz, with little, if any, sgnd being detected a lower fluences even
ater extensve averaging. The Cl sgnd dats increesng sharply above »150 mJont. It
exhibitsminimd, if any, pulse dependence.

Fndly, CgH4Cl - CgH4Cl is detected with increesing intendty a fluences above
»130 mJenf. We have not examined, its formation in any detal, because a these high
fluences multiphoton  processes leading to ionization and ill-defined chemigsry ae
expected to sart becoming important, as indicated by the detection of an ion sgnd in the
mass spectrometer (with electron impact turned off).

6.3.2.2. Fluence Dependence
In Fig. 6.7, we present the intengties recorded in the fird pulse from freshly

deposited solid of the various products as function of the laser fluence. Conddering first
the HCI photoproduct, its intengty over the 40-150 mJont range barely doubles, which
sharply contrasts e strong increase observed for GHsCl in this range. The obsarvation
of different F_aser-dependences for the two species suggests that HCl formation herein is
decoupled from CgHsCl desorption. Mogt interestingly, the HCl sgnd is observed to be
vay sndl in comparison with the parent pesk. As illudraed in Fg. 6.8, the "goparent”
yidd, (i.e therdio 1., /1, +1,g remans wel beow 0.01 over the 40-150 mdom’”

range. Assuming an exctaion crosssection of 32 X 10" cnfimolecule [12], the
guantum yidd of CgHsCl photolyss is cdculated to be, a mogt, » 0.05, nearly an order
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of megnitude lower than the 04 gasphase vdue Of course, the determined vaue
conditutes only a rough edimate, snce the angular didribution of the parent nolecule
and of the photoproduct is not taken into account. Neverthdess, it dearly illudrates the
goparent ingffidency of molecular fragmentation under ablation conditions.
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Figure 6-7 The figure depicts the intengties of the indicated photoproducts as function of
the incident laser fluence. The error bars represent 20.

The branching ratio between the photoproducts does not change over the 50-150
mdont range. Thus it appears tha over this fluence range, the factors that affect the
reectivity of the CI and CgHs fragments are not modified by the change in the laser
fluence The rdaive intendties of the products gat changing only a higher fluences

(FLaser > 150 chmZ) Since the increase is obsarved for dl products, the change is not
due to the enhancement of the formation of one particular product over others, but due to

an inceae in the photolyss effidency of CgHsCl.  In paticular, HCI dats to grow
dragtically and a fluences above »200 mJ/cn?, its growth evidently occurs a the expense
of the CsHsCl intendty. A log-log plot establishes the increese in the HCl yidd to be



liner on FLaser With a slope of 42 x 10 (in units of or?/mJ). However, this number

underestimates somewhat the degree of photolys's, because a the higher laser fluences,
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depicts the HCl concentration as function of the incident laser

vaious new desorption pesks are detected, showing thet the depletion of CgHsCl in this
range is not fully accountable by the HCl sgnd. Neverthdess as HCl remains the most
prominent Sgnd in the desorbate mass spectra, the involved eror is rdativey smdl.
Furthermore, as shown in Fig. 6.7 above 150 mlcn? there is dso an increase of the
phenyl-type products but with lower rate than the HCl. In the Discusson section, we will
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argue that these differences rdae to the different times of plume gection in the different
fluence ranges and as a result to the different reative contributions of the photolyss of
CgHsCl in the gas-phase (plume) vs. in the solid [97-98,65]

6.3.3. Photoproduct Trandational Digributions

The observed photoproducts differ not only in ther efficdencies of formation and
of desorption, but dso in therr trandationd features. Specificdly, the phenyl derivatives
(CeHs)o, CeH4Cl, and CgHs- CgH4Cl, as well as the Cl fragment that is observed at
higher fluences are genegrdly characterized by essantialy the same TOF digributions as
the parent pesk44. In sharp contrast to the phenyl photoproducts, HCl generdly arives a
ealier times, which are suggesive of an "energetic accomodation” (equilibration) to the
parent pesk. At fluences higher than 130 mJ/cmZ, EtrangHCl)» Etrang(CsHsCl). At lower
fluences, its Errans is SOmewhat lower than that of the parent peek, but till comparable.

0.0 0.5 1.0 1.5 2.0
Time-of-flight (msec)

Figure 6-9 lllugration of the TOF curves recorded for HCl a low laser fluences, and
exhibiting two wdl-defined components the dow one tha is observed from freshly
depodited films at low fluences and the fast one that “grows in” as parent Sgnd induction

44 Deviations from this behavior are obsarved only a high fluences (F ager>200 mJ/cmz)
(observetion of a dower TOF component (Ergans » 0.1-0.2 €V)). These deviations are observed
only at high fluences, a which severd different pathways (processes in the plume as well asin
the film, multiphoton processes, etc) may be responsible for these discrepancies.
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becomes important. The depicted spectrum was recorded a R aser [ 30 m¥ont and has
been averaged over »40 laser pulses.

In contragt to the trandationd characteristics just described, the HCl TOF curves
recorded bdow » 50 mJont ae genegdly characterized by a bimodd digribution (Fig.
6.9). In addition to the fast pesk observed a high laser fluences there is a dow one with
Errans In the range of 0.02 - 006 eV. In fact, the HCl Sgnd recorded from freshly
depogted films is described dmost exdusvely by the dow component, but as parent
sgnd induction ss in, there is a growing contribution by the fas HCl component4s,
Since the dow component is observed only below the ablation threshold, the desorption
of HCl with this digribution may reate to the fact that no well-defined plume is formed
in thisfluence range.

6.4. DISCUSSION OF THE RESULTS
6.4.1. Desor ption Dynamics of the Photoproducts
In the present chepter, the ablation of a photosengtive compound namey of
CeHsCl was dudied with emphass on the obsarved photoproduct paterns and
characteridics. A number of differet products have been observed. Sgnificant
differences between them were observed both in terms of detection efficiencies as well as
interms of trandaiond characteridics

The obsarvations can be summarized asfollows

@ A number of different phenyl products are observed in the ablative regime,
whereas only HCl is observed below the ablation threshold.

(b) We ddineate two fluence ranges in which CsHsCl photolys's proceeds a very
different yidds In the 40-150 mdcn? range the photolysis yidd is Bund to be quite low
and condant, nearly one order of magnitude amdler than tha in the gas phase. On the
other hand above 150 mJent the photolysis yidld is found to grow dragtically.

45 |t is important to note that this dow component appears only a low fluences a which as
indicated by Fg. 6.7 , desorption is very low . Thus we can dearly rule out the possbility thet
the dow HCI component is an “artifact” of dow pumping speed in the vacuum chamber.
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(©) At dl fluences the phenyl derivatives are described by the same &-digribution
as the parent molecule. In contrast, HCI shows a much more complex behavior: a higher
fluences, it is nearly energeticaly equilibrated to the parent pesk, wheress a low
fluences it is characterized by aquite dow u-didribution.

In principle it could be suggested that these differences reflect the unselective
reactivity in the ablative regime. We first demostrate that thisis not the case and in
fact, all differences observed relate to the gection mechanisms that were discussed
in the previous Chapter 4.

Frd, as decribed in the fird section of this chapter, irradiaion a fluences bedow
the threshold, film transmisson is found to decresse with successve lasyr pulses, thus
indicating the accumulaion in the film of gpedes that absorb dronger than the parent
molecule. Indeed, biphenyl species are known to absorb?® much stronger than the parent
pesk & 248 nm, and thus the decresse in the trangmisson can be ascribed to ther
accumulaion. In a differet type of expeiments films were firg irradigted a low
fluences and then sgnds for the phenyl products were recorded by irradiating the same
oot a a fluence above the ablation threshold. The sgnd recorded in the first few pulses
a the monitoring laser fluence is much higher than that obsarved in the irradiation of
freshly deposted films excusvely & this higher fluence. The difference mugt be due to
photoproducts that accumulated in the film during the irradiaion a low fluence Thus,
even a fluences bdow 50 mdon?, phenyl photoproducts are strongly indicated to be
formed and the main or exdusve reason for faling to obsarve them is thar ineffidency
of gection.

The reason for the falure of desorption of the phenyl products species can be
undersood in the framework of the different desorption mechanims opearting beow vs
above the ablation threshold. Indeed, (formulas 3.2 and 3.3) the temperaiure of the film
for Fuaser = 50 mdenf is etimated to be »170 °K, which is auffidently high for HCl
desorption edablished by TDS 150 °K), but gill quite lower than the temperature (250
°K) necessty for the desorption of the phenyl derivatives On the other hand, the
efficdent gection of the phenyl species a fluences above 120 m¥enf is due to the
nonsdective volume expulson of the marix due to explodve bailing as that for the n+
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decane dopant indde the toluene matrix. This is dearly shown by the close corrdation of
their gection efficdency to tha of parent (matrix) molecule both in pulse and fluence
dependence.

Smilaly, as for the photoproduct trandationd digtributions, these appear to be
manly determined by the desorption mechanims and the plume dynamics (e, the
different amounts of nascent kinetic energies deposited on the species by their formation
reactions do not appear to affect them). This is directly shown by the fact that a dl
fluences, the TOF spectra of the photoproducts perfectly overlgp with the corresponding
parent pesk oectrum. Thus the photoproduct trandationa didtributions, a least in the
dudied sysem, ae wdl described in the framework of a volume expulson modd
(explogve bailing) employed before for accounting for the trandaiond characteridics of
involatile dopants?6.

This “switching” from a fas to a dow trandationd didribution hes aso been
observed, dbet for the parent desorbate peek, by Naizle et d [40] in the sudy of
photodesorption from NO multilayers. They ascribed the gppearance of the “dow” pesk
to the onst of the collisond regime, whereas the “fast” pesk observed a higher
desorption efficiendies to the devel opment of the supersonic expangon.

6.4.2. Reactivity Considerations

We condder next the reaction paths respongble for the formation of the various
products observed in the 248 nm irradiation of neat CeHsCl films Upon exctation with
UV light, CeHsCl dissociaes in the gas phese and in solution by a process involving
exdusvdy C-Cl bond stisson to give phenyl radicad and chlorine aom. We condder
that a gmilar process tekes place in the irradiation of the CgHsCl films Themd

46 |n contragt, for HCI, given its relatively small collisond cross section, and the independent
desorption path, its entrainment in the desorbing GsHsCl jet is expected to be less efficient.
Furthermore, for equa initid trandational energies, its velocity is [11.8 times higher than that of

CeHsCl. Therefore, we do not expect velocity accomodation to be as efficient as that for the
phenyl photoproducts. This agrees with the 3D Monte Carlo smulation of the desorption from

binary mixtures [80] Evidently, the suggested explanaion does not account for the very sow

trandational distribution obsarved for HCI at fluences below 50 mJ/cmz. As shown in the results
dl avalable evidence indicates that the change from the fast to the dow didtribution closdy

relates to the development or not of awell-defined plume,
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decompodtion can be sady discounted (for the C-Cl bond energy @36 eV,

_diN]
dt
pathways (as for example, concerted reactions) are not known in ether gas-phase or

solution chemidry of the compound. Instead, dl obsarved products can be congdently
accounted for by wdl-known reections of the CsHs and Cl radicds, thus providing
further support to our anayss.

= Ae %' [NO] P [Nlyemany /[N], be < 10°® for msec time scales) , wheress other

Cl + CgHsCl ® HCI or CgH4Ch (1)
CeHs + CeHs®  (CeHs), 2
CeHs +CaHsCI®  (CgHs) 2 orCioHeCl  (3)
CeHaCl + CgHsCl ® CyHgCh @

Both modes of Cl and CeHs reectivity (i.e, addition and H-aom
abdraction) are observed in the solution and gas phase chemidry of benzene and
chlorobenzene, with the rddive importance of the two pahways depending on the
temperature of the system.

In dl, despite any kingtic ambiguities, dl observed products can be condgtently
accounted for in terms of reactions known from the gas-phase and solution chemidry of
CgHsCl. Thus, it gppears that reaction pathways under UV ablation does not present any
peculiarities

6.4.2.1. Kinetic Considerations
We condder next the kindics of the reections regponsble for the observed
products, snce this can shed light on the tempord and energetic factors that may be
important under ablation conditions. The discusson focuses on the reactions of the Cl
photofragment, dnce there is inaufficdent kingic information on the corresponding
reactions of the CsHs fragment.
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Congdering firg the H-atom abdraction reaction (1), a recent examinaion [99]
has reported its cross-section to be ~10" cmmolecule (at room temperature). Assuming

thet the film or plume dengity can be gpproximated with that of the liquid (1.1 gr/crr?'),

' d[dct_l] = K[GHCI][CI P [HCI]= [CI],(1- eF*E) = [Cl] (- e (e

this rate condant suggeds the hdf-life for HCl formation to be, a least, ~170 nsec
which is rather dow for competing with the time scde of plume gection (~100 nsec), as
this has been edablished by means of nanosecond imaging [106]. In that case, a
sgnificant percentage of the Cl photofragments would be expected to escape reection, a
variance with the observations. As described in the Results Section, HCl appears from the
vay fird pulse (Fig. 6.7,6.8), while free Cl is observed only above ~90 mJont and a
very low intengty.

The smplest explanation for the efficient formation of these species would gppear
to be tha the irradiated film reaches temperaiures high enough for promoting the
reections For indance, in the case of the HCl photoproduct, approximeting the
temperature dependence of its formation raie congant to that for the corresponding
reaction of Cl with CgHg (log k = 9.35 - (30/RT) with the activation energy in k¥mol)
[104], its formation in few 10s nsec (i.e, on the time scde of plume gection as
edablished from the imaging study) would require remperaures wedl above 500 °K
range, whereas temperatures a the threshold are expected (formulas 3.2 and 3.3) to be
400 K. Of course, this cdculation is subject to the accurecy of the temperature
dependence of the employed rate congtant4’. It is even more difficult to account for the
efficdent formation of HCI in the subthreshold regime.

Alternaively the “hat” reactivity may indicate incomplete “thermdization” of the
CeHs and Cl photofragments. Ichimura et d*® have shown that in the photodissociation

47 Similarly, concerning GH4Cl, formation in (2) the rate congtant for the addition reaction
has been reported to be negligible a room temperature. Presumably, because of the strong

aromatic C-H bond, the reaction barrier is rdatively high. Once more, the observation of CgH4Cl
herein suggests that the reactants have sufficient energy for overcoming the barrier. (i.e,
suggestive of “hot” reactivity of CsHs and Cl fragments)
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of GsHsCl, in the gas phase »46 kImal are deposited on the liberated Cl fragment. In the
cae of the photodissociaion in the film, some of this energy is expected to be
collisondly disspated. Stll, suffident may reman on the fragment for overcoming the
»30 kImol reaction barrier.

It is not posshble a this moment to diginguish between these different
mechanisms. However, snce HCl is obsarved even a fluences wel bdow the ablation
threshold, we tend to favor the incomplete fragment thermdization case. In fact, there are
by now severd examples of reaectivity between nonthermdized photofragments and
coadsorbates in surface sudies of monolayers and multilayers & very low fluences [102].
Studies on sygems of dmpler reactivity are required in order to edablish in detal the
kinetics of reectionsin theirradiation of van der Wadsfilms

6.4.2.2. Plume Ejection Time and Photolysisyield

A mog surprisng result of the examination is the very low HCl yidd (and of the
other products) (Fig. 6.8). Generdly, it is congdered in the literature that photoproduct in
the UV adlation derives largely from sscondary reections in the plume. As shown in the
results section, the drong accumulation effect for phenyl photoproducts condusivey
shows that photoproduct formation occurs mainly in the film (before materid gection).
The low photalyss yidd could, in principle, be accounted by the fact that a large GsHsCl
percentage is gected without having absorbing themsdlves a photon, whereas HCl and
the other photoproducts derive exclusvely from photoabsorption events. However, if this
factor was the only respongble one then:

Nio  _ dF iaser” (- exp(-a x))
Nepen r xN, / MW

(where & = 1900 cm, OLaser is the incident photon flux in units of photons/m%, n=11
gr/cm3 , N5 the Avogadro number and MW=112 the molecular weight of the compound).
The edimation shows thet this contribution can be gpprecidble in decreesng the yied
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from the gasphase vaue, but for reasonable vaues of X, it definitdy can not account for
the observed order-of- magnitude reduction.

A plausble explanation can be advanced on the bass of the recent finding thet
materid gection occurs manly after the end of the laser pulse. Accordingly, photolyss
occurs excdusvey or manly in the film 0 it can be suggeded that limited by the
operation of recombinaion processes. Indeed, photodissociation yields in condensed
phases are generdly quite low, as a resut of “cage effects’ P7] promating recombination
of the photofragments. (Ultrafast deectivation of the photo-excited state can dso play a
role. These vdues are of the same order as the gpoparent dissociation yidd determined in
the low fluence range, thereby providing srong support to our suggestion that photolyss
tekes place in the film.
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Figure 6-10 (a) Fuence dependence of the CgHsCl and HCl intengties in the ablation of
CgH12/CgHsCl films with a 10-to-1 molar concentration in the two compounds. The error
bars represent 26, as determined from 4 a least measurements of each datum.

(b) Pot of the HCl yidd in the adlation of the CeH12/CeHsCl film.
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To demondrate the operdion of “cage effects’, the HCl yidd in the irradigtion of
CgH12/CsHsCl mixtures was examined. Cl is much more reactive towards CsHi» then
CsHsCl and thus according to the above, its yield should be enchansed. Indeed, in the

ablaion of the mixture, the intendty of CgHsCl is gengdly » 1/15 of that in the neat

film, but, very good agreenment to the above prediction, the HCl yidd is »10 times
higher.

Becaue Cl reacts with CgHpo in »10-20 cdligons (in liquid [128], but
presumebly with comparable efficdency in matrices as wdl), HCl formation in the
mixture is much enhanced over recombination to CgHsCl. In contrast, H-atom abgtraction
from CgHsCl is a much dower process [104,127] and as a result, in the case of the neat
CgHsCl films radicd  recombination can compete dffidently with HCl  production.
Evidently, if the chromophore was incorporated in a chemicdly inet subdrate, the
agoparent  photofragmentation yields would be even further reduced. Prdiminary results
on the ablation of GsHsCl in freon matrix are fully condstent with this suggestion.

Further support of the importance of photolyss in the film, derives from the
comparison with the increesing dope a higher fluences. The dope of 4 x 10* determined

for the linear dependence (Fig. 6.7) in the 150-300 mdenf range corresponds well to the
1.6 x 10 value cculated for dissociation of the compound in the gas phase:

N, /N =0.125" 10°0s F, ey

(CHEIHCI)

(the eguation holding under the assumption tha s Fassr <<1), where q is the
photolyss efficiency of the compound a 248 nm (0.4), s is the gasphase absorption
cross-section (=3.2710"° cnfimolecile) and Faser s the fluence in m¥am’. The fact
that the experimentd vaue is somewhat higher than the caculated one could be due to a
number of factors. Plaugbly, differences in the angular didributions of the species are
responsble.  Alternaively, contribution by multiphoton processes a these high laser
fluences cannot be excluded.
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According to the above, the wesk Cl sgnd that is observed for Faser > 90 mJenf
represants fragments formed by photolyss of CgHsCl in the gas phase (i.e, by the
fragmentation of the compound tha has desorbed during the lasr pulse)8. This
suggestion can raiondize how this Cl photofragment “manages’ to avoid reection for the
formation of HCl or CgH4Ch. Plaughly, the detected Cl is liberated in the early stages of
the plume gection, before this has been fully deveoped. As a resault, the dendty of

CgHsCl in the plume may not be sufficient to "trgp” the Cl photofragment etoms

6.5. ISOTOPE EFFECTS

Deuterium subdtitution is a wdl-knowvn method in organic chemisry and
photochemidry for edablishing reection pahways [110] and in suface stence
deuteration is enployed for characterizing the desorption kinetics of adsorbates [111-
112]. In the case of UV lasx induced desorption and ablation of condensed van der
Wads solids, deuteration may affect the processes in severd ways. Frd, deuteration may
dfect the raes and the yidds of intramolecular radiationless energy decay. In this way,
quedions such as rased by the MD dudy of Dutkiewicz et d [25] are anendde to
expaimenta examinagion Mog importantly, deuterstion may be paticulaly useful in
examining reaction pathways and rates under adlation conditions. Unfortunatdy, through
its influence on the phonon modes of the solid, deuteration may dso modify the heat
cgpacity of the molecular solid, thereby complicating somewhat the interpretetion of the
reults In this chepter, we examine the potentid of this gpproach in the comparison of
laser-induced materid gection from CHsl and CDsl films at =248 nm.

6.5.1. Results
FHg. 6.11(A) illudrates the intendties of the CH3l and CDsl parent pesks as a

function of laser fluence (FLaser) In the irradigtion (=248 nm) of the corresponding

48 Cl certainly does not deive from the photolysis of the deﬁorbin%lHCIZ, snce the

photodissociation cross-section of HCl a 248 nm is [102] rather smal (010" cmi/molecule).
The observation of different u-diributions for Cl and HCl congtitutes further support for this
conclusion. Furthermore, Cl does not appear to derive from the photolysis of CgHACl,, snce Cl
shows essentidly no pulse dependence, which sharply contrasts the pronounced one observed for

this species.
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condensed solids. Desorption is observed a quite low fluences, conagtent with the fact
that methyl iodide is a strong ebsorber & 248 nm (a»5700 cmt) [-]. From a semi-
logarithmic plot of the intengty vs FLaser the ablaion threshold is established to be 22
+ 3 mJent for CHsl and 27 + 4 mdent for CDsl. Thus, deuteration results in a moderate
increese of the adlation threshold. In addition, & a given laser fluence, the parent pesk
intengty from the CDsl system, is lower than its preprotonated analogue. This holds both
below and above the ablation threshold.
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Figure 6-11 Desorption intengties of the parent molecules CHsl and CDsl recorded in
the irradiation of thick films of the corregponding compounds as a function of the
incident laser fluence (FLaser). The lower figure (B) depicts in higher ddal the daa
below the thresholds. The error bars represent 26, as determined from 4 messurements.

Fig. 6.12 illusrates the desorbate most probable velocities dmp for the two
sysems. As dready observed for GHsCl and CsHsCH3 (chapter 5), the dependence on
FLaser @ low fluences is very wesk and the dope changes abruptly a the ablation
threshold. The present results indicate the genedity of this finding for non-aromatic
sysems. The importance of the features observed in the kaser-dependence of Gnp are
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discussed in detall in chapter 5 For the purpose of the present examination, we focus on
the comparison between the two systems.
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Beow the adlaion threshold, the desorbate Omp are gpproximately equd for the
two sysdems, within the admittedly large error, due to photoproduct accumulation in the
film. In any case, for both systems, the Gmp correspond to trandational temperatures in the
300-360 K range.4® In contrest above the threshold, there is dearly a displacement of the
CDsl daa to lower vaues. If, however, the veocities are plotted as a function of the
amount of gected materid, the two dependences are nearly identicd. Thus, the effect of
deuteration on the trandationd digtributions appears to be a secondary one, i.e. through
the influence of the desorbing amourt.

49 At fluences £ 3 mJcnf, eectronicaly-mediated photo-gjection of CH,l from surfaces has
been reported [110-112], resulting in somewhat higher 6.,,. Features of the CHsl time-of -flight
spectra recorded herein at the lowest fluences correspond closely to those reported in the previous
gudies. Thus, the varigtion in the 8., observed a the low fluences (Fig. 2) may be partly due to
the competing contribution of different processes. Accordingly, the study gppears to provide an
illugration of the evolution from dectronicaly-mediated to thermakinduced desorption to
ablation.
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Figure 6-12 Mogt probable velocities (Gnp) of the CHsl and its deuterated anaogue
(CDxl) as a function of the incident laser fluence (FLaser). The data a very low fluences
(FLassr < 10 mdenf) are recorded by the averaging over 30 pulses. The errors bars

represent 20, as determined from at least 4-5 measurements.

6.5.2. Discussion of the results
In dl, the effect of deuteration is manly confined to a higher adlation threshold

for the deuterated species and to lower absolute desorption yidds at corresponding
fluences We fird condder thee differences within the “explosve boiling” modd. To
this end, we examine the influence of deuteration on the thermodynamic properties of the
solid. Deuteration does not affect much the cohesve energy of the sysem [117], but it
can have a dgnificat effect on the heat capacity. Because of the lack of information on
the heat cepacity of solid CDsl, its vadue has been edimaed from gpectroscopic

condants. For temperatures T3 Q, (Q,»110 K, Debye temperature of the compound

) . . i:3-6 Xiz )exl
[118]) the heat capecity C, isesimated by Cv=3R+ q R(e?“ 17
i=0 -

where w, ae the representative vibrationd modes of the molecule in crysta phase (80°

with x, = 7w, /k,T
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K) [119-120]. Cp is edimaed from Cy wvia the Lord-Ahlberg formula

, T . .
C,- C,=0.0214 (_I_—)>Cv2 where Tm the mdting point of the compound. The

m

C,, /Cg ratio is caculated to range from 1.14 (150 K) to 1.42 (300 K). Accordingly for

a >4:LASER

the dfference in Cp, in DT = (under the assumption of 1-photon excitation

chapter 3)0, hrings the desorption curves of two systems in quantitaive agresment.
Consquently, the increese in the ablaion threshold (given within this modd by
Fe = Lp(Ev*- CT,) where L, represents the opticd penetration depth, E, the criticd
energy dengty required for materid gection, C=Cp” r and To (=120 K) the initid
temperature of the solid) seems to be largdy accounted by the difference in the heat
Capacity.

The previous suggedion is supported by the obsarvation of a change in the
FLaser-dependence of the signdl at low laser fluences (>10 m¥om? and »14 m¥om? CHal
and CDsl, respectively) (Fig. 6.11(B)). This gppears to correspond to the change has been
observed before in the irradigion of GHsCHs films, (Fig. 3.2°1. Basad on the smilarity

of the R aser-dependences of the desorption intengties, it seems reasonable to suggest
that the change obsarved in Fg. 6.11(B) is indicative of the same phase trandformation.
This posshility is adso supported by the fact that & »11 mdon?, the suface film
temperature is estimated to be ~ 205 K, which corresponds dosdy to the mdting point
(Th=206.5 °K). Accordingly, even for the photolabile CHsl, ablation (&t Faser 2 20
mdon?) is indicated to be initiated from a heated liquid, i.e. ablation is due to “explosive
bailing”. Thus & the present level of andyss there is no evidence for the influence of

the deuteration on dectronic processesis found.

In the irradiation of CHsl solids, we have dready detected gection of |, b, CHs,
CH4, CHalp. For | and CHs, contribution directly from the film has been verified after

50 Cp=35 Jmal K inthe 100-20C° K range [118], fi=0.0208 madl/cn? at 150° K [121]

51 Monitoring is feasible because of the formation of a highly smooth and transparent in the
visble glass under the employed deposition conditions. In contrast, the vapor-deposited CHsl
films are highly light scattering (due to a high degree of polycrygdlinity), thereby hindering
optica monitoring.
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subgracting from the time-of-flight spectra the contributions to these sgnas due to the
electron-impact fragmentation of CHsl. Based on previous studies [119], it is suggested
that 1-photon photolysis of CHsl yidds CHs and | fragments, which are partly gected in
the gasphase and patly react with CHsl molecules to produce the other indicated
goecies. Furthermore, in duders, direct formation of 1, from the excited dae(s) has dso
been demondrated. A dmilar pahway may dso operae in the irradiaion of films By
usng snge-photon ionizetion of the desorbaies Feldman e a [63] obsarved intense
emisson of dusers under conditions of “explosve desorption” (Faser > 1.5 mdent a
266 nm). Thus far, we have not been able to detect unambiguoudy the presence of such
ggnds Paugbly, the use of high dectronimpact energy results in the fragmentation of
these duders. Furthermore, the limited mass range (0-300 amu) of the quadrupole mass
soectrometer  precludes detection of duders higher than dimes At awy rae the
dependence d the sgnas on kaser gopears to differ for the different observed products
(iodine increasing as a power of 1.5, whereas b grows nearly as a power of 2), which
indicates tha different reactions contribute to the formation of the various ecies.
Furthermore, the pulse dependence of the relative desorption yields is rather complicated,
uggesting that a number of products reman trgpped in the film. In dl, the initid Sudy
demondrates extendve photoreectivity in the sysem. Currently, the corresponding
photoproducts in the irradigion of CDsl films ae examined as a function of F_aser.
Comparison of the rddive yidd of photoproducts gected in the ablation of the two
sysems is expected to be more sendtive to deuteration effects than the FLaser
dependences of the parent molecule desorption Sgnals.

6.6. CONCLUSIONS
The sudy of the ablaion of neat CeHsCl films a 248 nm illudraties a number of
interesing fedures about reactivity in the UV dblaion of photosendtive molecular
gydems. Frd, the ddinedtion dravn before for didinctly different desorption
characteridics a@ove vs. bdow the ablation threshold is illudrated here in an interesting,
though indirect way, by the obsarvation of drong induction effect for the parent pesk.
This is shown to be a rexult of the fact tha bedow the threshold, any “heavy”
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photoproducts formed by the UV photolyss of the parent molecule reman in the film,
thereby resulting in an enhanced absorption of the laser energy.

The dection chaatteidics (yidds and trandationd didributions) of the
photoproducts are shown to be exdudvely determined by the desorption /materid
gection mechaniams Thus, it appears thet the initid reactivity seps have no influence on
these observables.

Findly, the observed photoproducts are fully conggent with the known gas phase
and solution chemidry of the compound. Thus, in this respect, ablaion does not seem to
involve any paticularities of the involved chemigry. However, the obsarvation of these
products on the time scde of a sSngle adlation evet is inconggent with the avalade
room-temperature rate cross sections. The discrepancy suggests “hot” reactivity of the

fragments of the CgHsCl photolyss This aspect may be addressed in the future via the
sudy on systems of smpler reectivity are planned for addressng this question.

Fndly, an initid sudy on the comparison of the lasa-induced materid gection
from deuterated vs protonated species has been presented for CHsl at é=248 nm.
Deuterium effects’ may turn out a paticular useful way of tudying aspects of UV laser-
induced desorption and ablation processes.
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7. EJECTION DYNAMICSIN THE UV FEMTOSECOND
IRRADIATION

7.1. INTRODUCTION
Femtosecond-pulse lasr sysems have opened new posshilities for fundamenta
invedtigations in various fidds of chemigry and physcs An area where this potentid of
femtosecond laser gopears mogst promising is in the laser ablation [83-90]. The posshility
of “indantaneous’ excitation of a very high number of chromophores with an ultra short
pulse can have a crucid effect in the mechanisms of materia gection/desorption.

In dl previous chapters, we have examined the ablation of cryogenic solids due to
the irradigion with nanosecond lasr puses In this chapter we present a fird
examination of the effect of the pulse width on the lasar ablation of cryogenic molecular
slids. Spedificdly, gection dynamics is examined for irradiaion with 500 fs pulses
(=248 nm) of a bicomponent solid consiging of tduene CsHsCH; and (CH3),0 as the
second compound (dopant). The idea behind this choice has dready been explained in
chapter 3. For sudying the photochemidry that takes place in the ablaion effected with
ultrashort laser pulses we have chossn chlorobenzene that has been sudied in chepter 7
with nanosecond pulses.

72. RESULTS

7.2.1. Toluene/Dimethylether Mixture

Fg7.1 illudrates the desorption sgnds of molecules gected from the
(CH3)20/CsHsCHs mixtures upon laser irradiaion a 248 nm with 500 fs laser pulses. The
examination of the grgph directly indicates subdtantid differences from the corresponding
ns cax Hrd, toluene dgnd is observed from the lowest examined fluence ca 10
mJcm2. In the nanosecond case we could not observe any toluene Sgnd a such low
fluences. At low fluences, the Sgnd of the toluene
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Figure 7-1 The desorption intendties of (CHz),O and CgHsCHsz from a 1.5 (mola)
mixture of the two compounds as a function of the laser fluence The intengties are
corrected for the different reaive ionization effidencies of the two compounds in the
mass spectrometer. The error bars represent 26.

increases with increesing fluence, with the dependence becoming much more pronounced
a 25-30 m¥em?. At 30 mlent a steep incresse of the signd is observed. From the
In(signd) vs Faser the ablation threshold is found to be ca 30 mdent the fluence vaue
where the toluene dgnd becomes larger then tha of dimethylether. So the ablation
threshold in the fs irrediation is much lower than the one that we have found in the case
of 30 nslaser pulse (~125 mden).

As shown in the graph, (CHs)20 desorbs efficiently a dl examined fluences and
its Sgnd increases with increasing laser fluence. In the 10 — 25 mden? fluence range, its
desorption dgnd is dmost equd to the CeHsCHs dgnd, dthough the concentration of the
solute in the matrix is 1/5 of the latter. The desorption Sgnd of (CHs)2O remains close to
thet of toluene up to 30 m¥on?, beyond which CsHsCHs gection is much enchanced



over the dopant. In comparison with the nanosecond case, the Sgndls of ether is found to
be in generd less intense, espedidly a low fluences (FLaser < 25 mdonf). Importantly,
above the indicated threshold, the ether Sgnd is observed to increese with increasing

fluence, in contrast to the nanosecond case where the ether Sgnd resches a limiting
vaue
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Figure 7-2 Concentration of (CHg)O in the plume as a function of the incdent laser
fluence in theirradiation of the mixture of the compound with GsHsCHs.

The data of Fig. 7.1 are replotted in Fg. 7.2. Given is the percent concentration

(apparent yidd ! crno ) of the dimethylether in the plume as a function of laser

a0 T lopeH,
fluence. In the low fluence regime, the obsaerved concentration for dimethylether is found
to be ca 55 % of the plume, while as the fluence increases this vaue increeses @ a
maximum vaue of 75 % just bow threshold (30 mden). At higher fluences (i.e, in the
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ablaive regime) the concentration of dimethylether drops with fluence, reeching (FLaser
> 30 mJ¥ent) an dmost constant value dlose to 25-30 % at the highest fluences.

Findly, the dependence of the most probable velodities of the two molecules on
laser fluence has been determined (Fig. 7.3). The dependence is whithin the admittedly
high SN eror, qudlitatively smilar to that determined in ns case Bdow 25 mdon? the
Omp of the dopant was found to be larger than that of the matrix. At higher fluences the
velodities for
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Figure 7-3 Plot of the dependence of Gmp of CGsHsCHs and (CH3)O as afunction of laser
fluence,

both molecules, increese with fluence, the toluene veodty vdue is dways larger than
thet of dimethylether.
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7.2.2. Neat Chlorobenzene
7.2.2.1. Ejection Dynamics of C¢HsCl
Fig. 7.4 depicts the intendty of GHsCl recorded from freshly deposited solids as
a function of the inddent laser fluence (Fig. 7.4). From the fiitting of the sgnd vs
In(Huence) we edimate the ablation threshold for neat CgHsCl solids in irradigion with
500 fs laser pulses to be ca 34 mdcent which is nearly 2 times lower than that determined
for nanosecond ablation.

35 1 X 1 T I r 1 L 1 T I r 1
1 Neat C,H.Cl u

30 i
R m
= {1248 nm, 500 fs
O 25 ] i
2 i
bt | |
o'
= 204 1 -
e =
g 15 -
= | I
= |
O & " Z
o

| ]
A s T i
o ol
04 A E = -'I . -
L 7 T I 1 T — T *
0 10 20 30 40 50 60 70 80

Laser Fluence (mJ/cm 2)

Figure 7-4 Desorption intendty of CgHsCl recorded in the fird pulse from freshly
deposted solid as function of the incident laser fluence.

Upon irradiaion of freshly deposited soids of the compound a Faser < 30
mdon? the intensity of CgHsCl is observed to rise somewhat with continuing irradiation,
ataining a plateau after 400 pulses (Fg. 7.5). On the bass of the nanosecond sudy, we
believe that this smdl increase of the sgnd with successve laser pulses is due to an
“induction effect”. However, the large number of laser pulses that is required for Sgnd
increase shows thet the induction in the fs caseis less “efficient” than nanosscond Sudly.
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Figure 7-5 Pulse evolution of the CeHsCl intengty in the irradiation of freshly deposted
lids a the indicated fluences.

In contrast & fluences above 30 md¥en? desorption of the CsHsCl from freshly
deposted solids is observed to be dgnificat from the vay fird pulss The puse
dependence of the desorption sgnd a these fluences is, a least quditeivdy, Smilar to
that observed in the nanosecond case.

7.2.2.2. Ejection Dynamics of Photoproducts

In the irradiation of chlorobenzene solids with 500 fs laser pulses, we detect
reldively intense sgnals at masses 35, 36, ca 154, 188 and 223 amu. These pesks can be
atributed, respectively, to Cl, HCl, (CeHs)2, CsH4CFCsHs and (CsHaCl),. Despite this
given the rdaive low resolution of the mass soectrometer for masses above 100 amu, we
canot excdude the possbility that the 223 mass pesk represents the CsHsCl-CeHsCl
dimer. Furthermore, we cannot exclude the posshility of CgHs formation since its
detection is hampered by the contribution from the strong GHs+ pesk deriving from the
meass cracking of GsHsCl.
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Figure 7-6 The HCl and (CsHs)2 concentrations in the plume as function of the incident
laser fluence in theirradiation of neat CsHsCl solids.

Of the various products, HCl is observed from the lowest examined fluence (ca
10 md¥om?). At the lowest fluences, its detection required averaging over a least 20 or
more pulses, but a& somewha higher fluences it can be dealy detected from the very
first pulse on freshly deposited solids (Fig. 7.6). At low fluences (FLaser< 15 mdien) the
yidd of HCl (i.e, _ lha ) is large ca 0.7, but it decreases with increasng laser

no Flepel

fluencetoavdueof ~ 0.1, (» 40 mdcnf).

In contrast to HCl, Cl is observed immediately above ca 30 mdecnf, wheress
litle, if any Sgnd, is detected & lower fluences even after extendve dgnd averaging
(Fig. 7.98). Its signd Starts increasing above 34 mdont until resching a nearly constant
vdue a 45 mJonr?. Smilaly, for the phenyl products a low fluences (Raser < 30
mdcnt), no sgnd is detected, even after extensive irradiation with over 300 pulses

These are detected only above ca. 30 mJen? (ablation threshold). Fjection Sgnd from
the phenyl products is observed from the very firg pulse [Fig. 7.7]. Thar desorption
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ggnds diffears in absolute vaues i.e, [[(CeHs)2]>I[CeHisCl-CsH4Cl]>l. Except for the
differences in dosolute vaues there are different rates of the sgnd increesing with laser
fluence.
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Figure 7-7 The figure depicts the intengties of the indicated photoproducts as function of
the incident laser fluence. The error bars represent 20.

7.3. DISCUSSION

Conddering fird the examingion of the mixture film, the mgor obsarvaions can
be summarized as follows (@ The ablation threshold has been found to be ~ 4 times
lower than the nanosecond case, both for (CHs)20/CeHsCHs and for CeHsCl solids
gudies. Thus, the decrease in the threshold gppears to be generd (b) the dopant (CHs).0O
is found to desorb below threshold but with reduced efficiency as compared with the low
fluence regime of the nanosecond induced desorption. Furthermore, above the threshold
its 9gnd is found to increese with laser fluence rather then to saurate as in the
nanosecond examindion () CgHsCHs is obsaved & vey low fluences with intense
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ggnd, in contrast with the nanosecond-case where its desorption was found to be
minimd.

The decrease in the threshold may be ether due to a higher energy depostion, (as
for example if multiphoton processes become important) and/or due to the operaion of
material gection mechaniams that differ from those operaive in the nanosecond case
Multiphoton processes that could explain the decrease in the threshold, are expected to be
enhanced in the irradiation with fs pulses, but in the presant case, they cannot account for
some critical features of the experimenta resultsP2.

An important feature concerns the dection efficiency of the dopant, eg.
dimethylether a high laser fluences (FLaser > 30 mden). As shown in chapter 4, in the
irradigtion with nanosecond pulses the sgnd of dimehylether “sauraes’ a laser
fluences dose the threshold, due to the efficdent desorption of dopant from the hedt-
affected volume (below that gected by the explosve boiling process). In sharp contradt,
in the fs case, (Fg. 7.1) the dgnd of (CHs3),O continuoudy increeses, in dose
correspondence with the CsHsCH3; 9gnd a laser fluences above the threshold. This
corrdation is obsarved dso in the most probable veodities of the two species (Fig. 2).
Therefore, it gppears tha in the femtosecond ablation, even the volatile dopants, i.e
(CHg),O ae gected “in uniform” with CgHsCHs. This correspondence illudrates that
only a specific volume of materid is gected with no contribution of dopant from non-
gected film. The result directly indicates tha the temperature bdow the gected film
never becomes high enough (as the case is in the nanosecond ablaion) to endble
ggnificant diffuson of the dopant or if there is a temperaure increase, the time scae is
such tha does not endble sgnificat diffuson. Consequently, materid gection in the
femtosecond irradiation cannot be due to a explogive boiling mechaniam as tha advanced
in the nanosecond case.

That mechanisms of materid gection changes from that in nanosecond case is in
fact even more directly indicated by the findings beow the dblaion threshold. At low
fluences (FLaser < 30 mdom?) (below threshold), it is evident from Fig. 2 that the

52 Preiminary optica examination of the changes induced upon fs irradiation of GHsCH;
solids (smilar to those described in chapter 3) shows very different tempora evolution than in ns.

Transmission changes are observed at £ 5ns, too fast to be compatible with bubble formation.
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concentration of (CHz)O in the plume is much lower then that in the nanosscond Study
(Fig. 3.1 in chapter 3). On the other hand, a these low fluences the desorption signd of
toluene in absolute vaue is found to be very intense, compared with that in the
nanosecond irradiaion, dthough the experiments have been peformed under the same
detection conditions®3. The obsavation of eher in the desorbing maeid (plume)
indicates that thermd effects may ill be present, but on the other hand, the efficient
desorption of toluene shows thet an additiond to the therma veporization desorption
pahway may exis. At present, the most reasonable posshility for compromizing these
contradictory observations is that desorption occurs from locd “hot” spots around
photoexcited toluene molecules In other words, the time scadle is not aufficient to
establish auniform temperature.

The formation of these “hot soots’ must be rdaed to dectronic processes. For
ingance, MD gmulations smilar to these described in nanosecond case, show that below
the threshold, desorption processes are identica independently of the laser pulse duration
(5 ps vs 150 ps). Thar results evidently disagree with the experimenta results The
reason for the discrepancy must relate to dectronic processes, Snce it is exactly the
electronic degrees of freedom that have been neglected inthe MD smulations.

The dectronic processes taking place in the femtosecond case do not concern only
the posshility of multiphoton processes Ancther agpect is the high number of
dectronicdly excited dates induced upon irrediaion with fs pulsss Given this high
number, dnglet-anglet annihilation processes are going to be much more important. We
propose, therefore, that the differences are due to the different mode of dectronic energy
decay. Such a phenomenon has been described by Fain and Lin [24] some time ago. In
the femtosecond case, such a mechanism can be expected to be more effident then in the
nanosecond. In the case of irradiation with 30 ns pulses, this mechanism is not important
because of the lifetime of the excited date being comparable (34 ns). According to the
advanced explanation, with increedng laser fluence, the number of exdted dates is high

53 Unusuad and perplexing differences between ns and fsinduced desorption have also been
reported by the Oxford group [91] in the irradiation of GHe multilayers (150 fs, 600 nm). A
“molecular candle” effect was advanced as a plausible explanation.
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enough that a process smilar to that described by Fain and Lin or by Vertes et d. reaults

in the “explosive desorption”.

Alternatively, ikt has been suggeded that in the use of ultrashort pulsss, a
photomechanical mechanism should becomes important. Due to the very fast depostion
of energy, the subdrate is hested under congant volume (dtress confinement) and as a
result a very high thermodadtic gress deveops. (This suggestion is supported by recent
Molecular dynamics smulation based on the breathing sphere modd [].) The criterion for
the laser-pulse duration tp that enables confinemnet of dress energy within the optica
zore L is given by t,<Ly/Cs where L, (» 3.3 im) is the opticd penetration depth and G
(» 1818 m/s & 190 K [59]) the velocity of sound insde the solid®4. In the present case
5710°s<18710%s.

Some of the expeimentd results presented herein ssem to agree with the
photomechanical mechanism. For example, the decrease in the adlation threshold for the
examined sydems and the high patide veodties for the same lasxr fluence in
femtosecond vs the nanosecond case, the indication for cduders of chlorobenzene
(CeHsCl)2. On the other hand, in other aspects the experimenta findings appear to
devigde much from the predictions of molecular dynamics smulations. The mog critica
one gopeaxr to be the discrepancies between MD dmulation and expeimentd results
bdow the threshold. As argued, the falure must relae to the neglect of the dectronic
degrees of freedom. Thus, is reasonable to suggest that these processes will be dso of
importance in determining the ablation threshold and the materid gection processes in
the ablative regime. It gopears tha addressng the nature of these processes will require
different  experimenta techniques than those employed in the present sudy. The use of
tempordly-resolved  fluorescence monitoring would be the mogs likdy to provide
information about the contrasting role of dectronic processesin the fsvs. ns cases>>

54 Dingus and Scammon [] point out that the confinement of stress falls according to asimple
1- exp(-t,C,/L,)
t C.J/L,

A isunity and gressis confined; for longer pulses A decreases and stress dissipates.

55 |n fact, in the case of neat GHsCH; solids a long-decay emission is observed at fluences
close to the threshold upon irradiation. This long-lasting emisson is observed in the visble and

first-order exponentia: stress confinemnet factor A= . For very short pulses
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7.3.1 Reactivity Patterns

Conddering the femtosecond dblation of neat chlorobenzene <olids, the
observations can be summarized as follows (8) beow threshold, HCl is observed from
the lowest examined fluences (ca 10 mdonf) wheress & these fluences the phenyl
photporducts are not observed even if the parent pesk induction becomes important  (b)
above the threshold, the HCI yidd (ca 10%) is found to be one order of magnitude higher
than the nanosecond yield (ca. 10°2) and additionally intense signdl of Cl is observed.

The fact that HCl is observed bdow the threshold, wheress the phenyl oecies are
not, would seem to padld the observaions in the ns (i.e, HCl themdly desorbs,
whereas the phenyl species do not). Yet, the obsarvaion that induction effect of CeHsCl
below the threshold is very weak as compared with the ns case may indicates that  further
factors may involved (less efficient formation of the phenyl species as compared with the
NScase).

To address this question we have performed pump-probe experiments (Fig. 8), in
which the solid in the first case was first irradiated with 200 pulses & R aser = 15 mden?
and then the 9gnd of (CeHs)>, was recorded by irradiating the same spot a fluences
above the threshold ca. 45 mdenf.) Then this signd was compared with the signd of
(CeHs)2 without preirradiction. The results (Fig. 7.8) shows that within the SIN of the
experiment, pre-irradigtion of a freshly depodted solid with low laser fluence pulses
doesn't resuts in any enhancemant of (CgHs), formation. The dficient formation of HC
without the pardld formation of phenyl products, indicates the very different condrants
in the fs irradiaion of molecular olids as compared with ns case Plausbly since as
explaned in the previous section, the thermd “component” gppears to be low (or a least
edimated solid temperatures are well below the mdting point), the reectivity of the CgHs
fragments produced upon Cl liberaion is much reduced due to the environmentd

differs from the literature-reported fluorescence of toluene in the UV. Examination of this
emiison should thus provide usefull information about the eectronic processes in metastable
liquid conditions. The important point is that usudly the emisson in the fs irradiaion differsin
color from that observed upon nsirradiation.



redriction (in contrast in nanosecond, due to the mdting, CeHs radicd have a high
mohility thereby having a high chance to encounter other radicds).

Differences become even more interesting when photoproduct  formation is
examined above the ablation threshold. Mog interestingly, HCl yied is found to be
nearly 1-order of magnitude higher than in ns case, whereas phenyl spedies (CeHs)o,
CgH4Cl; etc) nearly Torder lower. (in the nanosecond ablation of GHsCl films HCl and
(CeHs), to be formed with ayield of ~102. Indeed, as shown (CgHs), is produced at ~10°.
Furthermore, the photoproduct intensties dosdy follow the intendty of the parent
molecule, which indicates thet it is formed with nearly condant yidd over the fluence
range examined herein.

The increased dissociation yield cannot be ascribed to multiphoton processes that
could be enhanced by the use of the shorter lasr pulse width. Firs, a two-photon
exctaion would promote ionizetion (I.P of the compound beng 96 eV) over
fragmentation but no ions could be detected by switching off the dectron impact.
However, this process should produce in pardld a number of other species, in paticular
(CeHs),, a variance with the experimentd observations Most importantly, if a two-
photon process was responsble, then the HCl yidd should increase with increesing laser
fluence, which is a variance with the near congant vaue obsarved. Findly, it is not dear
how multiphoton processes can account for differences HCl and (CeHs)2 yidds Thus, the
contribution of multiphoton processes cannot explain the increase in the fragmentation
yield observed in the fs experiments, as compared with the nanosecond onesse.

We ingead advance the following explanation. The explanation is tentative and
further experiments are needed for its verification, but & least it accounts for our
obsarvations in consstent way. Specificaly, we suggest thet the resson for the enhanced
fragmentetion is due to the fader plume gection, plausbly on the picosscond leve, for

56 Interestingly, in a recent study [30] of the ablation of liquid GHsCH,CI with 300 fs
pulses a 248 nm, the ablation threshold was found to be the same as in the corresponding ns
process (»30 mJcnt). The authors indicate that a two-photon process does not become important
a fluences close to the ablation threshold. They consder the invariability of the ablation
threshold to be indicative of a photochemica ablation mechaniam (i.e., gection of material asa
result of the formation of gaseous products).
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ablation effected with femtosecond pulses. In the case of dmple organic sysems, the
time scde of plume dection has not been dudied expeimentdly, but in the case of
polymers the fird dudies indeed have shown that materid gection in fs adlation is
dready sgnificant & 3 100 ps. Accordingly, in the irradiation of GHsCl films it can be
suggested that before condensed-phase deactivation has proceeded, the excited molecules
ae gected in the gasphase where they dissodae in high yidds characteidic of thar
gas-phase. From fluorescence measurements, the lifetime of the S (the State excited at
248 nm) of CgHsCl is indicated to be »100 psec in the gas-phasg{14]. However, in
condensed phases, this lifetime may be consderably reduced due to the influence of
effident deactivation processes, in the andogous CgHsCH,Cl, dilution of the malecule in
hydrocarbon solution results, magnitude decrease of the photolyss yield. The decrease is
padlded by a corresponding shortening of the excited date lifetime, demondraing thet
efficent deactivation, rather than recombination processes (“cege effects’) ae
respongble for the low photolyss yidd [14-15]. It is highly probable that a amilarly fast
deactivation mechanism operates dso in the case of CeHsCl. Thus if photolyss of the
compound occurred in the film, the yidd would be expected to be of the order of 102,
Indeed, such vaues were obtained [9] in ablation with nanosecond pulses a 248 nm,
where imaging dudies have shown [16] tha over the fluence range 40-150 mdenf,
plume gection occurs well after the end of the laser pulse.

The previous suggestion is supported by the observetion of a high Cl sgnd just
above the threshold. This high CI dgnd drongly indicates that CeHsCl dengity must be
raher low a the time of Cl formation. Smilaly the low (CgHs), formation is condgent
with fragmentation occuring mainly dter plume gection. The probadility of (CeHs),
formation through interaction of two CgHg radices in the rarefied pat of the plume is
vey low.

If, as suggested, dissociation occurs in the gas-phase, then its yidd should be
largely independent of the medium from which CzH;Cl is ablated. Indeed, the yied of
HCl in the ablation of GH;Cl mixed in GH,, in molar ratio of 1to 10 turns out to be
nearly equa to that determined in the previous case of neat C;H;Cl films In sharp
contradt, in the corresponding nanosecond experiments, the yiedd of HCl in the adlation
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of GH,,/C,H5C is gpproximatdy 10 times higher than what for GH5CI nedt films This
difference condiitutes srong evidence for the fact that photolyss of the compound in the
femto case must occur in the gas phase. Evidently, the above explandion is tentaive.
Future work for egtablishing this mechanism will require (8) establishing the time scde of
plume gection.

74. CONCLUSIONS
In condusion, the dudy dealy illugrates that the lasr pulse width has mgor
effect both on the desorption dynamics of the molecules as wel as the nature and the
efident of the formed products. Wedl-defined and mog interesting differences from the
nanosecond case are obsarved both below and above the ablation threshold. Tentetive
explanations have been advanced for these differences, but ther veification cdls for
extensve experimentation, in particular via directly monitoring techniques.

Although this mechanism has to be eddbdlished, it is sedficdly the observaion
that, the obsarved higher fragmentation, by-product yields may be considerably reduced,
interesing to note the andyticd possbilities that fs irradiation gppears to offer (i.e,
reduced dgnificance of ddereactions) suggeds that femtosecond  ablatiion  holds
condgderable merit for the sudy of the primary fragmentation patterns of "large-szed'
desorbates f.eof the biomolecular sysems in Mairix AsSged Laser Desorption
techniques.
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8. APPENDIX |: MOLECULAR DYNAMICS SIMULATIONS

In this appendix we present the basc features of the breathing sphere modd
deveoped for MD smulations of laser dlation d organic solids. Then we describe some
resllts of MD dmulations that have been done on the bicomponent systems
(CHg)20/CsHsCHs and CioH22/CsHsCHs.

8.1. BREATHING SPHERE MODEL

The mode assumes that each molecule can be represented by “breething” soheres.
This modd accuratedly describes the trandationd degrees of freedom but only
goroximatdy the internd degrees of freedom. The internd (breething) mode dlows one
to reproduce a redidic rate of the converson of internd energy of the molecules excited
by the lasr to the trandationd motion of the other molecules. The paamees of
interparticle interaction are chosen to reproduce the properties of the materid, in this case
a molecular s0lid. The parameters of a potentid function ascribed to the interndl motion
can be usad to change the characterigtic frequency of the breathing mode and to affect the
coupling between internd and trandaiond molecular mations. The rate of the vibrationd
relaxation of excited molecules is an input paameer in the modd and can be ether
edimaied from experimentad data or modded with a@omidic or & initio molecular
dynamics Imulaions

For the exdtation of the bregthing sphere (molecule) is assumed that the initid
eectronic energy in the sysem, after photon absorption, is converted rapidly (1ps time
scde) by internd converdgon to vibraiond energy. The effect of laser irradiaion is thus
gmulated by vibrationd exataion of random molecules during the time of the laser
pulse, with the probability decreasing exponentidly within the penetration depth (Beer's
law).

Additiondly, photofragmentation and reactions can be dmulated within the
bresthing sphere modd. The photofragmentation event is smulated by replacing the
sphere representing a molecule to be exdted with smdler spheres represanting the
resulting photofragmented molecules The fate of fragments can be followed during the
course of MD smulation and their role in the ablation process can be andyzed.
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8.2. EXPERIMENT VS.MD SI MULATION
In this section we presnt the results of the Molecular dynamics Smulations in
our modd mixture sysems described in chepters 3 and 4, namdy (CHs)>O / GHsCHs
and CioH2z / CgHsCHs. In the dmulaion the dopants molecules are introduced and
homogeneoudy mixed with matrix molecules a a 10 % concentration. The mass of dl
molecules is 100 amu. Adjuging the wel depth of the inteemolecular pair potentid
(Lennard-Johnes) controls the volatility of the dopant molecules.

S0

(b)

70 wvolatile
solutes

60 |-
50 |-
40 |

30

Concentration, %o

20

s | ] non-volatile solutes
O L 1 . 1 .

1
2 3 4 5 5] i
Fluence (me’cmz)

Figure 8-1 Concentration of volaile and nonvoldaile dopants in the plume vs laser
fluence from Molecular Dynamics Smulations based on experimental data presented in
chegpter 3 and 4. The horizonta lines indicate the initid concentration of dopants in the
sample. The verticd linesindicate the goproximeate postion of the ablation threshold.

For the (CHs)20O and CioH», dopants, the binding energy in the matrix are 0.45
and 0.92 eV respectivey, corresponding to an average cohesve energy of the sysems of
057 and 0.66 eV/particle, respectively. Excitation is induced with 5 eV photons =248
nm). The sze of the system (10x10x180 nm), and penetration depth (55 nm) are chosen.
The reaults of the amulations are presanted in a Smilar form (as tha presented in chapter
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3 ad 4) in Fg. 81 The computationd results quditetive agree with the experimenta
observations and show the difference in desorption intendties and ablation thresholds for
the mixtures with voldile and nonvolaile dopants Both the expeaimentd and
computationd results show that the ablation thresholds vary with cohesve energy of the
sydem. Quantitatively, the fluence vaues in the smulaion differ by an order of
magnitude from the experimenta ones due to differences in the opticd penetration depth,
specific heat capacity, no reflection lossesin the smulations, etc.
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Figure 8-2 Concentrations of (8 nonvolaile and (b) volatile dopants gected as
monomers and as a pat of the duders vs laser fluence cdculaed in Molecular dynamics
Smulations
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Ancther features of the dmulaions are shown in FHg. 82. As shown the smulations
predict that the nonvolatile dopants preferentialy incorporate into the clugters that ablate.
In contradt, the volatile dopants preferentidly ablate as monomers. In the experiments,
the exisance of the dugtersis difficult to be shown because of the e-impact cracking.

Vey recently, Garison has published smulation sudies on the photochemica
processes in CsHsCl solid [31].

The man conduson of the work is thet the Imulation very wel describe the
experimentadly determined photoproduct ratios. Indeed, they observed dl products
reported in chapter 6 differences in the rdative intengties of the various products can be
traced to the fact tha the phenyl “involatile’ species are gected within clusers. Yet, a
caefull examinaion of thar results vs experimentd results indicaes various interesting
congstencies, but <o differences.

The accumulation of phenyl photoproducts bdow the threshold is well
reproduced.

The “cage effects’ as suggested by this thess could not be followed in the
smulations. Thus this suggestion has not yet received theoretica support.

The issue of “hot” reactivity is dltogether avoided. Presumebly, they rdy
on more recent data concerning the reectivity of Cl and CgHs radicas.
However, it is dear that they have scded thar rae congants and their rate
condants are quite high, while in our case comparison relied on a solution

sudies.

Fndly, a mog inteesting proposd tha may eventudly result in the
compromosve of the “explodve boailing” and photochemica mechanism:
the damulaion shows that during the laser pulse, the formation of the
volatile photoproducts HCl resulting in the decreese of the sysem
cohesve energy.
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9. APPENDIX II: MODEL FOR ESTIMATION OF NUMBER OF
COLLISIONS

In this Appendix we use a smple (essantidly geometric modd) as a way of
edimating, the number of gas phase calligons suffered by particles following desorption.

Table 9-1 The parameters of the callisond modd

No Nc 0 1 O w V 0 (cm/se) 0 a
(moleculeson ) (cn?) (cm) | (cm/sx) (nse0)
307710 NmL™ No 10** | 0.67 | 0.363| 0.1 \/EJ 8RT ) 30 p
—"10 P
pMB 18

The number of callisons Ncoil SUffered by a particle following desorption process from a
auface can be edimaed by integrating the collison rate over an gpropriate time
dependent dendty. The density of partides a timet is given by:

n(t) = N.w/(w+ 2uttana)” (ut +2Sut)

where N is the desorbed coverage (moleculesient), & is a parameter which governs the
angular divergence of the beam, O is the standard deviation in the velocity distribution
around the mean velocity 0, and 0 is the duration of the desorption process.

W-+2vt*tana
\ / 20vt+vo
\ ,, vt /
a
N ’ »  Surface
W

Figure9-1 Schemdtic picture of the geometry of the problem




The geomelry of the problem is determined by surface width w and length | where |>>w.
The average number of collisons suffered by a typicd patide which left the surfece a
0R2is

N

coll

:dzn(t')suxdt'

1 corrects for the collison rae within an effusve sream of patides is somewhat
reduced from that in a bulb of gas due to the directiondity of the stream [126]. Lubman &
d. have derived the callison rate within a thermd, effusve sream far from its source as
Z=mVx Whae n is the gas dendty, 0 is the cdligon cross section,

[8RT . o
V = u?+u? =y whee u= OMEB is the mean velodity of the stream, and 1=0.67 is

the fraction of the bulk gas collison rae In our case the factor T may vary from ~
1during the initid desorption to the efusve dream limit 0.336 far from the surface In
our case typicd vaues of the various parameters are shown to the Table 9.1. Inthe Table
NwmL is the number of monolayers desorbed per pulse. In the Fig. 1 we present an example
plot for the case of toluene in the desorption of 0.1 ML of the compound.

Humbaer of Colli=ion=
'—l

il Gl Gxlo”

Time (=ec)

t Zwln

Figure 9-2 The figure illudrates the totd number of collisons N 8 a function of time
for 0.1 ML desorbing materid. The parameters for the cadculation are given in the Table
9.1
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